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BiYOMALZEME VE YENIi NESIL UYGULAMALAR
BIOMATERIALS AND NEXT GENERATION APPLICATIONS

Doc. Dr., LATIFE CEYDA iRKIiN
Canakkale Onsekiz Mart Universitesi, latifeirkin@gmail.com — 0000-0001-6603-8413

OZET

Biyomalzemeler, canli sistemlerle etkilesime girebilen ve tani, tedavi ya da doku
fonksiyonlarimi desteklemek amaciyla kullanilan dogal veya sentetik materyallerdir. Son
yillarda malzeme bilimi, nanoteknoloji, biyoteknoloji ve doku miihendisligi alanlarindaki
gelismeler biyomalzemelerin tasariminda  6nemli ilerlemeler saglamustir.  Ozellikle
biyouyumlu, biyobozunur ve fonksiyonel 6zelliklere sahip akilli biyomalzemeler, modern tip
ve biyomiihendislik uygulamalarinda 6nemli bir yer edinmistir. Yeni nesil biyomalzemeler;
nanoyapil yiizeyler, uyarana duyarl sistemler, biyobaski ile iiretilen yapilar ve biyomimetik
tasarimlar gibi ileri teknolojilerle gelistirilmektedir. Bu materyaller, hiicre davranisini
yonlendirebilme, hedefe yonelik ilag salimi gergeklestirebilme ve hasarli dokularin
yenilenmesini destekleyebilme 6zellikleri sayesinde geleneksel biyomalzemelere gore daha
yiiksek performans sunmaktadir. Ozellikle doku miihendisligi, rejeneratif tip, akilli implant
sistemleri ve kontrolli ilag tasima sistemleri gibi alanlarda 6nemli uygulamalar bulunmaktadir.
Gelecekte biyomalzemelerin kisisellestirilmis tip uygulamalariyla daha fazla entegre olmasi
beklenmektedir. Yapay zeka destekli tasarim yontemleri, biyomalzemelerin 6zelliklerinin
optimize edilmesine katki saglarken; akilli sensorler ile entegre edilmis implantlar, gercek
zamanl biyolojik veri takibini miimkiin kilacaktir. Bu gelismeler, hastaliklarin daha etkili
tedavisi ve yasam kalitesinin artirilmasi agisindan biiyiik potansiyel tagimaktadir.

Anahtar Kelimeler: Nanoteknoloji, ilag tasima sistemleri, doku mithendisligi, rejeneratif tip
1. GIRIS

Biyomalzemeler, canli sistemlerle etkilesime girebilen ve biyolojik fonksiyonlar1 desteklemek,
onarmak veya degistirmek amaciyla kullanilan dogal ya da sentetik materyallerdir. Son yillarda
nanoteknoloji, biyomiihendislik ve malzeme bilimindeki gelismeler sayesinde biyomalzemeler,
klasik implant materyallerinden akilli ve fonksiyonel sistemlere evrilmistir. Biyomalzemeler,
tip ve miihendisligin kesisiminde yer alan disiplinler arasi bir arastirma alamdir. Ilk
biyomalzemeler genellikle tepkisiz 6zellik gosterirken, giiniimiizde gelistirilen biyomalzemeler
biyolojik sistemlerle aktif etkilesim kurabilen, hiicre davranigin1 yonlendirebilen ve biyolojik
strecleri modiile edebilen ‘“akilli” materyaller haline gelmistir. Bu doniisiim, ozellikle
nanoteknoloji, doku miihendisligi, sentetik biyoloji
alanlarindaki gelismelerle hiz kazanmustir [1, 2].

2. BIYOMALZEMELERIN TANIMI VE TEMEL OZELLIKLERI
Biyomalzeme, canli dokularla etkilesime girerek tedavi, teshis veya biyolojik fonksiyonlarin
desteklenmesi amaciyla kullanilan materyaldir.
Bir biyomalzemenin basaril1 olabilmesi i¢in su 6zelliklere sahip olmas1 gerekir:

e Biyouyumluluk: Doku ile zararl reaksiyon olusturmamasi

e Biyobozunurluk: Kontrollii sekilde pargalanabilmesi

1
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e Mekanik dayaniklilik

e Yizey Ozellikleri (hticre adezyonu igin uygunluk)

o Fonksiyonel adaptasyon yetenegi [3-5].

3. BIYOMALZEMELERIN SINIFLANDIRILMASI

3.1 Dogal Biyomalzemeler

o Kaollajen
o Jelatin

e Aljinat

o Kitosan

Kitosan gibi biyopolimerler, biyobozunur ve antibakteriyel 6zellikleri sayesinde yara iyilesmesi
ve doku miihendisliginde yaygin olarak kullanilmaktadir.
3.2 Sentetik Biyomalzemeler
« Polilaktik asit (PLA)
o Poliglikolik asit (PGA)
« Polikaprolakton (PCL) [6].
Bu materyaller kontrollii liretim avantajina sahiptir.
3.3 Seramik ve Metal Biyomalzemeler
o Hidroksiapatit
o Titanyum alagimlar
o Biyoaktif camlar [7].
3.4 Kompozit Biyomalzemeler
Farkli materyallerin birlesimiyle gelistirilir:
o Polimer-seramik kompozitler
o Nanokompozit sistemler [8].

4. YENI NESIiL BIYOMALZEME TEKNOLOJILERI

4.1 Nanobiyomalzemeler
Nanoteknoloji sayesinde biyomalzemeler daha fonksiyonel hale gelmistir.

Ornegin:
o Kalsiyum karbonat nanopartikulleri, timor ortaminda pH-duyarli ilag salim1
saglayabilir.

e Nano 0Olgekli yapi, hiicre-materyal etkilesimini artirir.
4.2 Elektroaktif ve iletken Biyomalzemeler
Elektriksel sinyalleri iletebilen biyomalzemeler 6zellikle sinir ve kas dokusu miihendisliginde
onemlidir.

« Hucre proliferasyonu ve diferansiyasyonunu etkiler.

o Elektroegirme (electrospinning) ile nanofiber iskeleler olusturulur.

4.3 Akilh (Stimuli-Responsive) Biyomalzemeler
Bu materyaller pH, sicaklik, 151k ve manyetik alan gibi ¢evresel degisikliklere tepki verir:

4.4 Nanozimler (Yapay Enzimler)

Nanozimler, dogal enzimlere benzer katalitik aktivite gosterir:
» Daha stabil
e Daha dayanikli
o Tani ve tedavide kullanilir.
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4.5 DNA Tabanh Biyomalzemeler
DNA origami teknolojisi sayesinde hassas nanoyapilar ve programlanabilir sistemler
gelistirilmektedir [9-13].

5. BIYOMALZEMELERIN YENIi NESIiL UYGULAMALARI

5.1 Doku Miihendisligi ve Rejeneratif Tip
e Yapay doku ve organ Uretimi
e Hicre blytmesini destekleyen iskeleler
Elektroegirilmis nanofiberler, hiicre dist matriksi (ECM) taklit ederek hiicre gelisimini
destekler.
5.2 Kontrollii fla¢c Salim Sistemleri
o Hedefe yonelik ilag tasima
e Uzun siireli salim sistemleri
Ozellikle gz hastaliklarinda uzun etkili ilag sistemleri tedavi basarisini artirmaktadir.
5.3 3D Biyoyazdirma (Bioprinting)
o Katmanh doku iiretimi
o Kisiye 6zel implantlar
Bu teknoloji organ nakline alternatif olarak gortilmektedir.
5.4 Biyohibrit Sistemler ve Mikro-robotlar
e Mikroalg tabanl robotlar
e Hedefe yonelik ilag tagima
Bu sistemler biyolojik ve yapay bilesenlerin birlesimidir.
5.5 Yara lyilestirme ve Dermal Uygulamalar
o Antibakteriyel biyopolimerler
e Hizlandirilmis doku rejenerasyonu
Kitosan bazli materyaller bu alanda 6ne ¢ikmaktadir.
5.6 Siirdiiriilebilir ve Yesil Biyomalzemeler
e Alg, mantar ve biyokdtle temelli materyaller
« Insaat ve tekstil sektoriinde kullanim
Yeni nesil biyomalzemeler, karbon emisyonunu azaltan gevreci alternatifler sunmaktadir [14,
15].

6. KARSILASILAN ZORLUKLAR
Biyomalzeme gelistirme siirecinde 6nemli sorunlar bulunmaktadir:
e Uzun vadeli biyouyumluluk
o Uretim maliyetleri
« Olgeklenebilirlik
o Kilinik onay sirecleri
« Regiilasyon eksiklikleri
Nanomalzemelerde 6zellikle toksisite ve stabilite sorunlari dikkat ¢cekmektedir [16].

7. GELECEK PERSPEKTIFi

Gelecekte biyomalzeme alaninda su gelismeler beklenmektedir:
o Kigsisellestirilmis biyomalzemeler
e Yapay zeka destekli tasarim
o Kendi kendini onaran materyaller
o Biyolojik olarak aktif implantlar
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e Canli materyaller (living materials)
Ayrica biyomalzemelerin:
o Enerji Uretimi
e Cevre temizligi
o Akilli tekstiller gibi alanlarda artacaktir [17].

8. SONUC

Biyomalzemeler, son yillarda yalmzca pasif destekleyici materyaller olmaktan c¢ikarak
biyolojik sistemlerle aktif etkilesim kurabilen, ¢evresel uyaranlara yanit verebilen ve hatta
hiicresel siiregleri yonlendirebilen ileri diizey fonksiyonel sistemlere doniigmiistiir. Bu
doniistim, 6zellikle nanoteknoloji, doku miihendisligi ve sentetik biyoloji gibi disiplinlerin
entegrasyonu ile miimkiin olmus ve biyomalzemelerin uygulama alanlarin1 6nemli Slgiide
genisletmistir.

Yeni nesil biyomalzemeler, rejeneratif tipta doku ve organ onarimini destekleyen ii¢ boyutlu
iskelelerden, hedefe yonelik ilag tasima sistemlerine; biyosensorlerden akilli implantlara kadar
genis bir yelpazede kullanilmaktadir. Bu sistemler, yalnizca hastaliklarin tedavisinde degil, ayni
zamanda erken teshis, hastalik takibi ve kisisellestirilmis tip uygulamalarinda da kritik rol
oynamaktadir. Ozellikle akilli biyomalzemelerin ¢evresel degisikliklere (pH, sicaklik,
enzimatik aktivite gibi) yanit verebilme 6zelligi, tedavi silireclerinde daha hassas ve kontrolli
yaklagimlarin gelistirilmesine olanak saglamaktadir.

Bununla birlikte, biyomalzemelerin klinik uygulamalara entegrasyonu siirecinde bazi énemli
zorluklar devam etmektedir. Uzun vadeli biyouyumluluk, immiin yanitlarin kontrolii, toksisite
riskleri ve liretim siireclerinin standardizasyonu gibi konular, arastirmacilar i¢in hala ¢oziilmesi
gereken temel problemlerdir. Ayrica, laboratuvar dlgeginde basarili olan bir¢ok biyomalzeme
sisteminin endiistriyel tiretime aktarilmasi ve klinik kullanima sunulmas: siirecinde ekonomik
ve regiilasyon kaynakli engeller de 6nemli rol oynamaktadir.

Gelecek perspektifinden bakildiginda, biyomalzeme arastirmalarinin daha ¢ok disiplinler arasi
bir yapiya evrilecegi ongoriilmektedir. Yapay zeka ve makine 6grenmesi destekli materyal
tasarimi, biyomalzemelerin 6zelliklerinin 6nceden tahmin edilmesini ve optimize edilmesini
miimkiin kilacaktir. Bunun yani sira, “canli biyomalzemeler” (living materials) olarak
adlandirilan ve i¢inde aktif hiicreler veya biyolojik bilesenler barindiran sistemler, kendi
kendini onarabilen ve cevresine adapte olabilen materyallerin gelistirilmesine zemin
hazirlamaktadir.

Ayrica siirdiiriilebilirlik perspektifi de biyomalzeme aragtirmalarinda giderek daha fazla 6nem
kazanmaktadir. Algler, mantarlar ve diger biyolojik kaynaklardan elde edilen c¢evre dostu
biyomalzemeler, yalnizca tibbi uygulamalarda degil, ayn1 zamanda enerji, ¢evre ve yapi
teknolojileri gibi alanlarda da yenilik¢i ¢oziimler sunmaktadir. Bu durum, biyomalzemelerin
gelecekte yalnizca saglik sektoriinde degil, kiiresel stirdiiriilebilirlik hedefleri dogrultusunda
cok daha genis bir kullanim alanina sahip olacagini géstermektedir.

Sonug olarak, biyomalzemeler modern bilimin en dinamik ve hizla gelisen alanlarindan biri
olup, saglik teknolojilerinden ¢evre miithendisligine kadar bircok sektdrde doniistiiriicli etkiye
sahiptir. Yeni nesil biyomalzemelerin gelistirilmesi, insan sagligini iyilestirme, yasam kalitesini
artirma ve siirdiiriilebilir bir gelecek insa etme acisindan kritik bir rol oynamaya devam
edecektir. Bu nedenle, temel bilimler ile uygulamali miihendislik yaklagimlarinin entegrasyonu,
biyomalzeme arastirmalarinin geleceginde belirleyici olacaktir.

KAYNAKCA
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OZET

Genetik miihendisligi ve sentetik biyoloji, canli organizmalarin genetik yapisini anlamak,
degistirmek ve yeniden tasarlamak amaciyla gelistirilen modern biyoteknoloji alanlaridir.
Genetik miihendisligi, belirli genlerin izole edilmesi, diizenlenmesi veya baska organizmalara
aktarilmasi yoluyla istenilen Ozelliklerin kazandirilmasini hedeflerken; sentetik biyoloji,
biyolojik sistemleri miihendislik prensipleri dogrultusunda yeniden tasarlayarak yeni biyolojik
fonksiyonlar olusturmay1 amaglamaktadir. Bu iki alanin birlesimi, tip, tarim, ¢cevre bilimleri ve
endustriyel biyoteknoloji gibi bircok alanda yenilik¢i uygulamalarin ortaya ¢ikmasini
saglamaktadir. Son yillarda 6zellikle CRISPR tabanli gen diizenleme teknolojilerinin gelismesi,
genetik mithendisliginin hizin1 ve dogrulugunu 6nemli dl¢iide artirmistir. Bu sayede kalitsal
hastaliklarin tedavisi, gen terapileri ve kisisellestirilmis tip uygulamalarinda 6nemli ilerlemeler
kaydedilmistir. Sentetik biyoloji ise gen devreleri, yapay metabolik yollar ve tasarlanmig
mikroorganizmalar araciligiyla biyoyakit liretimi, biyoplastik sentezi ve farmasatik bilesiklerin
biyolojik {iiretimi gibi alanlarda 6nemli katkilar saglamaktadir. Ayrica sentetik biyoloji,
minimal genom tasarimi, hiicre fabrikanin gelistirilmesi ve biyosensor teknolojilerinin
olusturulmasi gibi yenilik¢i yaklagimlar sunmaktadir. Bu geligsmeler, siirdiirtlebilir tretim
sistemlerinin kurulmasma ve c¢evresel sorunlarin ¢oziimiine yonelik yeni stratejilerin
gelistirilmesine olanak tanimaktadir. Bununla birlikte genetik manipiilasyonun etik,
biyogiivenlik ve biyogiivenlik politikalar1 acisindan dikkatli sekilde degerlendirilmesi
gerekmektedir. Gelecekte genetik miithendisligi ile sentetik biyolojinin yapay zeka, biiyiik veri
analizi ve otomasyon teknolojileri ile entegrasyonu, daha karmasik biyolojik sistemlerin
tasarlanmasini miimkiin kilacaktir. Bu durum, biyoteknolojinin saglik, gida giivenligi ve
stirdiiriilebilir kalkinma alanlarinda daha genis kapsamli ¢oziimler iiretmesine katki
saglayacaktir.

Anahtar Kelimeler: Gen diizenleme, biyoteknoloji, biyosensorler, CRISPR.

9. GIRIS
Genetik miithendisligi ve sentetik biyoloji, biyoteknolojinin en hizli geligsen alanlar1 arasinda yer
almakta olup, canli sistemlerin tasarlanmasi, modifiye edilmesi ve yeniden programlanmasina
olanak tanimaktadir. Genetik miihendisligi, belirli genlerin hedeflenerek degistirilmesine
odaklanirken; sentetik biyoloji, biyolojik sistemleri muhendislik prensipleriyle yeniden
tasarlamay1 amacglayan daha genis kapsamli bir yaklasimdir. Biyoteknolojideki ilerlemeler,
DNA’nin yapisinin anlasilmasiyla hiz kazanmis ve genetik miihendisligi tekniklerinin
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gelistirilmesiyle yeni bir boyut kazanmistir. Genetik miihendisligi, organizmalarin genetik
materyalinin dogrudan degistirilmesini igerirken, sentetik biyoloji bu yaklasimi genisleterek
yeni biyolojik sistemlerin tasarimini miimkiin kilar. Sentetik biyoloji, mithendislik ilkelerini
biyolojiye uygulayarak “tasarla—inga et—test et—6gren” (design-build-test-learn) dongusini
temel alir ve biyolojik sistemlerin modiiler sekilde olusturulmasini hedefler [1].

10. GENETIK MUHENDISLIGI
2.1 Tamim ve Temel Ilkeler
Genetik miihendisligi, bir organizmanin DNA’sinin dogrudan manipiilasyonu yoluyla yeni
ozellikler kazandirilmasidir. Bu siiregte genler:

o Eklenebilir (gen transferi)

 Silinebilir (knock-out)

e Degistirilebilir (mutasyon)
Bu teknikler sayesinde insilin tretimi, gen tedavisi ve transgenik organizmalar gelistirilmistir.

2.2 Kullanilan Teknolojiler
Genetik miihendisliginde kullanilan baglica teknikler:
e CRISPR-Cas9 sistemi: Hedef DNA dizilerini keserek diizenleme yapar
o Rekombinant DNA teknolojisi: Farkli organizmalardan gen transferi saglar
e PCR ve DNA klonlama: DNA ¢ogaltma ve analiz
« MAGE (Multiplex Automated Genome Engineering): Coklu gen diizenleme
Bu araglar, genom diizeyinde hassas diizenlemeler yapilmasini miimkiin kilmaktadir [2, 3].

2.3 Uygulama Alanlari
o Tip: Gen tedavisi, rekombinant protein Uretimi
o Tarim: Hastaliga dayanikli GDO bitkiler
o Endustri: Enzim ve biyoyakit tiretimi [4].

3. SENTETIK BIYOLOJi
3.1 Tanim ve Kapsam
Sentetik biyoloji, genetik mithendisliginin Gtesine gegerek tamamen yeni biyolojik sistemlerin
tasarlanmasini hedefler. Bu alan:
» Biyolojik devreler olusturur
o Sentetik genomlar retir
o Hicresel sistemleri yeniden programlar
Sentetik genom miihendisligi, tim genomlarin tasarlanmasini ve insa edilmesini kapsar.

3.2 Temel Yaklasimlar

Sentetik biyoloji li¢ ana yaklagimu igerir:
1. Standart biyolojik parcalar (BioBricks): Modiiler genetik bilesenler
2. Metabolik muhendislik: Hiicre i¢i yollarin yeniden diizenlenmesi
3. Minimal genom tasarimi: Gereksiz genlerin ¢ikarilmasi [5].

3.3 DNA Tasarim ve Montaj Teknikleri
Modern sentetik biyoloji, gelismis DNA montaj tekniklerine dayanir:
e Gibson Assembly
e Golden Gate Cloning
e Invivo rekombinasyon
Bu teknikler, karmasik genetik yapilarin hizli ve hassas sekilde olusturulmasini saglar.
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3.4 Sentetik Biyolojinin Uygulamalar
3.4.1 Tip ve Saghk
o CAR-T hicre tedavileri
e Gen diizenleme temelli hastalik tedavileri
« Biyosensorler
Sentetik biyoloji, hiicrelerin hastaliklara 6zgii sinyallere yanit vermesini saglayacak sekilde
programlanmasina olanak tanir. [7].

3.4.2 Tarim
o Kurakliga dayanikli bitkiler
e Verimi artirilmis mahsuller
« Bitkilerde yeni metabolik yollar
Bitki sentetik biyolojisi, tarimsal iiretimi ve siirdiiriilebilirligi artirma potansiyeline sahiptir.

3.4.3 Endustriyel Biyoteknoloji
e Biyoyakat iiretimi
« Biyoplastikler
e Mikroorganizmalarla kimyasal dretimi

3.4.4 Cevresel Uygulamalar
e Atik biyodoniisiimii
« Karbon yakalama sistemleri
« Biyoremediasyon [8].

4. GENETIK MUHENDISLiIGi VE SENTETIK BiYOLOJi ARASINDAKI

FARKLAR
| Ozellik || Genetik Miihendisligi || Sentetik Biyoloji |
‘Kapsam HTek gen veya sinirl degigiklikHKomple sistem tasarlml‘
‘Yaklaslm HModifikasyon HTasarlm ve insa ‘
\Ama(; HVar olan1 degistirmek HYeni sistem olusturmak‘
‘Karmaslkllk HDaha diistik HDaha yiiksek ‘

Cizelge 1. Genetik miihendisligi ve sentetik biyoloji arasindaki farklar [9].

5. ETiK, GUVENLIK VE BIYOGUVENLIK

Bu teknolojiler 6nemli etik ve giivenlik tartigmalarin1 beraberinde getirir:

Genetik manipiilasyonun sinirlari

Biyolojik silah riski

Ekosistem Uzerindeki etkiler

Insan genomu diizenlemesi

Sentetik biyoloji ve yapay zeka birlesimi, biyogiivenlik agisindan yeni riskler dogurmakta ve
diizenleyici ¢ergevelerin gelistirilmesini gerektirmektedir.- [9].
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6. GELECEK PERSPEKTIFLERI

Yapay hucre dretimi, tam sentetik organizmalar, kisisellestirilmis tip, otomatik biyolojik
tasarim sistemleri olarak karsimiza ¢ikmaktadir. DNA sentezi ve dizileme teknolojilerindeki
gelismeler, sentetik biyolojinin hizla ilerlemesini saglamaktadir.

7. SONUC

Genetik miihendisligi ve sentetik biyoloji, modern biyoteknolojinin temel taglaridir. Genetik
miithendisligi mevcut organizmalar1 gelistirirken, sentetik biyoloji tamamen yeni biyolojik
sistemlerin tasarlanmasina olanak tanimaktadir. Bu iki alanin birlesimi, tip, tarim ve endiistride
devrim niteliginde yenilikler sunmakta olup, ayn1 zamanda etik ve giivenlik agisindan dikkatli
yonetilmesi gereken giiclii araglardir.

Genetik mihendisligi ve sentetik biyoloji, 21. yiizy1l biyoteknolojisinin en doniistiiriicli
disiplinleri arasinda yer almakta olup, canli sistemlerin anlasilmasi, yeniden programlanmasi
ve yeniden tasarlanmasi agisindan ¢i8ir agict olanaklar sunmaktadir. Genetik miihendisligi,
mevceut organizmalarin genetik yapisini hedefli ve kontrollii bicimde degistirerek daha verimli,
direncli ve fonksiyonel hale getirilmesini saglarken; sentetik biyoloji, biyolojik pargalarin
modiiler bir yaklasimla bir araya getirilmesi yoluyla dogada bulunmayan yeni biyolojik
sistemlerin ve organizmalarin tasarlanmasina imkan tanimaktadir.

Bu iki alanin entegrasyonu, ozellikle kisisellestirilmis tip, gen tedavileri, biyoyakit iiretimi,
stirdiiriilebilir tarim uygulamalart ve cevresel biyoteknoloji gibi kritik alanlarda devrim
niteliginde gelismelere zemin hazirlamaktadir. Ornegin, hastaliga 6zgii genetik miidahaleler,
hedefe yonelik ilag tasarimi ve sentetik mikroorganizmalar aracilifiyla gerceklestirilen
biyosentez siiregleri, gelecegin saglik ve iiretim paradigmalarini yeniden sekillendirmektedir.
Bununla birlikte, bu teknolojilerin sundugu gii¢clii imkanlar, beraberinde ©6nemli etik,
biyoguvenlik ve biyoguvenlik (biosecurity) risklerini de gindeme getirmektedir. Genetik
mudahalelerin uzun vadeli etkileri, ekosistem (zerindeki potansiyel sonuglar, biyolojik
silahlarin kotiiye kullanim riski ve genetik veri gizliligi gibi konular, disiplinler arasi bir
yaklasimla ele alinmas1 gereken kritik basliklar arasinda yer almaktadir. Bu nedenle, bilimsel
ilerlemenin siirdiirtilebilir ve giivenli bir sekilde devam edebilmesi ig¢in uluslararasi
diizenlemeler, etik kurallar ve denetim mekanizmalarinin gelistirilmesi biiyiikk 6nem
tagimaktadir.

Sonug olarak, genetik miihendisligi ve sentetik biyoloji, insanligin kars1 karsiya oldugu saglik,
gida ve ¢evre sorunlarina yenilik¢i ¢ozlimler sunma potansiyeline sahip olmakla birlikte, bu
potansiyelin sorumlu, etik ve kontrollii bir sekilde yonetilmesi gerekmektedir. Gelecekte bu
alanlardaki ilerlemelerin, multidisipliner is birlikleri ve kiiresel yoOnetisim c¢ercevesinde
sekillenecegi ongoriilmektedir.
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ABSTRACT

Protein dynamics span multiple timescales, yet the mechanistic relationship between fast local
fluctuations and slow collective motions remains incompletely understood. Here, we
investigated hierarchical dynamics in human frataxin, a mitochondrial iron chaperone whose
deficiency causes Friedreich's ataxia, using molecular dynamics simulations (1.5 ps total
sampling) combined with transfer entropy (TE) and dynamic cross-correlation matrix (DCCM)
analyses. Residues exhibiting elevated nanosecond-scale flexibility, quantified by RMSF
profiles, correspond precisely to primary allosteric signaling hubs identified by TE. LEU47 and
LEUS1 displayed intermediate RMSF values (0.8-1.2 A) distinct from the rigid B-sheet core
(<0.8 A) and flexible termini (>1.5 A), while functioning as dominant information sources with
net TE values of 0.415 and 0.249, respectively. DCCM identified a mechanical hinge between
GLY48 and GLUI00 (r = —0.431), resolved by TE as a directional signal from LEU47 to
GLU100, establishing causal rather than correlational relationships. Experimental validation
through "N NMR relaxation at two field strengths (600 and 800 MHz) confirmed that hub
residues exhibit microsecond-to-millisecond conformational exchange (Rex = 3-5 s at 600
MHz; 5-8 s ' at 800 MHz with B¢>-dependent scaling), with intermediate order parameters (S2
= 0.68-0.84). The correlation between RMSF-derived flexibility rankings and NMR-detected

exchange (R% = 0.67) demonstrates that nanosecond dynamics encode the energy landscape
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topology giving rise to slower functional motions. These findings establish fast local
fluctuations as reliable predictors of slower conformational transitions in frataxin, providing a

computational strategy for identifying dynamic hotspots in disease-relevant proteins.

Keywords: hierarchical dynamics, frataxin, Friedreich's ataxia, molecular dynamics
simulation, transfer entropy, conformational exchange, NMR relaxation, allosteric

communication

1. INTRODUCTION

Proteins are not static structures; they exhibit a rich spectrum of motions spanning from
sub-picosecond bond vibrations to second-timescale domain rearrangements. This multi-
timescale dynamic behavior is hierarchically organized: fast local fluctuations of individual
atoms and side chains occur on the picosecond-to-nanosecond (ps-ns) timescale, while slower
collective motions involving loops, secondary structure elements, and domains emerge on the
microsecond-to-millisecond (us-ms) timescale [1,2]. A fundamental question in protein
biophysics is whether these fast and slow motions are mechanistically coupled—that is, whether
knowledge of fast dynamics can predict the location and magnitude of slower conformational
transitions relevant to protein function.

Buchenberg et al. [1] provided direct computational evidence for such hierarchical coupling
in Aib peptide, demonstrating that picosecond hydrogen bond dynamics serve as a prerequisite
for nanosecond local conformational transitions, which in turn enable microsecond global
rearrangements. Ernst et al. [2] extended this framework to T4 lysozyme, revealing a four-state
model where fast nanosecond opening-closing motions are hierarchically coupled to slow
microsecond locking transitions mediated by a single residue (Phe4). These studies establish a
conceptual framework in which the topology of the fast-timescale energy landscape encodes
information about slower functional motions.

Molecular dynamics (MD) simulations, which typically sample dynamics on the
nanosecond-to-microsecond timescale, can in principle capture the fast tier of this hierarchy. If
hierarchical coupling holds generally, then analyses of ns-timescale MD trajectories should
predict which residues participate in slower conformational exchange processes detectable by
NMR spectroscopy. Transfer entropy (TE), a measure of directed information flow between
residue pairs originally introduced by Schreiber [3] and adapted to protein systems by Kamberaj
and van der Vaart [4], provides a powerful framework for identifying causal relationships
within MD-derived dynamics. Hacisiileyman and Erman [5] demonstrated that TE can map
allosteric communication pathways in ubiquitin, identifying entropy sources and sinks that
correlate with experimentally validated functional residues. Recent applications have extended
TE analysis to mitochondrial phenylalanyl-tRNA synthetase [6] and B.-adrenergic receptor [7],
confirming its broad utility for allosteric network characterization.
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Frataxin, a mitochondrial iron chaperone essential for iron-sulfur cluster assembly,
represents an ideal model system for investigating hierarchical dynamics. Its compact size (~14
kDa, 119 residues in the structured core) enables both extensive MD sampling and detailed
NMR characterization, while the approximately 15 A separation between the hydrophobic core
and the iron-binding acidic ridge provides suitable geometry for long-range dynamic
communication. Previous studies have characterized frataxin's conformational flexibility
through various approaches: Noguera et al. [8] demonstrated that Loop-1 modifications
profoundly affect protein dynamics and stability, Roman et al. [9] showed that C-terminal
region truncation causes extreme alterations in dynamics spanning multiple timescales, and
Correia et al. [10] established connections between clinical mutations and altered dynamic
properties. Furthermore, our recent work on aggregation-resistant frataxin design confirmed
strong correlations between MD-derived flexibility parameters and NMR relaxation
measurements [11]. However, no study has systematically examined whether frataxin's
nanosecond dynamics predict its microsecond-millisecond conformational exchange within a
hierarchical dynamics framework.

In this study, we employ 1.5 ps of MD simulations combined with DCCM and transfer
entropy analyses to identify residues with enhanced nanosecond flexibility and directional
information flow in human frataxin. We then validate these computational predictions against
independent "N NMR relaxation measurements to test the hypothesis that fast dynamics encode
the locations of slower conformational exchange, thereby demonstrating hierarchical coupling
in a disease-relevant protein.

2. COMPUTATIONAL AND EXPERIMENTAL METHODS

2.1. Molecular Dynamics Simulations

Three independent 500 ns all-atom MD simulations of human frataxin (PDB: 1EKG) were
performed using GROMACS 2022.2 with the AMBER99SB-ILDN force field and TIP3P water
model. The protein was solvated in a dodecahedral box with 150 mM NaCl. Following energy
minimization (steepest descent, 50,000 steps) and two-phase equilibration (100 ps NVT at 310
K, 100 ps NPT at 310 K and 1 bar), production runs were conducted under NPT conditions
using the Parrinello-Rahman barostat and V-rescale thermostat. Three replicates with distinct
initial velocity seeds generated a total sampling of 1.5 ps. Coordinates were saved every 10 ps,
yielding 150,003 frames for analysis. Internal residue numbering (1-119) corresponds to
UniProt Q16595 residues 90-208.

2.2. Dynamic Cross-Correlation and Transfer Entropy Analysis

DCCM was calculated from Ca displacement vectors across the concatenated trajectory to
identify correlated and anticorrelated residue motions. Transfer entropy was computed using a
regression-based approach analogous to Granger causality. For each residue pair (i, j), the future
fluctuation of residue j was regressed on: (i) its own past alone (residual variance 61?) and (ii)
both its own past and the past of residue i (residual variance c.?). Transfer entropy was
calculated as TE(i—j) = 0.5 x In(c:%/02?) with a lag time of 50 ps. Net information flow per
residue was computed as total outgoing minus total incoming TE, distinguishing signal sources
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(positive net TE) from sinks (negative net TE). The complete 119 x 119 TE matrix was
validated against a subsampled 60 x 60 analysis (Spearman p = 0.94).

2.3. NMR Relaxation Measurements

Backbone "N relaxation parameters (Ri, R., heteronuclear NOE) were measured for
uniformly *N-labeled frataxin at 298 K on Bruker Avance 111 600 MHz and Avance NEO 800
MHz spectrometers equipped with TCI cryoprobes. CPMG relaxation dispersion experiments
were performed at both field strengths (vVCPMG = 50-1000 Hz, constant relaxation period = 40
ms). Model-free analysis extracted order parameters (S?), internal correlation times (te), and
exchange contributions (Rex). Two-field global fitting of dispersion data used the Carver-
Richards equation for two-site exchange.

3. RESULTS AND EVALUATION

3.1. MD Simulations Reveal Hierarchically Organized Dynamics

The simulations achieved stable equilibrium (backbone RMSD =1.19 + 0.24 A; Rg=12.81
+ 0.07 A) with consistent behavior across all three replicates. Per-residue RMSF analysis
revealed a tri-modal flexibility distribution: the rigid p-sheet core (<0.8 A), the flexible N- and
C-terminal regions (>1.5 A), and—critically—an intermediate flexibility class (0.8-1.2 A)
corresponding to residues at the interface between secondary structure elements. This
intermediate flexibility tier proved to be the most functionally significant, as it encompasses
residues subsequently identified as allosteric signaling hubs by transfer entropy analysis.

3.2. Transfer Entropy Identifies Directional Information Flow Hierarchy

Transfer entropy analysis revealed a clear hierarchy of information flow. LEU47 dominated
as the primary signal source (net TE = 0.415; outgoing-to-incoming ratio = 8.7), transmitting
nearly nine times more information than it receives. LEU51 served as the secondary source (net
TE = 0.249; ratio = 9.3). These two residues form a hydrophobic signaling hub at the core of
the protein, positioned approximately 7.3 A from the iron-binding acidic ridge. Critically, the
DCCM-identified mechanical hinge between GLY48 and GLU100 (r = —0.431) was resolved
by TE as a directional signal: LEU47 drives GLU100, not the reverse. This demonstrates how
TE decomposes symmetric correlations into causal, directional relationships—revealing the
hierarchical organization invisible to standard correlation analysis (Figure 1).
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Figure 1. Hierarchical allosteric communication network in human frataxin (PDB: 1EKG).
A) Schematic topology diagram showing secondary structure elements colored by RMSF-
derived flexibility classification: rigid p-sheet core (blue, RMSF < 0.8 A), intermediate
flexibility hub region (gold, RMSF 0.8-1.2 A), and flexible termini (red, RMSF > 1.5 A). Signal
source hubs LEU47 and LEUS5L1 (red circles; net TE = 0.415 and 0.249, respectively) transmit
directional information to signal sinks at the iron-binding acidic ridge (ASP33, ASP35,
GLU100; orange circles) via relay stations LEU101 and LEU105 (blue circles). Red dashed
arrow: TE-directed allosteric signal path (7.3 A). Blue dashed line: DCCM anticorrelation hinge
between GLY48 and GLU100 (r = —0.431). B) Three-dimensional structure rendered in
ChimeraX with corresponding color scheme. Sphere sizes reflect relative TE magnitude. NMR
validation summary: shared kex = 1720 + 180 s™*, R*=0.67 (TE vs R2/Ri1, p <0.001), Rex Bo*
ratio = 1.73-1.76.

3.3. NMR Relaxation Validates Hierarchical Coupling

NMR relaxation measurements independently confirmed that the computationally
identified hierarchy of fast dynamics predicts the locations of slower conformational exchange
(Figure 1B). Hub residues LEU47 and LEUS51 exhibited the highest R2/R: ratios (9.90 and
10.00, respectively) among all structured residues, significantly above the mean of 8.6 £ 0.4 (p
< 0.001). These residues displayed substantial Rex contributions (4.02 £ 0.38 and 4.28 + 0.22
s ! at 600 MHz), confirming pus-ms conformational exchange. The Rex values scaled with Bo?
at 800 MHz (ratio = 1.73-1.76; expected = 1.78), definitively confirming genuine exchange
rather than anisotropic tumbling artifacts. Model-free analysis revealed intermediate S? values
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(0.68-0.84) for hub residues—precisely the flexibility regime predicted by intermediate RMSF
values in MD simulations.

In contrast, signal sink residues (ASP33, ASP35, VALS55) exhibited low R2/Ri ratios (8.22—
8.29) with no detectable Rex at either field strength, confirming they receive but do not generate
conformational signals. Global CPMG fitting yielded a shared exchange rate kex = 1720 + 180
s7! for all hub residues, with field-independent kex values (1718 vs. 1724 s7! at 600 vs. 800
MHZz), supporting coordinated conformational dynamics across the hub network.

3.4. Quantitative Correlation Between Timescales

The correlation between computational predictions (ns-timescale) and experimental
validation (us-ms timescale) was quantitatively robust. Transfer entropy magnitudes correlated
significantly with NMR R2/R. ratios (R? = 0.67, p < 0.001), demonstrating that residues with
enhanced nanosecond information transfer capacity also undergo slower conformational
exchange. The RMSF-based flexibility classification correctly predicted the Rz2/R: ranking for
all analyzed residues: intermediate RMSF — elevated R2/R: and Rex; low RMSF — baseline
R2/R: without Rex. This cross-timescale correspondence supports the hierarchical dynamics
model in which the nanosecond energy landscape topology—captured by MD simulations—
encodes the propensity for slower functional motions.

4. GENERAL EVALUATION AND CONCLUSIONS

This study demonstrates hierarchical coupling between nanosecond and microsecond-
millisecond dynamics in human frataxin, a protein of direct relevance to Friedreich's ataxia.
The key findings are:

First, MD-derived RMSF profiles and transfer entropy analysis identify the same subset of
residues (LEU47, LEU51) as dynamically distinct, establishing that nanosecond flexibility
metrics predict allosteric signaling capacity. Second, transfer entropy resolves the directionality
invisible to DCCM, revealing that the hydrophobic core drives signal propagation toward the
iron-binding acidic ridge rather than vice versa. Third, NMR relaxation measurements at two
independent field strengths confirm that these computationally identified hub residues undergo
genuine ps-ms conformational exchange, with quantitative agreement between predicted and
measured parameters (R? = 0.67 for TE vs. R2/Ry).

These results are consistent with the hierarchical dynamics framework established by
Buchenberg et al. [1] for Aib peptide and Ernst et al. [2] for T4 lysozyme, extending this
paradigm to a disease-relevant human protein. The intermediate flexibility of signaling hub
residues—neither too rigid nor too flexible—represents an optimal dynamic regime for
conformational signal transduction, analogous to the intermediate protection factors observed
in hydrogen-deuterium exchange experiments at these same positions.

From a methodological perspective, this work validates that standard MD simulations (500
ns timescale) combined with transfer entropy analysis can reliably predict the locations of
functionally important slower dynamics, without requiring enhanced sampling methods. This
has practical implications for computational screening of allosteric hotspots in therapeutic
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protein targets. Future studies should extend this hierarchical analysis to iron-bound frataxin
states and apply Markov state modeling to directly bridge the nanosecond-to-millisecond
timescale gap. The identified hub—relay—sink architecture provides specific structural targets
for future experimental interrogation of frataxin's allosteric mechanism and potential
therapeutic intervention in Friedreich's ataxia.
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ABSTRACT

Beeswax is a natural product with a complex chemical structure, synthesized by honeybees and
used in beekeeping to produce basic honeycomb. However, because beeswax is lipophilic and
has a high absorption capacity, environmental pollutants and chemical residues resulting from
beekeeping practices accumulate in this matrix. Synthetic acaricides (fluvalinate, coumaphos,
bromopropylate) used in the control of the Varroa destructor mite, pesticides, and substances
such as naphthalene used in the honeycomb storage process can persist in beeswax for extended
periods and, over time, migrate into honey, potentially reaching humans through consumption.
The long-term use of old combs within the hive leads to a cumulative increase in chemical
residues and creates a suitable environment for pathogenic microorganisms. This negatively
impacts bee health, causing issues such as delayed queen development, reduced egg-laying
capacity, behavioral abnormalities, and decreased reproductive performance. These residues
accumulating in beeswax not only affect colony health but also pose significant risks to human
health by transferring into honey and other bee products. It has been reported that chronic
exposure to lipophilic pesticides and acaricides can cause toxic effects on the nervous system,
endocrine system, immune system, and metabolic processes. Additionally, the bioaccumulation
potential of certain residues may lead to cumulative health risks for humans over the long term.
The mixing of waxes from different sources in wax foundation production and inadequate
sterilization practices contribute to the spread of disease-causing spores as well as the transport
of chemical residues over wide areas. Furthermore, bees’ use of the same nectar sources
facilitates the indirect transfer of residues between colonies. In recent years, the use of organic
compounds such as organic acids and essential oils—as alternatives to synthetic chemicals—
has gained importance, and it is reported that these substances carry a lower risk of residues.
However, these applications must be used at appropriate doses and durations. In conclusion,
chemical residues accumulating in beeswax pose significant risks to both bee and human health;
therefore, sustainable beekeeping requires regular comb renewal, residue-minimizing control
methods, standardized production processes, and effective monitoring systems.

Key words: Beeswax, chemical residues, contamination, sustainable beekeeping
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1. INTRODUCTION

Beeswax, one of the unique products produced by honeybees, is a biological substance
secreted by the wax glands located in the last four abdominal segments of worker bees aged
12-18 days. Upon secretion, it emerges between the abdominal segments in a liquid and
transparent form, rapidly solidifying into thin flakes when exposed to air. Honeybees produce
beeswax by metabolizing carbohydrates derived from honey and combining them with specific
enzymatic secretions from their bodies. Chemically, beeswax is a highly complex and
heterogeneous material characterized by a honey-like scent and aromatic flavor, consisting of
more than 300 identified compounds, including esters, hydrocarbons, free fatty acids, fatty
alcohols, and minor bioactive constituents. Approximately 50 distinct aromatic compounds
have been reported to contribute to its characteristic odor profile. Beeswax is primarily
synthesized from the sugars present in honey—namely glucose, fructose, and sucrose—through
biochemical conversion pathways involving lipid metabolism.

The primary biological function of beeswax is to enable the construction and expansion of

honeycomb cells, which serve as essential structures for brood rearing, food storage (honey and
pollen), and colony organization [1,2,3]. Although beeswax is insoluble in water, it exhibits
high solubility in organic solvents such as ether, benzene, acetone, gasoline, and chloroform
due to its lipophilic nature. This physicochemical property also underlies its ability to
accumulate and retain lipophilic compounds, including pesticides and veterinary drug residues,
making it a potential reservoir for contaminants within the hive environment.
The production of beeswax is an energetically demanding process; it is estimated that bees must
consume approximately 6-10 kg of honey to synthesize 1 kg of beeswax. At an optimal hive
temperature of approximately 35°C, worker bees form chain-like clusters (festooning
behavior), during which wax secretion is stimulated. Each worker bee can produce up to eight
wax plates from its abdominal glands. These wax scales are subsequently transferred from the
abdominal segments to the mandibles via the legs, where they are mechanically processed,
mixed with saliva, and molded into hexagonal comb structures. The remarkable geometric
precision of the hexagonal comb architecture provides both structural strength and efficient
space utilization, representing an optimal solution in terms of material economy and mechanical
stability.

Seasonal dynamics and colony physiology strongly influence beeswax production
within the colony. It is known to be most intensive during the spring season, when brood rearing
activity is at its peak and the demand for new comb construction increases. The quantity of
beeswax produced varies depending on several factors, including the queen’s oviposition rate,
colony strength and developmental stage, nectar and pollen availability, environmental
temperature, and overall colony management practices. According to recent statistical data from
Tirkiye, approximately 4,095 tons of beeswax are produced annually from 8,984,676 colonies,
highlighting its economic and apicultural significance [4].

Beyond its biological role in the hive, pure beeswax produced by honeybees has a wide range
of industrial, pharmaceutical, and technological applications due to its unique physicochemical
properties, biocompatibility, and stability. In beekeeping, it is primarily used for the production
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of wax foundation sheets, which facilitate comb building and improve colony productivity. In
the pharmaceutical industry, beeswax is utilized as a coating agent for tablets and capsules, as
well as a stabilizing and emulsifying component in ointments and drug delivery systems. In the
cosmetics industry, it is extensively employed in the formulation of creams, lotions, lip balms,
masks, and soaps due to its moisturizing, protective, and film-forming properties. Additionally,
beeswax is used in dental applications (e.g., impression materials), candle production, metal
casting (lost-wax technique), textile finishing, paint and varnish formulations, furniture and
floor polishes, optical lens processing, and waterproofing technologies. In the food industry, it
serves as a glazing agent and additive in products such as confectionery and chewing gum. Its
versatility and natural origin make beeswax an indispensable raw material across multiple
sectors, further emphasizing the importance of sustainable and residue-free beeswax production
systems [3,5].

1. TRANSPORTING COMBS TO THE FACTORY AND WAX FOUNDATION
PRODUCTION

In our country, beekeepers take their old, expanded combs to the comb factory by cutting them
from the frames and stacking them, or by melting and straining the combs through a straining
process, and receive them as processed wax foundation sheets. The melting process can be
carried out by directly melting the combs using solar heat or by boiling a mixture of wax and
water in equal parts. The melted beeswax is then poured into a large bag made of plant fibers
(telis), and pressure is applied to allow the clean wax to flow through the bag’s pores while the
impurities remain inside. As the water-wax mixture flowing out cools, the clean wax solidifies
into a layer on the surface of the water. There are also press machines used for this process [3].
The ‘wax foundation’ is formed by melting the beeswax under heat and passing it through
cylinders with hexagonal prism cells to create plates. Two methods are used in production: hot
casting and cold casting. In both methods, the process uses sterilized, pure, and natural beeswax.
While hot-rolled combs are more brittle, cold-rolled combs offer advantages in terms of ease
of use and a higher number of combs per kilogram. The beeswax used in wax foundation
production must be pure and free of additives, containing no foreign substances such as paraffin,
ceresin, internal oil, resin, oxalic acid, or bleaching agents. Honeybees accept and build upon
pure, additive-free foundation, but do not build upon foundation containing synthetic chemical
additives. Wax foundation factories collect combs from a large number of beekeepers; these
are mixed, melted in the same boiler, and used to produce wax foundation sheets. If the
collected combs are obtained from colonies carrying disease-causing spores, these spores
adhere to the walls of the boiler during the melting process, making it inevitable that the wax
foundation sheets produced by pouring the mixture into molds will contain disease spores. For
this reason, the sterilization of foundation sheets at the frame factory is of great importance.
The beeswax used in the production of foundation sheets must be sterilized by holding it in
special boilers at 120°C and 1 atm pressure for 15 minutes or by subjecting it to an equivalent
sterilization process. In our country, the use of inadequately sterilized foundation in hives leads
to the uncontrolled spread of bee diseases, particularly mandatory-reporting diseases such as
American Foulbrood. By ensuring that the necessary sterilization conditions are met, the risk
of the spread of disease-causing microorganisms is reduced, and the production of healthy wax
foundation sheets becomes possible [6,7,8].
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2. THE USE OF OLD COMBS IN COLONIES

The continued use of old combs in hives is a factor that contributes to the spread of disease-
causing microorganisms among honey bees. Due to the bees’ brood-rearing activity, old combs
containing remnants of body parts create a suitable environment for the reproduction of disease-
causing pathogens. Additionally, since worker bees emerging from these combs tend to be
smaller in size, this negatively impacts colony development and performance. The high
concentration of pathogenic microorganisms in old combs not only threatens bee health within
the hive but also poses a risk to human health when considering the consumption of bee
products. The continuous use of old combs within the hive leads to an increased accumulation
of pesticides applied each season in the beeswax, resulting in higher toxic levels. In particular,
beekeepers risk easily transmitting disease-causing microorganisms if they transfer frames
between hives without proper control or use contaminated materials in the apiary. Therefore,
care must be taken to clean and disinfect tools and equipment used in the apiary and hives, and
every effort should be made to use new frames in the hives whenever possible. Even if no
medication is applied to the hive, drug residues may still be found in the foundation frames
provided to the hive, including those provided for the first time. While this situation might
suggest that proper sterilization is not being carried out in the wax produced by comb factories,
the presence of certain pesticide residues in comb samples taken from the hives of beekeepers
who do not use synthetic chemical pesticides in their hives may stem from the fact that their
bees share the same nectar source with the bees of beekeepers in the same region who do use
pesticides in their hives. Bees from colonies where synthetic chemical pesticides are used for
disease and pest control in the apiary transfer pesticide residues to flowers during flight, and
bees from colonies that do not use pesticides, when landing on these flowers, become
contaminated with the pesticides and carry these substances back to their hives [9,10,11].

3. STORAGE CONDITIONS FOR HONEYCOMBS

The preservation of honeycombs begins once the honey harvest is complete. The most
significant problem our producers face during storage is the honeycomb moth. This is a
particularly serious issue in warm regions. Another problem is mold and souring, which can
occur during the storage of honeycombs containing honey and pollen. Humidity and
temperature accelerate the emergence of these undesirable damages in the combs. Storing
combs in cold conditions is the most effective method against both the wax moth and spoilage
and mold. Storing combs below 10 °C—for example, in cold storage facilities—prevents the
hatching of wax moth eggs and inhibits larval development. Exposing the combs to —12°C for
3 hours or —15°C for 2 hours kills all living organisms, including eggs, at every stage of
development. In regions where winters are cold and air temperatures remain below the specified
levels, no additional measures are necessary. Another method used for storing combs is the
application of sulfur smoke. For this, the combs are arranged on a rack system in a room, and
20-50 grams of sulfur are burned per 1 mé during each application. The smoke emitted from
this burning is effective against the wax moth but does not affect wax moth eggs. Therefore,
the application should be performed 1-2 weeks after the combs are removed from the hive and
repeated after 2 weeks. Organic acids such as formic acid and acetic acid can be used in
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honeycomb storage rooms. Since organic acids are heavier than air, they are placed on top of
the honeycombs and a few drops are distributed. For a room volume of 10 liters, 20 ml of 60—
80% acetic acid or 8 ml of 85% formic acid should be used. These applications help protect the
combs from the wax moth pest and spoilage/mold without causing any residue issues and are
recommended for beekeepers [3,12,13].

4. THE PROBLEM OF RESIDUES IN BEESWAX

Bee diseases are generally management-related conditions caused by inadequate or improper
care and feeding conditions. These diseases can be prevented through proper care and feeding,
regular selection, and the development of disease-resistant strains, leading to healthier and more
productive beekeeping. However, beekeepers often tend to use medications even when no
disease is present in the hive and the bees are healthy. This practice negatively impacts the bees’
natural defense systems against diseases and pests, leading to inadequate defense mechanisms
when they actually encounter a disease or pest. Currently, none of the synthetic chemicals used
against bee diseases and pests are medications specifically designed to target “bee diseases and
pests.” Therefore, the healthiest, most cost-effective, and easiest method of combating bee
diseases and pests is for beekeepers to maintain their colonies in a strong population balance
and provide appropriate care and management for their bees.

The synthetic chemicals used in hives against bee diseases and pests have a negative impact on
bee health in the long term and on the quality of honey produced by the hive in the short term.
Even the use of licensed medications for Varroa control, when used for extended periods or at
high doses, leads to Varroa developing resistance to the medication within the hive. In this
process, both the health of the larvae and adult bees deteriorates, and the hive population
weakens. It is known that varroacides pose a risk of residues in honey. The pesticides used to
combat bee diseases, however, represent another aspect of the issue. In some studies
[14,15,16,17], it was found that medications used to combat Varroa in colonies—such as
Apistan (active ingredient: fluvalinate), Perizin (active ingredient: coumaphos), and Folbex-
VA (active ingredient: bromopropylate)—can cause residue issues in the comb within the hive
depending on the dose and duration of use. Additionally, these studies reveal that these
treatments hinder queen development, reduce egg-laying, decrease sperm count in drones,
cause behavioral abnormalities in bees, and lead to difficulties in accepting a new queen. These
active ingredients, present at high levels in beeswax, can migrate into honey and potentially
cause disorders in the nervous, circulatory, excretory, and immune systems of consumers.

Natural compounds such as formic acid, lactic acid, and oxalic acid, which have become
increasingly preferred in Varroa control in recent years, do not leave residues in honey or
beeswax like other chemical pesticides, and yield positive results in Varroa control due to their
rapid half-life. In today’s world, where the consumption of organic food has gained importance
and consumer awareness has grown, honey production compliant with European Union
standards has become a necessity. Therefore, beekeepers must take the necessary precautions
due to the sensitivity of the issue and manage their colonies in accordance with the guidelines
for Varroa control. Additionally, care must be taken to use organic-based chemicals at the
appropriate dose and for the appropriate duration [3]. One of the highly harmful chemical
substances that has been used for many years in the storage of honeycombs is naphthalene.
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Naphthalene is an antiseptic hydrocarbon obtained by distilling coal tar; it is white, has a
distinctive odor, is insoluble in water, and dissolves easily in alcohol, benzene, and ether. It
rapidly vaporizes, transitioning from a solid to a gaseous state. The use of naphthalene to protect
beeswax combs against wax moths results in increased naphthalene concentrations in the
combs. Naphthalene reaching high levels can be toxic to bees and lead to outcomes such as
colony losses. Because of its absorbent nature, beeswax traps naphthalene within its structure,
and since a significant portion of it transfers into the honey, the residue problem persists and
worsens. Pesticide and drug residues accumulating in honey can harm humans when the honey
is harvested and consumed; however, naphthalene and other pesticides accumulating in the
beeswax are more dangerous because the combs are used for several seasons. This is because,
in such cases, pesticides previously accumulated in the combs gradually mix with the honey
along with the pesticides introduced into the hive during the year, making old combs a potential
source of pesticides within the hive [9,18].

5. CONCLUSION

In conclusion, ensuring the sustainability, safety, and quality of beewax requires a
comprehensive and coordinated approach. Beekeepers must take care to use healthy combs,
maintain and manage hives, and properly harvest and store bee products; they must also be
trained by qualified professionals in the control of bee diseases and pests, and the public must
be made aware of these issues. In addition to these fundamental practices, the implementation
of good beekeeping practices (GBP), routine monitoring systems, and traceability mechanisms
is essential to ensure both product quality and colony health. Regular comb renewal, residue
monitoring, and the adoption of preventive management strategies should be prioritized to
minimize contamination risks and maintain sustainable production systems. Furthermore, the
lack of an official scientific laboratory authorized by the state to address bee diseases and pests,
as well as the insufficient number and effectiveness of experts in this field, contribute to the
persistence of these issues in Turkey. Strengthening institutional infrastructure, increasing the
number of accredited laboratories, and improving collaboration between universities, research
institutions, and governmental bodies are critical steps for effective disease surveillance,
diagnosis, and control. In addition, developing standardized protocols and national monitoring
programs would enhance the early detection and management of emerging threats. Although
the extremely negative effects of chemical substances used against bee diseases and pests on
both bee and human health have been demonstrated, it is evident that the use of chemical
substances will continue, and the issue will remain a subject of debate for many years to come
unless alternative control methods are utilized. In this context, there is a growing need to
promote sustainable and eco-friendly approaches such as biotechnical methods, organic acids,
essential oils, breeding for disease-resistant bee lines, and integrated pest management (IPM)
strategies. These alternatives not only reduce chemical residues in bee products but also support
long-term colony resilience and environmental sustainability. To prevent all these negative
consequences, significant responsibilities fall upon our beekeepers, beekeeping associations,
universities and research institutions, our ministry, and consumers. In addition, policymakers
and regulatory authorities must play an active role in establishing effective legislation, ensuring
compliance with international quality standards, and supporting educational and extension
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programs. Consumers also play a critical role in shaping production practices by prioritizing
safe, traceable, and high-quality bee products, thereby indirectly promoting compliance with
quality standards and responsible beekeeping practices. The alignment of stakeholder
awareness and accountability across the apicultural value chain is therefore essential to
mitigating current challenges in the production, quality, and marketing of bee products. As
conclusion, a multidisciplinary and coordinated approach—integrating scientific research, field
practices, policy development, and public awareness—will be essential for achieving
sustainable, safe, and high-quality apicultural production systems in the future.
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ABSTRACT

The increased importance of the global food supply following the recent pandemic has once
again brought to the forefront the vital role of agricultural production and the need to ensure its
continuity. In crop production, yield and quality depend largely on effective pollination. Honey
bees (Apis mellifera L.) play a critical role as the primary pollinators, particularly in many crop
plants that require cross-pollination. Honeybees are a decisive factor in the sustainability of
agricultural production not only through the production of high-value-added products, but also
through the pollination function they provide as part of ecosystem services. The role of
honeybees in pollination should not be viewed only as a mechanical transfer of pollen; this
process should be considered a multifaceted effect that regulates gene flow between plants,
supports biodiversity, and shapes both the quantitative and qualitative dimensions of
agricultural production. In this context, honeybees serve as fundamental biological actors that
bridge natural ecosystems and agricultural production systems, functioning as ecosystem
engineers. However, in recent years, the expansion of agricultural lands, the proliferation of
monoculture production systems, increased pesticide use, and anthropogenic factors disrupting
ecosystem balance have negatively impacted natural pollination processes. This situation
creates pressure on honey bee populations, leading to a decline in pollination efficiency and,
therefore, resulting in yield and quality losses in crop production. In this context, to maximize
the benefits of honey bees’ pollination efficiency, it is necessary to understand bee-plant
interactions, develop appropriate colony management strategies, and promote the widespread
adoption of bee-friendly agricultural practices. In conclusion, honeybees should not be
considered merely a supporting element in crop production; rather, they should be recognized
as a central biological actor that reshapes agricultural production paradigms through their
genetic, ecological, and economic dimensions.

Key words: Honey bee, pollination, agriculture, plant production
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2. INTRODUCTION

Many flowering plants cannot produce fruit or seeds on their own and rely on pollinators to
transfer pollen between flowers. Honeybees are particularly important because they visit a large
number of flowers, carry large amounts of pollen on their hairy bodies, and show a strong
preference for certain plant species while foraging for food. All cultivated crops in agricultural
production are flowering plants. Seed production is of vital importance for the continuity of
agricultural production. In other words, cultivated plants must produce seeds. For this, plants
require pollination. High-quality and high-volume plant production depends on the successful
occurrence of cross-pollination. The honeybee is nature’s best pollinator capable of performing
this function. While collecting nectar and pollen from nature to sustain the systematic life within
the colony, the honeybee also plays a crucial role as a pollinator of vegetables and fruits, which
are of great importance to human life. In plants where healthy pollination does not occur, seed
formation may fail, or even if it does occur, the resulting deformities due to insufficient
pollination negatively affect product quality. This situation not only makes marketing the
harvested product difficult but also leads to the inadequate development of functions such as
germination and seedling vigor in the plant [1]. In recent years, the conversion of open areas
to agricultural use, increased and irregular pesticide use, and numerous other factors disrupting
the biological balance, along with the practice of monoculture farming over vast areas, have
contributed to the escalation of pollination problems [2]. Pollination is of vital importance in
plant production. In particular, the production constraints resulting from insufficient pollination
in large agricultural areas constitute a significant problem. In recent years, extensive and
effective studies have been conducted to ensure optimal pollination in plants that rely on
honeybee pollination. Furthermore, if the necessary importance is given to pollination, the
resulting increase in crop yields will contribute to the global expansion of crop production.
Many major crops (fruits, nuts, oilseeds, vegetables) depend heavily on bee pollination; honey
bees provide a large share of this service—often around two thirds of insect pollination in farm
[3,4,5,6,7]. In some fruit orchards, over 80% of pollination is done by bees, and yields rise
sharply when hives are added [4,8,9]. It is reported that increasing pollination efficiency results
in yield increases of 45-50% in sunflowers, 56-60% in apples and pears, 75-90% in
cucumbers, 95-100% in melons and watermelons, 25-30% in tomatoes and grapes, and 35—
40% in alfalfa, clover, and vetch. These increases cannot be achieved through fertilization,
irrigation, or other agronomic practices; honeybee pollination is absolutely essential. It is
noteworthy that in areas of intensive agriculture, the value of the crop yield is 10-12 times
greater than the value of the products produced by bees, such as honey, pollen, and royal jelly,
and the immense contribution they make to plant production is striking [2,10].

3. DEFINITION OF POLLINATION AND BEE POLLINATION

Pollination is the transfer of pollen grains from the anther (male part of the flower) to the stigma
(female part) [11,12]. This process can occur within the same flower or among flowers of the
same species. After the pollen grain reaches the stigma, it absorbs water, germinates, and
extends a pollen tube along the style toward the ovule, carrying two sperm cells for double
fertilization (embryo + endosperm) [12,13]. Pollination can occur through both abiotic and
biotic agents. Abiotic pollination involves the transfer of pollen by non-living factors such as
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wind and water, whereas biotic pollination is mediated by living organisms including insects,
birds, bats, and even ant [12,14,15]. In agricultural systems, however, the primary pollination
agents are wind and insects, with bees playing a particularly significant role due to their
efficiency and specialization in pollen transfer. Cross pollination (cross fertilization) is the
transfer of pollen from one plant to another plant of the same species or a compatible variety
[8,11,12,16]. Cross-pollination plays a critical role in both natural ecosystems and agricultural
production. It increases genetic diversity within plant populations, which is generally favored
by natural selection as it enhances adaptability and resilience [11,17]. In many crop species,
cross-pollination leads to improved seed set as well as higher fruit quantity and quality, even in
plants that are capable of self-pollination [16,18,19]. Furthermore, some plant species exhibit
self-incompatibility mechanisms, whereby their own pollen is recognized and rejected, making
pollen transfer from another individual essential for successful fertilization and seed production
[17]. Plants have evolved various strategies to promote cross-pollination. Floral traits such as
color, scent, nectar production, and morphological adaptations are specifically designed to
attract particular pollinators and facilitate efficient pollen transfer between different plants
[11,20]. In addition to these physical adaptations, genetic mechanisms such as self-
incompatibility systems actively prevent self-fertilization and enforce outcrossing, thereby
maintaining genetic diversity and reproductive success [21,22,23].

3.1 Why Many Flowers Need Honey Bee Pollination

Many flowering plants cannot set fruit or seeds well on their own; they need animals to transfer
pollen between flowers. Honey bees are especially important because they visit many flowers,
carry lots of pollen on their hairy bodies, and show strong loyalty to particular plant species
while foraging. When a honey bee visits a flower for nectar or pollen, grains stick to its body
and are rubbed onto the next flower’s stigma, allowing fertilization so fruits and seeds can
develop [5,24]. Cross pollination by honey bees increases fruit and seed set, improves seed
quality, and boosts yield in many crops and wild plants. For some crops and wildflowers, open
pollination with bees produces many times more seeds than self pollination or no pollination
[4,6,8,9]. Plants have evolved a range of adaptive traits to attract bees and enhance pollination
efficiency. In this mutualistic relationship, plants effectively “invest” in bees by offering visual,
olfactory, and nutritional cues. Bright flower colors and distinctive scents are aligned with bee
vision and olfactory sensitivity, making flowers more detectable and attractive. In addition,
nectar and nutrient-rich pollen serve as essential food rewards, encouraging repeated visits by
bees. Structural adaptations, such as specialized petal surfaces or flower movements, further
facilitate landing and efficient foraging behavior. Together, these traits increase the frequency
and effectiveness of bee visitation, ultimately improving pollination success and plant
reproductive outcomes [3,24,25].

4. HONEYBEE BEHAVIORS ON FLOWERS

Not every visit by a honeybee to a flower results in pollination. During the visit, the bee may
not come into contact with the flower’s stigma, or the body parts that do touch the stigma may
not be carrying pollen. Whether pollination occurs depends on whether the bee is collecting
nectar or pollen. Pollen-collecting bees move around the anthers of the plant. In this way, the
bee’s entire body becomes covered in pollen. The bee then acts as a “carrier” in pollination by
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touching the stigma. To determine whether a nectar-collecting bee is pollinating, one must
observe which part of the flower the bee is on. Bees collecting nectar from fruit flowers may
be found on the anthers, on the petals, or on both. Nectar-collecting bees on the anthers
generally also touch the stigma to facilitate pollination. However, pollen-carrying bees on the
petals may sometimes collect nectar without touching the stigma. In this case, pollination does
not occur. Bees visiting flowers with prominent stamens (plum, pear, peach, apricot) perform
pollination while collecting both pollen and nectar [26]. A honeybee that finds a rich nectar
source maintains its relationship with that source until it finds a richer one. Thanks to this
“flower fidelity” behavior, the honeybee helps plants pollinate more reliably. When plants
produce sufficient levels of nectar and pollen, bees do not tend to travel long distances; instead,
they maintain an economic flight range and tend to utilize nearby nectar and pollen sources [1].

S. FACTORS AFFECTING POLLINATION EFFICIENCY

The timing of bringing bees to the plant source is of great importance for pollination efficiency.
As a general rule, bringing honeybee colonies to the plant source one week before the start of
flowering is considered appropriate for good pollination. The most productive period for
pollination efficiency is assessed as when flowering begins at a level of 10-25%. However, for
certain plant species where pollination is relatively more challenging (such as apple, almond,
and strawberry), it is more appropriate to bring the hives to the pollination area before flowering
begins. Additionally, to ensure effective pollination, the number of colonies per unit area must
also be increased [26]. It is seen that specialized pollinator plant varieties play a significant role
in the establishment of orchards. The placement of these varieties within the orchard should
also be planned during the orchard’s establishment. Since honeybees placed in an orchard for
pollination will primarily prefer the flowers on trees near their hives as a source of nectar and
pollen, care must be taken to ensure that the beehives are distributed evenly throughout the
orchard. Otherwise, the bees will fly to a limited number of trees, resulting in better pollination,
fruit set, and fruit quality on those trees. This situation is particularly evident in fruit trees that
are less attractive to bees, such as apple, cherry, and almond trees. Fruit set and fruit quality are
lower in trees that bees do not visit or visit insufficiently. Due to this risk, positioning honeybee
colonies near pollinator plant varieties is crucial for effective pollination and the production of
high-quality fruit [27,28]. In honeybee colonies, the colony’s strength—and particularly the
level of the forager bee population—directly determines pollination effectiveness. Beekeepers
aim to have strong colonies to produce better yields, while vineyard and orchard owners seek
them to ensure effective pollination. One of the most important criteria determining colony
strength is the distribution and size of the brood area. Colonies containing 5-6 brood frames
are generally considered sufficient for effective pollination; however, the effectiveness of the
colony count may vary depending on the nature of the crop to be pollinated and weather
conditions. The recommended number of hives per hectare for crop plants varies: 5-8 for
clover, 5 for apples and cherries, 5-12 for almonds, 8-10 for strawberries and kiwis, and 5-7
for onions. Generally, effective pollination is achieved by calculating 1-4 colonies per 4
decares. In the area where pollination will take place, care should be taken to maintain a
minimum distance of 150 m between bee colonies in winter and 300 m in summer, and to
position the flight entrances so they can receive morning sunlight. Orienting the hive’s entrance
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so that it faces the plants in the pollination area and is exposed to a light breeze allows
honeybees to quickly detect the scent from the flowers and respond more efficiently [27]. The
distribution pattern and density of colonies across the landscape vary depending on the plant
species, flowering period, flower density and attractiveness, colony strength, flower
competition, land area, and weather conditions. The timing of pollination is another important
factor. Generally, the flowering period in plants is short. When weather conditions are
unfavorable, insect activity and pollination slow down and become insufficient. In such cases,
growers reduce the risk of insufficient pollination by placing bee colonies in their orchards. Bee
pollination improves both the quality and quantity of the crop. The most effective pollination
temperature begins at 21°C, when bees start working actively. Pollination is negatively affected
by cold, rainy, and windy weather. Crops obtained through adequate pollination have normal
shape and form, which increases their marketability and value. Additionally, seed quality
improves. Flowers exposed to bee visits are also less affected by spring frosts [1]. To ensure
effective pollination, care must be taken to ensure that no other plant species within a 3-
kilometer radius of the target plant species is in bloom to a degree that creates competition.
Therefore, by carefully calculating the flowering periods of plants to be planted for pollination,
the ability of surrounding plants to attract honeybees—which could create competition—is
significantly reduced. Crop plants with intensive production, such as sunflowers and cotton,
have a significant need for bee pollination. High fiber quality in cotton plants is only possible
with adequate pollination. With bee pollination, germination rate and 1,000-seed weight in
cotton increase by 20-30%, and the maturation and vegetative growth period of cotton bolls is
shortened by 5-8 days. Sunflower is a high-quality plant that provides abundant nectar. It has
two types of flowers, and because these flowers mature at different times, the female and male
reproductive organs cannot self-pollinate. At this point, bee visits are required. Bees account
for 95-98% of pollination. Approximately 100-150 bee colonies can pollinate 200 hectares of
sunflowers. The amount and quality of oil in the seeds produced through bee pollination
increase. Forage plants such as alfalfa, clover, white clover, red clover, rock clover, and sainfoin
are important sources of nectar and pollen for bees. There is a linear relationship between nectar
and pollen production in these plants and bee visits. In other words, the greater the amount of
nectar and pollen in the plants, the higher the likelihood of them being visited by bees.
Additionally, the composition of sugars in the nectar is one of the factors influencing bee visits.
The higher the sugar concentration in the nectar, the more likely bees are to prioritize visiting
those plants [10,29,30].

6. GUIDING BEES TO SPECIFIC PLANTS

Bees recognize flowers by their color, shape, and scent. Bees also have a highly developed
sense of smell. In this way, bees can be guided to flowers with specific scents. Nectar-gathering
bees also prefer flowers that contain the pollen found in the hive. Furthermore, feeding
honeybee colonies with a sugar syrup prepared using the essence of flowers from the plant
species intended for pollination helps direct the bees directly to a specific plant. Another method
involves spraying sugar syrup onto the plants intended for pollination to attract the bees to them.
However, this method is neither practical nor does it allow the bee to spend sufficient time
working on the flower.
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5.1 Making Plants More Attractive to Bees

Making plants attractive to honeybees for pollination purposes—ensuring that nectar and pollen
can be easily collected by the bees—increases pollination. There is a direct correlation between
the amount of nectar in a plant and the number of bee visits.

When plants do not receive sufficient pollination from bees, two methods are applied:

1. Pollen from the plant variety to be pollinated is collected and placed in front of the hive
entrance; as a result, bees become coated with pollen as they exit the hive and pollinate other
varieties they visit.

2. Flowers from the plant to be pollinated are cut and placed in plastic containers filled with
water on the branches of plants of a different variety; pollination between the two different
varieties is achieved through bee visits [26,30].

5.2 Breeding Bee Colonies That Visit Specific Plants

Pollen selection in honeybees is not random; genetic makeup also influences this selection.
Research is being conducted to develop bee lines that visit specific plants. For example, in fruit
orchards, the best pollinators have been identified as Caucasian-Italian hybrids and pure
Caucasian breeds. Additionally, the Caucasian breed is considered the best pollinator for alfalfa
and other legumes. Pure Italian and Italian-Caucasian hybrids are highly effective in sunflower
pollination.

5.3 Making Pollination Profitable for Both Beekeepers and Growers

Transforming the use of bee colonies and vineyard-orchard lands for pollination into a mutually
beneficial arrangement for both beekeepers and growers is a widespread practice in many
countries. In countries such as the United States and Israel, a significant portion of honeybee
colonies are leased to landowners for specific periods solely for pollination purposes. In the
colony rental method, which serves as an important source of income for beekeepers, a fee
schedule varies depending on the plant species and the pollination period. For example, in the
U.S., a landowner pays $150 per hive placed on their land for melon pollination during the
summer, while receiving $20 per hive for almond pollination during the winter months. The
beekeeper and the landowner-grower enter into a mutual agreement before the flowering period.
In this agreement, the beekeeper guarantees the landowner that they will bring a sufficient
number and strength of bee colonies to the land before the plants bloom to ensure adequate
pollination, and will remove them after the flowering period ends. The landowner, in turn,
guarantees payment to the beekeeper based on the strength of the colonies, the type of plant,
and the season. Additionally, the landowner guarantees that no pesticide applications will be
made while the colonies are on the land. Through this mutual agreement, the beekeeper ensures
stronger hives by providing a source of nectar and pollen for the bees, while the landowner will
earn money from the high-quality and high-yield crop.
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7. CONCLUSION

In our country, since the high pollination efficiency of honeybees is either unknown to or not
utilized by crop growers, the desired level of crop production is not being achieved. In fact, in
many places, colonies are kept away from crop production areas due to unfounded beliefs that
honeybees harm crops. This situation causes significant economic losses both in terms of honey
production and crop production. Institutions involved in both beekeeping and crop production
must implement necessary regulations, educate producers, and prevent the loss of national
wealth. On the other hand, there is a need for more scientific studies with broad impact,
particularly regarding seed production, pollination, and the utilization of bees under greenhouse
conditions.
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ABSTRACT

Sunflower is one of the primary crops that plays a significant role in oilseed production
worldwide and in our country. However, the effective realization of this potential depends on
the implementation of appropriate and balanced plant nutrition strategies. Sunflower, one of the
crop species highly susceptible to boron (B) deficiency, is considered not only a micronutrient
but also a key nutrient that influences the plant’s physiological processes and reproductive
capacity. Boron plays a structural role in cell wall synthesis and the cross-linking of pectin,
thereby ensuring tissue integrity. Furthermore, by regulating auxin (IAA) metabolism, it
contributes to cell division and the development of meristematic tissues. Boron also has a direct
effect on fertilization biology, particularly during the flowering period, where it supports pollen
viability and pollen tube development, thereby increasing seed set. It also plays a regulatory
role in the transport of photosynthetic products from leaves to reproductive organs and the root
system. Furthermore, it actively participates in fundamental physiological processes such as
lignification, carbohydrate metabolism, RNA synthesis, and cellular respiration. In plants with
boron deficiency, increased sensitivity to high light intensity and the occurrence of
photooxidative damage have been reported. This condition leads to the disruption of cell
membrane integrity and impairs the plant’s physiological functions. Consequently, light -which
is essential for plant growth- can become a stress factor when proper nutritional conditions are
not met. When evaluated in terms of yield components, boron applications have been shown to
yield significant increases in sunflowers. Studies have reported that boron application resulted
in an approximate 20% increase in grain yield per decare. Regarding thousand-seed weight, a
key indicator of seed quality, an increase of approximately 45% was observed with boron
application. Boron not only significantly affects grain yield but also substantially impacts oil
yield per unit area. Indeed, it has been reported that applying boron at a dose of 600 ppm
resulted in an approximate 65% increase in oil yield. Additionally, it has been determined that
the oleic acid content -a critical factor for oil quality- increased to 38.22% with boron
applications, and in some studies, even reached levels as high as 52.71%. Furthermore, it is
stated that boron application resulted in an approximate 8.72% increase in the synthesis of
linoleic acid, an important unsaturated fatty acid. To address boron deficiency in sunflower
cultivation, it is recommended to apply 700-1,000 g of boron per decare before or during
planting. However, under conditions where boron uptake from the soil is limited or in cases of
drought stress, a foliar application can be made by preparing a solution of 150 g of boron per
100 liters of water. The most critical period for boron fertilization is the onset of head formation;
applications made approximately 10-15 days before flowering are reported to be more effective.
In conclusion, it is evident that boron has significant effects on seed yield, oil yield, and
unsaturated fatty acid content in sunflowers. Furthermore, considering its positive contributions
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to plant growth and the root system, incorporating boron into production programs whether
applied to the soil before planting or via foliar application during critical growth stages is
regarded as an important agronomic approach for enhancing yield and quality.

Key words: Helianthus annuus, Boron fertilization, Yield, Oil Quality

1. INTRODUCTION

Today, there is a wide variety of oilseed crops grown worldwide, and species such as jojoba,
palm, and coconut -which are not dependent on specific ecological conditions -are able to adapt
successfully to Turkiye’s diverse agroecological regions. This highlights our country’s potential
for oilseed production and contributes to agricultural diversity [1]. However, while annual per
capita consumption of vegetable oil in Turkiye is estimated to be approximately 18 kg, this
figure averages around 24 kg in European Union countries. Although per capita vegetable oil
consumption in Turkiye remains at lower levels compared to European Union countries,
significant gaps in meeting domestic demand arise due to insufficient production of oilseed
crops. In this context, it is reported that as a result of this supply-demand imbalance, Turkiye is
forced to import over 300,000 tons of vegetable oil annually [2].

Sunflower (Helianthus annuus L.) ranks third worldwide among oilseed crops, and is widely
cultivated in various agroecological regions, particularly due to its high ecological adaptability.
The oil derived from it offers a rich content of polyunsaturated fatty acids, including linoleic
and oleic acids, providing high nutritional value in human diets while also contributing to the
regulation of blood cholesterol levels and positive effects on cardiovascular health. However,
sunflower is considered a crop highly sensitive to boron deficiency, and today, boron deficiency
has become a widespread problem due to inadequate soil management and improper
fertilization practices in agricultural soils; as the boron element plays a critical role in vital plant
metabolic functions such as sugar transport, pollen yield, stigma receptivity, and nectar
production, thereby directly contributing to an increase in the number of filled seeds. In this
context, symptoms of boron deficiency are typically observed in leaves, stems, reproductive
organs, and flower heads; such deficiency can lead to morphological and physiological
abnormalities and may cause a significant reduction in potential yield [3].

Findings in the literature indicate that boron applications have positive effects on the growth
parameters, yield characteristics, and nutrient uptake of sunflower plants, thereby increasing
their productivity; In this context, studies conducted by various researchers have systematically
and comprehensively examined the effects of boron applications—whether applied to the soil
or foliage—on sunflower production, and have thoroughly demonstrated the effects of these
applications on the plant’s morphological and physiological development [4].

Sunflower (Helianthus annuus L.) is one of the strategically important oilseed crops worldwide
and can be cultivated in many agroecological regions, particularly due to its high oil content
and broad adaptability. In Turkiye, sunflower cultivation is concentrated in specific regions,
primarily the Thrace Region. The crop holds significant economic importance due to its role as
a staple in crop rotation systems, its high suitability for mechanization, and its ability to adapt
to diverse environmental conditions. Indeed, while sunflower production areas in our country
vary by year, they generally range around 550-600 thousand hectares, and approximately 73%
of total production is carried out in the Thrace Region. This clearly highlights the region’s
central role in sunflower production [2].
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Among soil nutrients, micronutrients are of critical importance for plant growth and product
quality. Boron (B) stands out as a key element among these micronutrients, exerting a direct
influence on plants’ metabolic activities and morphological development. The total boron
content of soils generally ranges from 2 to 200 ppm, but the amount of available boron
accessible to plants constitutes only a small fraction of these total values. Research indicates
that plants can directly utilize less than approximately 5% of the total boron content. For
example, in a study conducted in Canada, while the total boron content of soils ranged from 45-
124 ppm, the amount of boron soluble in hot water -and thus available to plants- was found to
be only 0.38-4.67 ppm. These findings demonstrate a significant difference between the total
boron present in the soil and the amount of available boron accessible to plants, highlighting
the critical importance of this distinction for plant nutrition strategies [5].

Turkiye possesses significant global potential in terms of boron reserves. According to 1995
data from the State Planning Organization, approximately 63% of the world’s boron reserves
are located within Turkiye’s borders, placing the country in a strategic position both
economically and agriculturally [6]. However, boron uptake by plants varies significantly
among species. Even among plants grown under the same soil and environmental conditions,
boron uptake capacities vary; generally, it has been reported that monocotyledonous plants have
lower boron uptake capacities compared to dicotyledonous plants and are therefore more
sensitive to boron nutrition [7].

With the realization that boron is an essential nutrient for plants, it has been established that
many physiological disorders previously attributed to various factors are actually caused by
boron deficiency. In this context, conditions such as tip dieback in tobacco, core rot in sugar
beets, fungal core rot in apples, brown rot in cauliflower, cracked stems in celery, brown core
in radishes, internal browning in potatoes, and yellowing of young leaves in clover are reported
to develop due to boron deficiency [8]. This clearly highlights the critical role of boron in plant
metabolism.

The forms of boron available to plants in the soil are typically HzBOs, B(OH)s, or the ionic
form B(OH)s , which are generally found in a dissolved state and can be directly taken up by
plant roots [9]. Boron uptake by plants primarily occurs through a passive absorption
mechanism, and this process is significantly influenced by soil pH, soil moisture, temperature,
and other environmental factors. In particular, soil reaction and water status are among the key
factors that directly determine boron solubility and, consequently, its uptake by plants [10].

Studies conducted in the Thrace Region indicate that approximately 16% of sunflower-planted
fields suffer from severe boron deficiency and that yield increases of 10-20% can be achieved
in these areas through appropriate boron fertilization practices. Therefore, soil analysis are
mandatory to accurately determine boron status in areas where sunflowers are to be grown, and
the rate, application method (soil or foliar), and timing of boron fertilization must be determined
based on analysis results and in accordance with expert recommendations. Such informed
fertilization practices are of critical importance for both yield increases and improvements in
product quality [11].

2. EXPERIMENTAL STUDIES AND APPLICATIONS

In the studies conducted, researchers comprehensively investigated the effects of the boron
element on the growth and development parameters of the Sambro sunflower (Helianthus
annuus L.) variety. The findings reveal that while boron deficiency has a stimulating effect on
root growth, it leads to significant decreases in total pigment content and stem length in the
plant. On the other hand, it has been reported that boron excess exerts an inhibitory effect on
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root length, while simultaneously increasing the plant’s pigment content and, particularly, stem
length, thereby exerting divergent effects on morphological development [4].

In another study, boron in the form of H3BO3s was applied to sunflower plants via foliar
application at concentrations of 25, 50, and 75 mg L. In this study, conducted under
monoculture growing conditions, the effects of these boron doses on the plant’s physiological
characteristics were evaluated; the findings revealed that, compared to the control group, the
total chlorophyll and carotenoid contents -determined on a dry matter (DM) basis- generally
showed a decreasing trend in the leaves. This result also suggests that increasing boron
concentrations may have adverse effects on the synthesis and accumulation of photosynthetic
pigments [12].

In another study conducted on the Shumos variety of sunflower, boron applications of 0, 50,
100, 150, 200, and 250 mg L™* were applied to spring- and fall-planted plots, and the treatments
were designed using a randomized block experimental design. While a linear relationship was
observed between boron and the leaf area index (LAI) in spring planting, a linear relationship
was found between boron and dry matter yield in fall planting. Applications above 100 mg L*
resulted in significant increases in dry matter yield compared to the control group. Additionally,
in the fall planting, applications of 100, 200, and 250 mg L resulted in significant increases in
seed number, while only the 150 mg L* application increased seed weight. The empty seed rate
decreased linearly with applications above 150 mg L™, particularly in spring planting, while in
fall planting, applications of 200 and 250 mg L™ significantly increased seed yield [13].

3. ANALYSIS

Given the critical role of boron in plant nutrition, it is evident that significant yield and quality
losses occur in plants under both deficiency and excess conditions. Therefore, it is of great
importance that plants receive the boron they require in appropriate amounts and at the right
times throughout their growth stages. Within the framework of a balanced and sustainable
fertilization program, the adequate, balanced, and regular application of boron alongside other
nutrient elements is considered a fundamental requirement for both improving quality
parameters and minimizing yield losses [14]

When the findings of numerous studies conducted in the Thrace Region are evaluated using a
holistic approach, it is evident that fertilization practices implemented in agricultural areas
where boron deficiency has been identified—whether applied to the soil or via foliar
application—have a significant and statistically notable impact on crop production; indeed, the
fact that these applications result in an approximate 10-20% increase in yield provides strong
evidence that boron is a critical micronutrient for plant development. This clearly demonstrates
that boron fertilization does not merely support vegetative growth and development processes
but also plays a decisive role in generative development, product composition, and quality
parameters.

However, in light of the data obtained, it has become clear that scientific data based on soil
analyses and expert opinions must be taken into account to enhance the effectiveness of boron
applications; for it is through such comprehensive and informed approaches that both soil and
foliar applications can be optimized, thereby ensuring that the amount of boron available to the
plant is brought to the most appropriate level. In this context, adopting an integrated fertilization
strategy that combines the right dosage, appropriate timing, and proper application methods
enables the more effective and sustainable use of available resources, while also making
significant contributions to minimizing yield and quality losses.
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4. CONCLUSION

When the findings of the studies are evaluated together, it is clearly demonstrated that boron,
just as it is for many agricultural crops, is an indispensable micronutrient for the proper
functioning of physiological and biochemical processes, particularly in sunflower cultivation;
indeed, insufficient or excessive levels of boron within the plant can lead to significant and
often irreparable losses not only in yield parameters but also in quality attributes. In this context,
taking into account the varying boron requirements of plants during different growth and
development stages, and supplying this element to the plant in appropriate doses at the right
time, is of critical importance for ensuring optimal plant development.

Furthermore, planning boron applications while taking into account their interactions with other
macro- and micronutrients, and evaluating them within the framework of a balanced
fertilization program, makes a significant contribution to both improving crop quality
parameters and increasing the economic yield per unit area. Furthermore, given boron’s role in
plant metabolism and its effects on cell wall formation, membrane integrity, and various
enzymatic activities, the proper and informed use of this element within the context of
sustainable agricultural practices is considered a strategic necessity for long-term plant health
and the sustainability of agricultural production systems.
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OZET

Antibiyotik direncinin kiiresel ¢apta tirmanisi, yeni antimikrobiyal stratejilere duyulan acil
ihtiyaci vurgulamaktadir. Bu ¢alismada; 6riimcek zehrinden tiiretilen katyonik bir peptit olan
Parabutoporin'in, hedeflenmis dizi kisaltmasi ve elektrostatik optimizasyon yoluyla
fizikokimyasal ve yapisal ozelliklerini iyilestirmeyi amaglayan rasyonel yeniden tasarimi
sunulmaktadir.

PARP-MTN olarak adlandirilan, yeniden tasarlanmis 31 kalintili mutant peptit; artirilmis bir
teorik net yiik (+14) ve optimize edilmis bir alfa-sarmal topolojisi sergilemektedir. Rasyonel
mutasyon bolgeleri; hicre icine nifuz etme potansiyelini artirmak igin CellPPD,
antimikrobiyal egilimi tahmin etmek i¢in CAMPR3 algoritmalar1 ve potansiyel immiinojenik
epitoplar1 en aza indirmek icin Predicted Antigenic Peptides aracimi kullanan biitiinlesik bir
hesaplamali strateji ile belirlenmistir.

Yeniden tasarlanan peptitin amfipatik profili HeliQuest kullanilarak degerlendirilirken;
ongoriilen biyouyumlulugu, alerjenite ve hemolitik potansiyeli tahmin etmek amaciyla
AllerTOP ve HemoPI {izerinden analiz edilmistir. Ayrica, DBAASP cercevesinde on
molekiler kenetlenme simiilasyonlar1 gerceklestirilmistir. Genel olarak, in-silico yeniden
tasarim; PARP-MTN peptitinin, yeni nesil bir antimikrobiyal peptit olarak ileri deneysel

degerlendirmeler i¢in gelecek vadeden bir aday olabilecegini gostermektedir.

Anahtar Kelimeler: Parabutoporin, In Silico Rasyonel Tasarim, Antimikrobiyal Peptitler,

Molekiiler Kenetlenme
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1. GIRIS

Enfeksiyon hastaliklarinin tedavisinde antibiyotiklerin yaygin ve uygunsuz kullanimi, direngli
mikroorganizmalarin ortaya ¢ikmasina ve yayilmasina yol agmistir. Antibiyotik direnci, ciddi
bir kiiresel halk sagligi sorunu haline gelmistir [1]. Geleneksel antibiyotiklerin giderek
etkinligini kaybetmesi nedeniyle, antimikrobiyal direngle miicadele icin yeni terapotik
stratejilere duyulan ihtiyac artmaktadir [2]. Dogada ¢ok ¢esitli organizmalar tarafindan {iretilen
antimikrobiyal peptitler (AMP'ler), ¢esitli mikroorganizmalara karsi genis spektrumlu
aktiviteleri nedeniyle bu baglamda 6ne ¢ikan biyomolekiiller haline gelmistir [3]. Bu peptitlerin
mikroorganizmalar iizerindeki etki mekanizmalari, geleneksel antibiyotiklerden farklidir [4].
Bakteriyel hiicre zarlariyla elektrostatik olarak etkilesime girerek zar biitiinliigiinii bozabilirler
ve ayrica DNA, RNA ve protein sentezi gibi hiicre i¢i hedefleri inhibe edebilirler [5].

Antimikrobiyal direngle miicadelede dogal peptitlerin modifikasyonu stratejik bir éneme
sahiptir. Bu c¢alismada, Giiney Afrika akrebi Parabuthus schlechteri’den izole edilen
Parabutoporin peptiti temel alinarak, biyoinformatik araglar yardimiyla antimikrobiyal
aktiviteyi korurken toksisiteyi en aza indirmek amaciyla rasyonel tasarimi yapilmis yeni bir

PARP-MTN isimli mutant form gelistirilmistir.

2. IN SILIKO ANALIZLER

2.1. Rasyonel Peptit Tasarimi

Parabutoporin’in dogal sekansi Antimicrobial Peptide Database (APD3) temel alinarak,
biyolojik etkinligi artirmak amaciyla rasyonel tasarim ilkeleri uygulanmistir [6]. Rasyonel
tasarimda peptit dizisindeki potansiyel antijenik bolgeler, Universidad Complutense de Madrid
tarafindan gelistirilen Predicting Antigenic Peptides araci [7] ile belirlenmis ve bu bolgeleri
ortadan kaldirmak i¢in hedefe yoOnelik mutasyonlar gercgeklestirilmistir. Peptitlerin
antimikrobiyal aktivite tahminleri CAMPR3 veri tabanindaki SVM ve RF gibi siiflandirma
algoritmalar1 kullanilarak yapilmistir. Olusturulan varyant dizilerinin antimikrobiyal
etkinlikleri, CAMPR3 arayiizii kullanilarak skorlanmis ve siniflandirilmistir. Bu skorlama
yontemi, dizilerde yapilan modifikasyonlarin etkinligini kiyaslamaya olanak tantyarak, ¢alisma
kapsamindaki 6n eleme siireci icin belirleyici bir kriter teskil etmistir [8].

CAMPR3 analizlerinden elde edilen veriler, farkli biyoinformatik platformlardan gelen

ciktilarla entegre edilerek kapsamli bir degerlendirmeye tabi tutulmustur. Bu biitlinlesik

43



ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

yaklasim; antimikrobiyal performansint muhafaza eden veya gelistiren peptit adaylarinin tespit
edilmesinde temel bir referans noktasi olarak kullanilmistir.

2.2. Fizikokimyasal Profilleme ve 3D Modelleme
Tasarlanan PARP-MTN sekansinin molekiiler agirlik, teorik pl, net yiik ve hidrofobiklik gibi
parametreleri ProtParam/ExPasy sunucusu ile hesaplanmigtir [9]. Peptitin ii¢ boyutlu
konformasyonu, yiiksek dogruluklu yapi tahmini sunan AlphaFold2 algoritmasi kullanilarak
modellenmistir [10]. Elde edilen PDB c¢iktilari, molekiiler docking ve dinamik simiilasyon
caligmalarinda kullanilmak iizere en uygun yapisal oryantasyonlar baz alinarak secilmistir."

2.3. Biyolojik Aktivite ve Toksisite Tahminleri
Hicreye nifuz eden peptit potansiyeli (CPP), CellPPD araci [11] ile alerjenite potansiyeli ise
AllerTOP v.2.0 lizerinden analiz edilmistir [ 12]. Amfipatik heliks yapis1 ve hidrofobik moment
degerleri HeliQuest sunucusu kullanilarak haritalandirilmistir [13]. Ayrica, peptitler arasindaki
dizi benzerliklerini belirlemek i¢in Clustal Omega programi ile ¢oklu dizi hizalamasi
gerceklestirildi [14]. Toksisite ve hemolitik potansiyel ise sirasiyla ToxinPred [15] ve HemoPI
araglar1 kullanilarak degerlendirildi [16].

2.4. Molekuler Docking Analizi
Parabutoporin ve PARP-MTN peptiti antimikrobiyal potansiyeli, antibiyotik direnci veya
virlilansla iliskili 4 farkli hedef proteine (8CPL, 2FRH, 2V50, 3W9I) kars1 manuel molekiiler
kenetleme yontemiyle incelendi. Molekiiler docking caligsmalari; Parabutoporin ve PARP-MTN
peptitlerinin, belirlenen dort farkli hedef proteinle olan etkilesim mekanizmalarini ve baglanma
enerjilerini belirlemek amaciyla gergeklestirilmistir. Hedef proteinlerin {i¢ boyutlu kristal
yapilart RCSB Protein Data Bank (PDB) veri tabanindan [17] temin edilmis; UCSF Chimera
yazilimi kullanilarak yapidaki su molekiilleri, mevcut ligandlar ve diger hetero atomlar
uzaklastirilarak temizlenmistir [18].
Temizlenen protein yapilarinin ve modellenen peptitlerin yapisal kararliligin1 optimize etmek
amactyla UCSF Chimera {izerinde enerji minimizasyonu uygulanmistir. Ardindan, AutoDock
Tools (ADT) yazilimi [19] aracilifiyla proteinlere hidrojenler eklenmis ve Kollman birlesik
atom yiikleri atanmistir. Ligand olarak kullanilan Parabutoporin ve PARP-MTN peptiti i¢in
ADT kullanilarak peptitlerin esnek yapisini temsil eden aktif rotasyonel baglar (Torsion Tree)
tanimlanmaistir.
Kenetleme bolgesi olarak proteinlerin aktif bolgelerini veya literatiirde tanimlanmis etkilesim
ylizeylerini kapsayacak sekilde uygun boyutlarda Grid Box parametreleri belirlenmistir.

Molekiiler kenetleme simiilasyonlar1 AutoDock Vina (1.2.7.) aract kullanilarak
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gerceklestirilmis, her bir etkilesim i¢in en diisiik baglanma enerjisine sahip pozisyonlar
secilmigtir. Elde edilen docking sonuclari, amino asit diizeyindeki etkilesimlerin (hidrojen
baglari, hidrofobik etkilesimler ve elektrostatik kuvvetler) tespiti icin PyMOL [20] ve

Discovery Studio Visualizer yazilimlari ile analiz edilerek gorsellestirilmistir.

3. SONUCLAR VE DEGERLENDIRME

3.1. Rasyonel Tasarim ve Sekans Analizi Bulgular
Antijenik bolgelerin eliminasyonu ve yiik optimizasyonu amaciyla yapilan stratejik trunkasyon
sonucunda, 45 amino asitlik dogal Parabutoporin sekansi 31 amino asitlik PARP-MTN formuna

donistiirilmiistir.

EMBOSS_001
FKLGSFLKKAWKSKLAKKLRAKGKEMLKDYAKGLLEGGSEEVPGQ 45
EMBOSS_002 KLIFRFLKKAWKSKA-KKLRAKGKKRLLPIPK----=-------- 31

s khkkhkAhkhkhkAhkk kEhkkEhhkkhkAhk kA Xk

Gorsel 1. Wild Parabutoporin ve Mutant Peptitin Cluster Omega Algoritmasi ile Dizi

Hizalamasi

3.2. Fizikokimyasal Ozelliklerin Degerlendirilmesi

ProtParam verilerine gore, PARP-MTN’nin net yiikii +14 degerine yiikseltilerek bakteriyel
membranlara olan elektrostatik afinitesi maksimize edilmistir. Mutasyonlar sonucu toplam 45
amino asitlik yapi, sentez verimliligi ve stabilite odakli olarak 31 amino aside optimize
edilmistir. Molekiiler agirliktaki azalma, peptitin doku penetrasyon kabiliyetini artirirken sentez
maliyetini disiirmistiir. Yapilan analizler sonucunda PARP-MTN'nin net yuki +14'%e
yukseltilmistir; bu deger orijinal yapinin (+7) iki katidir ve membran afinitesi agisindan
kritiktir.

Cizelge 1. Wild Parabutoporin ve Mutant Peptitin Karsilastirmah Fizikokimyasal

Parametreleri

Parametre Wild Parabutoporin Mutant Peptit
Amino asit sayisi 45 31

Molekiiler agirhik (Da) 4994.96 3720.77
Teorik pl 10.00 12.33

Negatif yiiklii kalintilar (Asp+Glu) 5 0

Pozitif yiiklii kahntilar (Arg+Lys) 12 14
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Parametre Wild Parabutoporin Mutant Peptit
Net Yuk +7 +14
Kararsizhik indeksi 19.43 18.00
Stabilite sinifi Stabil Stabil

Alifatik indeks 76.00 97.74
GRAVY -0.700 -0.732

Yar1 omiir (memeli retikiilosit) 1.1 saat 1.3 saat
Toplam atom sayisi 731 576
Hidrofobisite -0.23 -0.36
Hidrofobik Moment (uM) 0.211 0.279

3.3. Biyolojik Aktivite ve Guvenlik Tahminleri
CAMPRS3 analizleri, PARP-MTN’nin AMP olasilik degerinin 0.9925 gibi en iist seviyeye
ulagtigin1 ortaya koymustur (Cizelge 2.). AllerTOP sonuglarinda ise peptitin "Alerjen"
etiketinden kurtularak biyouyumlu bir profil kazanabilecegi ongoriilmektedir.
Cizelge 2. Wild Parabutoporin ve Mutant Peptitin Karsilastirmah Biyolojik Aktivite ve

Guivenlik Tahminleri

Wild Parabutoporin Mutant Peptit
SVM Skoru -0.55 0.73
AMP Olasihg 0.8395 0.9925
CPP Tahmini CPP Degil CPP
Alerjenite Muhtemel Alerjen Muhtemel Alerjen Degil

B raghava@iiitd.ac.in 011-26907444

I I PI2 o Home Prediction Protein Motif Design Download General v
emo . Scanning Scan

about the peptides entered by the user, including their IDs and the machine learning predictions of the Hazardous Concentration
(HC50) or Half Maximum Effective Concentration (EC50). These predictions indicate the concentration (in pM) at which 50% of
red blood cells (RBC) are lysed.

Job ID: 66245 . To download results as an excel file: Click Here

how| 10 «~ | entries

SeqlD 4  Sequence HC50(uM) Prediction
Seql KLIFRFLKKAWKSKAKKLR... 32.118 Hemolytic
Seq2 FKLGSFLKKAWKSKLAKKL... 63.413 Hemolytic

Gorsel 2. Wild Parabutoporin ve Mutant Peptit Varyantlarin Hemolitik indeks

Karsilastirmasi
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Hesaplamali analiz sonuglari, peptitin katyonik yiikiindeki belirgin artisin membran etkilesim
dinamiklerini degistirerek teorik hemolitik esigi (32 uM) ) etkileyebilecegine isaret etmektedir.
Mutant peptitin HC50uM degerindeki degisim, artirilmis katyonik yiikiin (+14) ve giiclenen
amfipatik karakterin membran selektivitesi Uzerindeki beklenen bir yansimasi olarak

degerlendirilmektedir

3.4. Yapisal Modelleme ve Amfipatik Karakterizasyon
AlphaFold2 modelleri, dogal formda gézlenen merkezi esnek bolgenin PARP-MTN’den yerini
stabil bir alfa-heliks yapisina biraktigini dogrulamistir. PyMOL {izerinden alinan Elektrostatik
Yiizey Potansiyeli (ESP) haritalari, mutant peptitin yiizeyinde homojen bir pozitif yiik dagilimi
oldugunu gostermektedir. HeliQuest analizlerinde elde edilen PARP-MTN hidrofobik moment
degerinin dogal varyanta oranla 0.211°den 0.279’a yiikseldigi tespit edilmistir. Bu artis
amfipatik karakterin giiclendigini gostermektedir (Gorsel 3.).

Géorsel 3. Wild Parabutoporin ve Mutant Peptitin Karsilastirmali U¢ Boyutlu Modelleri,
Elektrostatik Yiizey Potansiyeli (ESP) Haritalar1 ve Heliks Tekerlegi Projeksiyonlar: (Sol:
Parabutoporin, Sag: PARP-MTN). (A) ve (B): Sirasiyla Parabutoporin ve PARP-MTN'nin
PyMOL kullanilarak olusturulan Elektrostatik Yiizey Potansiyeli (ESP) haritalari. Mavi
bolgeler pozitif yik yogunlugunu, kirmizi boélgeler negatif yiikii, beyaz bolgeler ise

hidrofobik/nétr yiizeyleri temsil etmektedir. (C) ve (D): Sirasiyla peptitlerin amfipatik heliks
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yapisint ve amino asit dagilimimi gosteren HeliQuest helis tekerlegi (helical wheel)
projeksiyonlari. Oklar hidrofobik moment vektoriini simgelemektedir. Sar1 kalintilar

hidrofobik, mavi kalintilar ise bazik/pozitif yiiklii amino asitleri ifade eder.

3.5. Molekuler Kenetlenme (Docking) Analizleri
AutoDock Vina simiilasyonlari, PARP-MTN’nin 8CPL, 2FRH, 2V50 ve 3WOI hedef
proteinlerine kars1 dogal peptitten daha diisiik baglanma enerjileri sergiledigini gostermistir.
Discovery Studio analizleri, bu gii¢lii etkilesimin mutant peptitteki artirilmis katyonik kalintilar
(Lys, Arg) ile hedef proteinlerin aktif bolgeleri arasindaki hidrojen baglar1 ve elektrostatik

kuvvetlerden kaynaklandigini diisiindiirmektedir (Gorsel 4.).

3W9i-3D 3WOI
Wild
Parabutoporin
Mutant Peptit

2FRH-2D

Wild
Parabutoporin
Mutant Peptit

2V50-3D 2V50-2D
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Wild

Parabutoporin

Interactions

Mutant Peptit

8CPL-3D 8CPL2D

Wild

Parabutoporin

Interactions

[ van der waals [ carbon Hydrogen Bond
Bl conventional Hydrogen Bond [ Akl

Mutant Peptit

Gorsel 4. Wild Parabutoporin ve Mutant Peptitin Karsilastirmalh Molekiiler Kenetlenme

Simiilasyonlar1 ve Genel Baglanma Oryantasyonlar:

Gergeklestirilen in siliko analizlerle, stratejik ve elektrostatik optimizasyon islemlerinin peptitin
fonksiyonel 6zelliklerini 1yilestirdigi goriilmiistiir. PARP-MTN’nin dogal forma kiyasla daha
kararli bir alfa-heliks yapisi sergiledigi, net yiik artisiyla birlikte hedef bakteriyel proteinlere
olan baglanma afinitesinin yiikseldigi tespit edilmistir. Rasyonel tasarimla peptitin biyolojik
aktivitesi korunurken sitotoksisite potansiyelini minimize ettigi goriilmiistiir Tasarlanan PARP-
MTN ve dogal Parabutoporin peptitlerinin bakteriyel viriilans ve diren¢ mekanizmalarinda rol

oynayan kritik proteinlere kars1 baglanma afiniteleri, AutoDock Vina algoritmasi kullanilarak

49



ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

molekiiler kenetlenme simiilasyonlar1 ile analiz edilmistir. Elde edilen docking verileri (Cizelge
3), rasyonel tasarim siirecinde gergeklestirilen modifikasyonlarin, peptitin hedef proteinlerle
olan etkilesim giiciinii calisilan protein modellerinde artirdigini ortaya koymaktadir. Bu durum,

PARP-MTN’nin biyouyumlu bir aday olabilecegini diisiindiirmektedir.

Cizelge 3. Wild Parabutoporin ve Mutant Peptitin Hedef Proteinlere Kars1i Baglanma

Serbest Enerjileri

PDB ID Wild Parabutoporin Mutant Peptit
Gen (kcal/mol) (kcal/mol)
SarA 2FRH -4.790 -5.964
Spa 8CPL -6.601 -7.946
mexB 2V50 -4.184 -7.950
mexB 3Woi -5.956 -6.342

Sonug olarak, bu arastirma; hesaplamali biyoloji araglarinin, direngli mikroorganizmalara kars1
yeni nesil terapotik ajanlarin tasariminda maliyet ve zaman agisindan sundugu etkinligi ortaya
koymaktadir. PARP-MTN, sahip oldugu yiiksek antimikrobiyal olasilik skoru ve glvenli profil
ile ileri agama in vitro ve in vivo calismalar igin gelecek vadeden bir aday olarak goriilmektedir.
Gelecek c¢aligmalarda, tasarlanan bu peptitin spesifik direngli suslar {lizerindeki deneysel

etkinliginin dogrulanmasi hedeflenmektedir.

4. GENEL DEGERLENDIRME VE SONUCLAR

Bu calismada, dogal bir antimikrobiyal peptit olan Parabutoporin, rasyonel tasarim ilkeleri ve
biitiinlesik biyoinformatik stratejiler kullanilarak yeniden yapilandirilmis; biyolojik etkinligi
maksimize edilmis yeni bir tiirev olan PARP-MTN gelistirilmistir. Gergeklestirilen in siliko
analizler, stratejik dizi kisaltmasi ve elektrostatik optimizasyon islemlerinin peptitin
fonksiyonel o6zelliklerini iyilestirdigini dogrulamistir. 45 amino asitlik dogal sekansin 31
kalintrya diisiiriilmesiyle sentez verimliligi artirilirken, AlphaFold2 ve HeliQuest analizleri
mutant formun dogal yapidaki diizensizlikleri gidererek ¢ok daha kararli ve amfipatik bir alfa-
heliks yapis1 kazandig1 goriilmiistiir.

Peptitin net yiikiiniin +7'den +14 degerine yiikseltilmesi, negatif yiikli bakteriyel membranlara
olan elektrostatik afiniteyi iist diizeye ¢ikarmistir. Bu durum, CAMPR3 algoritmalarindan elde
edilen 0.9925’lik AMP olasilik skoruyla da desteklenerek peptitin antimikrobiyal
potansiyelinin rasyonel mutasyonlar araciligiyla artirildigini gostermistir. Dogal AMP

bilesenlerinde siklikla karsilasilan sitotoksisite risklerinin azaltildigir goriilmiistiir. AllerTOP
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verileri, PARP-MTN'nin memeli hicreleri igin guvenli, non-alerjen bir profil sergiledigini
ortaya koyarak biyouyumlu bir ila¢ aday1 profili ¢izmistir.

Molekiiler kenetlenme analizleri ve etkilesim haritalar, PARP-MTN'nin direncli patojenlerle
iliskili hedef proteinlere kars1i dogal peptitten daha yiliksek bir baglanma afinitesine sahip
oldugunu dogrulamistir. Ozellikle mutantin kazandigi hiicreye niifuz eden peptit (CPP)
karakteri, bu yeni molekiiliin sadece membran diizeyinde degil, hiicre i¢i molekiiler hedeflerde
de etkinlik gosterebilecegine dair isaretler sunmaktadir. Disa akim pompasi (efflux pump)
sisteminin 6nemli bir bileseni olan mexB (2V50) proteini ile yapilan kenetlenme
simulasyonunda, PARP-MTN’nin baglanma enerjisinin-7.950 kcal/mol degerine ulastigi
gbzlenmistir. Dogal formun-4.184 kcal/mol olan enerjisine kiyasla sergilenen bu belirgin diisiis,
mutant peptitin direng¢ mekanizmalarini inhibe etme potansiyelinin yiiksek olduguna isaret
etmektedir.Bu enerji skorlarindaki artigin, mutant peptitin artirilmis pozitif yiikii ve stabilize
edilen alfa-heliks yapisi sayesinde hedef proteinlerin negatif yiiklii aktif bolgeleriyle daha stabil
hidrojen baglar1 ve elektrostatik etkilesimler kurmasindan kaynaklandigi degerlendirilmektedir.
Sonu¢ olarak bu arastirma, dogal kaynakli peptitlerin biyoinformatik mutasyonlar ve
hesaplamal1 yontemlerin sagladigi avantajlar kullanilarak rasyonel tasarimina olanak tanimas;
PARP-MTN gibi varyantlarin potansiyel birer aday molekiil olabilecegine dair dnciil bulgular
sunmustur. Gelecek caligmalarda, tasarlanan bu peptitin spesifik direngli bakteri suslari
tizerindeki deneysel etkinliginin dogrulanmasi ve etki mekanizmasinin molekiiler dizeyde
aydmlatilmasi hedeflenmektedir. Bu bulgular 1s1ginda gelistirilen PARP-MTN, optimize
edilmis fizikokimyasal parametreleri ve biyouyumlulugu ile ileri asama in vitro ve in vivo

caligmalar i¢in bir adaydir.
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ABSTRACT

Parkinson’s disease is characterized by progressive neuronal degeneration and mitochondrial
dysfunction. Irisin, an exercise-induced myokine, has emerged as a potential neuroprotective
molecule due to its modulatory effects on cellular survival pathways. This study aimed to
investigate the neuroprotective effects of irisin in an MPP*-based SH-SY5Y in vitro model of
Parkinson’s disease by focusing on miRNA-associated molecular regulatory responses
involving the PGC-1o/FNDCS5/BDNF signaling axis. Neurotoxicity was induced by exposing
SH-SYS5Y cells to 1500 uM MPP* for 24 hours. A non-cytotoxic concentration of irisin (20
nM) was determined using the MTT assay. Cells were divided into control, MPP*, irisin pre-
treatment, and post-treatment groups. Expression profiles of PGC-1a, FNDC5, and BDNF,
along with their associated miRNAs, were analyzed using RT-qgPCR. Compared with the
control group, MPP*-induced Parkinsonian conditions were associated with decreased
expression levels of BDNF and FNDCS5. In contrast, irisin administration led to statistically
significant increases in PGC-la expression under both pre-treatment and post-treatment
conditions. Relative to the MPP* group, PGC-1a levels remained significantly elevated in both
treatment groups, whereas FNDC5 expression showed a statistically significant increase
particularly in the irisin pre-treatment group. Similarly, miRNA expression analysis revealed
significant reductions in miR-129-1-3p and miR-143-3p levels in the MPP*-induced
Parkinsonian model compared with control cells. Irisin pre-treatment significantly increased
miR-143-3p and miR-182-5p expression, while post-treatment resulted in marked elevations in
miR-129-1-3p, miR-138-5p, and miR-182-5p levels. When compared with the MPP* group,
both treatment approaches were associated with upregulation of miR-129-1-3p and miR-182-
5p. Moreover, the increase in miR-143-3p was more pronounced in the pre-treatment condition,
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whereas miR-138-5p exhibited a statistically significant elevation exclusively in the post-
treatment group. Taken together, these findings indicate that irisin exerts condition-dependent
modulatory effects on the PGC-1a/FNDC5/BDNF signaling network and related miRNAS,
highlighting its potential role as a neuroprotective candidate in Parkinson’s disease.

Keywords: Parkinson disease, MPP", exercise, irisin, miRNA
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1. INTRODUCTION

Parkinson’s disease (PD) is a progressive neurodegenerative disorder characterized by severe
motor dysfunction. Although current therapeutic strategies primarily provide symptomatic
relief, their long-term efficacy remains limited, highlighting the need for novel mechanistic
targets [1]. Emerging evidence identifies physical exercise as a potent modulator of
neurodegeneration, with effects extending beyond symptom control to influence disease
progression [2]. The neuroprotective effects of exercise are closely associated with activation
of the PGC-10/FNDCS5/BDNF axis. Irisin, a cleavage product of FNDCS5 induced by PGC-1a,
has been shown to promote neuronal survival and synaptic plasticity through the upregulation
of brain-derived neurotrophic factor (BDNF), positioning this pathway as a critical regulator of
neural resilience.[3]

MicroRNAs (miRNAs) have recently emerged as key post-transcriptional regulators that
orchestrate gene networks involved in neuronal homeostasis in PD [4]. Altered miRNA
expression profiles across multiple biological compartments further support their roles in
disease pathogenesis and underscore their potential as robust biomarkers[5].

In this study, we investigated the neuroprotective and therapeutic potential of irisin in an MPP*-
induced Parkinson’s disease model in SH-SY5Y cells, focusing on miRNA-mediated regulation
of the PGC-1a/FNDC5/BDNF axis. Candidate miRNAs (miR-129-1-3p, miR-138-5p, miR-
143-3p, and miR-182-5p), identified through TargetScan and miRWalk analyses, were selected
to elucidate their contributions to PD-related molecular mechanisms and their potential utility
as biomarkers.

2. MATERIAL AND METHOD

2.1 Cell Culture

In this study, human SH-SY5Y neuroblastoma cells were utilized as an in vitro model. Cells
were maintained in DMEM/F12 culture medium supplemented with 10% fetal bovine serum
(FBS) and 1% penicillin—streptomycin. Cultures were incubated at 37°C in a humidified
atmosphere containing 5% CO.. Cell morphology and confluency were monitored daily using
an inverted microscope. Upon reaching approximately 90% confluence, cells were detached
using trypsin and subcultured for further experiments.

Effect of MPP* on Cell Viability

SH-SY5Y cells at approximately 90% confluence were seeded into 96-well microplates. Cells
were treated with different concentrations of MPP* (250, 500, 1000, and 1500 pM) and
incubated for 24 hours. Cell viability was assessed using the MTT assay.

Following incubation, 10 pL of MTT solution was added to each well, and plates were further
incubated for 2 hours at 37°C under 5% CO.. Subsequently, the medium was removed, and the
resulting formazan crystals were dissolved in 200 pL of dimethyl sulfoxide (DMSO).
Absorbance was measured spectrophotometrically at 570 nm using a microplate reader. Cell
viability was expressed as a percentage relative to the untreated control group.

2.2 Effect of Irisin on Cell Viability

The effects of irisin on SH-SY5Y cell viability were evaluated under the same experimental
conditions described above. Cells were treated with irisin at concentrations of 5, 10, 20, and 40
nM for 48 hours. Cell viability was subsequently determined using the MTT assay as described
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for MPP* treatment.

2.3 Experimental Groups

The study was designed with four experimental groups: (i) control group, (ii) MPP*-treated
group representing the acute PD model (MPP*, 24 h), (iii) irisin pre-treatment group, in which
cells were treated with 20 nM irisin prior to MPP* exposure (irisin + MPP"), and (iv) irisin post-
treatment group, in which irisin (20 nM) was applied following MPP*-induced toxicity (MPP*
+ irisin).

The MPP* concentration was selected as the highest dose that did not reduce cell viability below
50%, while the irisin concentration was determined as a non-cytotoxic dose that neither reduced
viability nor induced excessive proliferation.

2.4 Sample Collection

Following treatment, culture media were removed, and cells were collected into
microcentrifuge tubes. Samples were centrifuged to pellet the cells, and the supernatant was
carefully discarded to eliminate residual medium and trypsin. Cell pellets were lysed using 1
mL of miRNA extraction reagent and incubated at room temperature for 5-10 minutes. Lysed
samples were stored at —80°C until further processing.

2.5 microRNA lIsolation

Total microRNA was isolated from SH-SY5Y cells using the SanPrep Column MicroRNA
Mini-Prep Kit (Cat. No. SK8811, Bio Basic), following the manufacturer’s instructions.
Briefly, frozen samples were thawed at room temperature, followed by chloroform addition and
centrifugation to achieve phase separation. The aqueous phase was collected and mixed with
absolute ethanol before being transferred onto spin columns for RNA binding.

After sequential washing steps, miRNAs were eluted in RNase-free water. The concentration
and purity of isolated miRNAs were determined using a NanoDrop spectrophotometer. Purified
samples were stored at —80°C until further analysis.

2.6 cDNA Synthesis from microRNAs

Isolated microRNAs were reverse-transcribed into complementary DNA (cDNA) using the
miRNA All-In-One cDNA Synthesis Kit (Cat. No. G899, abmGood), in accordance with the
manufacturer’s protocol. Briefly, defined amounts of miRNA were combined with the provided
reverse transcription reagents, including cDNA synthesis super mix and enzyme mix, and
brought to a final reaction volume of 20 pL with RNase-free water.

Reverse transcription was carried out using a thermal cycler under recommended cycling
conditions. Synthesized cDNA samples were stored at —20°C until use in quantitative PCR
analysis.

2.7 Quantification of microRNA Expression by RT-qPCR

The expression levels of selected microRNAs (miR-129-1-3p, miR-138-5p, miR-143-3p, and
miR-182-5p) were determined using real-time quantitative PCR (RT-qPCR). Amplification
reactions were prepared using BlasTag 2X qPCR Master Mix (Cat. No. MasterMix-MS,
abmGood), miRNA-specific primer mixes, and cDNA templates, according to the
manufacturer’s recommendations. RT-gPCR was performed under standard cycling conditions
using a real-time PCR system. RNU6B was used as the endogenous reference gene for
normalization. All reactions were conducted in technical replicates to ensure reproducibility.
Relative expression levels were calculated using the 2-AACt method
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2.8 Statistical Analysis

miRNA expression data were normalized to the housekeeping gene RNU6B and analyzed using
the AACt method. Statistical significance between control and treatment groups was evaluated
using Student’s t-test based on 2"AACt values. A p-value of <0.05 was considered statistically
significant.

3. RESULT AND DISCUSSION

3.1. Cell Viability

MPP" treatment resulted in a dose-dependent decrease in SH-SY5Y cell viability after 24
hours. Among the tested concentrations, 1500 pM MPP* significantly reduced cell
viability compared to the control group and was therefore selected to establish the in vitro
Parkinson’s disease model (Fig. 1).Irisin treatment for 48 hours did not induce
cytotoxicity at lower concentrations, and 20 nM was identified as the optimal dose, as it
preserved cell viability comparable to the control group (Fig. 2)

Fig.1. Dose-Dependent Cell Viability Graph in SHSY-5Y Cells Treated with MPP+ for
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Fig.2 Dose-Dependent Cell Viability Graph in SH-SY5Y Cells Treated with Irisin
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3.2 Gene Expression Levels

In the MPP*-treated group, BDNF and FNDCS5 expression levels were reduced compared
to the control group, although these changes were not statistically significant. In contrast,
both pre-treatment and post-treatment with irisin resulted in increased expression of these
genes. Notably, PGC-1a expression was significantly elevated in both irisin pre-treatment
and post-treatment groups compared to the control group (p < 0.05). Furthermore, when
compared to the MPP*-induced PD model, PGC-la expression was significantly
increased in both treatment groups. FNDC5 expression showed a significant increase
particularly in the pre-treatment group (p < 0.05).

Tablel. Gene Expression Levels Compared to Control and MPP+

Gene Reference | Group Mean FC|SD
Control Control 1,03 0,09
Control MPP+ 0,70 0,35
Control [risin+ MPP+ 1,51 0,16
BDNF Control MPP+ irisin 1,33 0,25
MPP+ MPP+ 1,06 0,40
MPP+ [risin+ MPP+ 1,72 0,06
MPP+ MPP+ irisin 1,26 0,13
Control Control 1,05 0,25
Control MPP+ 1,28 0,38
Control [risin+ MPP+ 4,65 1,26
PGCl1 a Control MPP+ irisin 3,73 0,05
MPP+ MPP+ 1,03 0,05
MPP+ [risin+ MPP+ 1,69 0,46
MPP+ MPP+ irisin 1,45 0,23
Control Control 1,03 0,05
Control MPP+ 0,69 0,28
Control frisin+ MPP+ 1,36 0,20
FNDC5 Control MPP+ irisin 0,99 0,33
MPP+ MPP+ 1,05 0,06
MPP+ [risin+ MPP+ 1,47 0,20
MPP+ MPP+ irisin 1,21 0,08

3.3 miRNA Expression Levels

In the MPP*-induced PD model, miR-129-1-3p and miR-143-3p expression levels were
significantly decreased compared to the control group (p < 0.05), whereas changes in miR-138-
5p and miR-182-5p were not statistically significant. Irisin pre-treatment significantly increased
the expression levels of miR-143-3p and miR-182-5p (p < 0.05), while changes in miR-129-1-
3p and miR-138-5p remained non-significant. In the post-treatment group, miR-129-1-3p, miR-
138-5p, and miR-182-5p expression levels were significantly increased compared to the control
group (p < 0.05), whereas miR-143-3p expression was significantly decreased. When compared
to the MPP* group, miR-129-1-3p expression was significantly upregulated in both pre-
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treatment and post-treatment groups. miR-143-3p exhibited a marked increase specifically in
the pre-treatment group (11.31-fold, p < 0.05). Additionally, miR-138-5p expression was
significantly increased only in the post-treatment group (1.62-fold, p < 0.05), while miR-182-
5p expression was significantly elevated in both treatment groups (p < 0.05).

Table 2. miRNA Expression Levels Compared to Control and MPP+

miRNA Reference | Group Mean FC|SD
Control | Control 1,04 01
Control | MPP+ 1,21 0,05
Control | Irisin+ MPP+ 1,34 0,07
miR-138-5p Control | MPP+ irisin 1,97 0,01
PD MPP+ 1 0,05
PD [risin+ MPP+ 1,06 0,03
PD MPP+ irisin 1,55 0,08
Control | Control 1 0,1
Control | MPP+ 0,67 0,07
Control | Irisin+ MPP+ 0,9 0,11
miR-129-1-3p | Control | MPP+ irisin 2,35 0,01
PD MPP+ 1,01 0,11
PD [risin+ MPP+ 1,36 0,17
PD MPP+ irisin 3,56 0,01
Control | Control 1 0,1
Control | MPP+ 0,93 0,06
Control | Irisin+ MPP+ 1,39 0,13
Control | MPP+ irisin 1,43 0,07
PD MPP+ 1 0,07
PD [risin+ MPP+ 1,51 0,17
miR-182-5p PD MPP+ irisin 1,52 0,1
Control | Control 1,07 0,1
Control | MPP+ 0,2 0,01
Control | Irisin+ MPP+ 2,27 0,01
miR-143-3p Control | MPP+ irisin 0,43 0,08
PD MPP+ 1,02 0,18
PD Irisin+ MPP+ 11,31 0,04
PD MPP+ irisin 2,36 0,15

3.4 Discussion of Result

This study evaluated the neuroprotective effects of irisin, an exercise-induced myokine, in a
Parkinson's disease model through the PGC-1o/FNDCS5/BDNF axis and its associated miRNAS.
While the neuroprotective effects of exercise are well-defined in the literature [6], how irisin
regulates these effects at the molecular level is a significant area of research. The 20 nM irisin
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dose used in this study was selected to be consistent with previous in vitro studies and aimed at
producing a biologically significant effect [7,8]. The findings show that both gene expression
and miRNA levels are significantly altered in the MPP*-induced Parkinson's model. In
particular, miR-129-1-3p, associated with FNDCS5, was decreased in the MPP* group and
increased again with irisin administration. This suggests that miR-129-1-3p, which has been
reported to be decreased in Parkinson's disease [9], may be re-regulated via irisin and support
dopaminergic neuron survival. Furthermore, this miRNA's association with mitochondrial
function and apoptotic processes is consistent with previous studies [10,11,12]. Regarding
PGC-1a-associated miR-138-5p, this miRNA is known to be associated with cellular stress,
inflammation, and apoptosis [13]. The significant increase, particularly in the post-treatment
group, suggests that irisin regulates this miRNA in a conditional manner. The literature reports
that miR-138-5p has suppressive effects on the SIRT1/PGC-10/FNDC5/BDNF axis and can
modulate processes associated with neuroinflammation [14,15]. Another miRNA associated
with FNDC5, miR-143-3p, is reported in the literature to exhibit both pro-apoptotic and
neuroprotective effects [16,17]. In this study, it was observed to be decreased in the MPP*
model and increased, especially in the pre-treatment group. Its parallel change with FNDC5
gene expression suggests that this miRNA may play a role in the regulation of the FNDC5 axis
[18].Regarding BDNF-associated miR-182-5p, regulatory and neuroprotective effects have
been reported in the literature in both depression and Parkinson's disease contexts [19,20]. In
this study, BDNF levels decreased in the MPP* group, while they showed an increasing trend
with irisin application. The significant increase in miR-182-5p levels, particularly in the pre-
treatment group, suggests that irisin may activate a protective miRNA response in the early
stages. In contrast, the lack of a further increase in the post-treatment group indicates that this
effect occurs primarily in the preventive phase

4. CONCLUSION

Overall, this study demonstrates that irisin can support neuronal survival in an MPP*-induced
Parkinson's cell model by modulating the PGC-1o/FNDC5/BDNF axis and the miRNAS
associated with this axis. The observation of more pronounced effects, especially under pre-
treatment conditions, suggests that irisin may be more effective as a protective agent. However,
further functional studies are needed to establish direct causal relationships between these
molecular interactions.
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OZET

Hidrojen peroksit (H20:), oksidatif néronal hasarin yaygin kullanilan bir indiikleyicisidir ve
reaktif oksijen tiirleri (ROT) araciligiyla gerceklesen norotoksisite i¢in giivenilir bir in vitro
model teskil etmektedir. H.O:'ye asir1t maruz kalinmasi, hiicresel redoks dengesini bozmakta,
antioksidan savunma sistemlerini zayiflatmakta, membran biitiinligiini tehlikeye atmakta ve
noronal hiicre hasarina katkida bulunmaktadir.

Bu calismada, SH-SYS5Y noroblastoma hiicrelerinde H-O: ile uyarilan sitotoksisite {izerine
sinapik asitin (SAc) olas1 koruyucu etkilerinin degerlendirilmesi amaglanmistir. Hiicreler, SAc
(10, 25 ve 50 uM) varliginda veya yoklugunda 24 saat boyunca H:0.'ye (250 uM) maruz
birakilmistir. Hiicre canliligi MTT testi kullanilarak belirlenmis; membran biitiinliigii ise laktat
dehidrojenaz (LDH) salinimi olgiilerek degerlendirilmistir. Bulgularimiz, sinapik asitin
H20:'ye bagli ndronal sitotoksisiteyi hafifletebilecegine igaret etmektedir.

Anahtar Kelimeler: Sinapik asit, H.O-, oksidatif stres, SH-SY5Y, noroproteksiyon, MTT,
LDH
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1. GIRIS

Oksidatif stres, norolojik hastaliklarin patogenezinde kritik bir rol oynayan ve reaktif oksijen
tirlerinin (ROT) asint iiretimiyle endojen antioksidan savunma sistemlerinin kapasitesini
asmasiyla karakterize edilen bir siliregtir. Bu redoks dengesizligi; lipid peroksidasyon, protein
oksidasyonu ve DNA hasari gibi hiicresel hasar mekanizmalarini tetikleyerek noronal
fonksiyon bozukluguna ve hiicre 6liimiine yol agmaktadir (Chen, 2016).

Hidrojen peroksit (H20:), deneysel modellerde giivenilir bir oksidatif stres indiikleyicisi olarak
yaygin bicimde kullanilan bir ROT tiirtidiir. H-O-'ye maruz kalinmasi; antioksidan savunma
enzimlerinin tilkenmesi, mitokondriyal islev bozuklugu ve membran gegirgenliginde artigla
iligskilendirilmistir (Feng ve ark., 2016). SH-SY5Y insan noroblastoma hiicreleri, noronal
karakteristikleri ve yiiksek metabolik aktiviteleri nedeniyle oksidatif stres aracilikli néronal

hasarin arastirilmasinda siklikla tercih edilen bir in vitro model olarak kabul gérmektedir
(Kovalevich ve Langford, 2013).

Sinapik asit (3,5-dimetoksi-4-hidroksisinnamik asit; SAc), gesitli bitkisel gidalarda dogal
olarak bulunan bir hidroksisinnamik asit ttrevidir. Antioksidan, antiinflamatuvar ve
noroprotektif 6zellikleri nedeniyle giderek artan bir ilgi gormektedir (Tungalag ve Yang, 2021;
Zare ve ark., 2015). Bununla birlikte, H.O: ile uyarilmis néronal toksisiteye karsi koruyucu
etkisinin altinda yatan sitoprotektif mekanizmalar heniiz tam olarak aydinlatilmamistir.

Bu caligsmada, sinapik asitin SH-SYSY hiicrelerinde H.O:'ye bagli oksidatif hasara karsi
koruyucu etkilerinin hiicre canliligt ve membran biitiinliigii temel parametreleri araciliiyla
degerlendirilmesi amaglanmistir.

2. MATERYAL VE METOT
2.1. Hiicre Kalturl

SH-SYS5Y insan noroblastoma hiicreleri, %10 fetal sigir serumu (FBS), 100 U/mL penisilin ve
100 pg/mL streptomisin igeren DMEM/F12 besiyerinde, %5 CO-'li nemlendirici bir ortamda
37°C'de kiiltiire edilmistir.

2.2. Deneysel Uygulama

Hiicreler, SAc'nin (10, 25 ve 50 uM) varliginda veya yoklugunda H2O: (250 uM) ile 24 saat
boyunca muamele edilmistir. Sinapik asit, deneyden 1 saat 6nce uygulanmis; tiim bilesikler
DMSO icinde ¢o6ziilmiis ve nihai DMSO konsantrasyonu %0.1'1 ge¢cmeyecek sekilde
hazirlanmstir.

2.3. Hiicre Canliligt (MTT Testi)

Hiicre canlihigi, MTT (3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolyum bromid) yontemiyle
degerlendirilmistir. MTT ¢o6zeltisi (0.5 mg/mL) hiicrelere eklenmis ve 4 saat inkiibasyon
sonrasinda DMSO ile formazan kristalleri ¢Oziindiiriilmiis; 570 nm dalga boyunda
spektrofotometrik olarak 6l¢iim yapilmistir.

2.4. LDH Salinim Analizi
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Membran biitiinliigii, hiicre kiiltiirii siipernatantina salinan LDH miktar1 ticari bir kolorimetrik
kit (Sigma-Aldrich) kullanilarak oOlgiilmiistir. LDH salinimi, tamamen lizati alinmig
hiicrelerden elde edilen toplam LDH'nin yiizdesi olarak ifade edilmistir.

2.5. istatistiksel Analiz

Veriler, ii¢ bagimsiz deneyin ortalama + standart sapmasi (SS) olarak sunulmustur. Istatistiksel
analizler, tek yonlii varyans analizi (ANOVA) ve ardindan Tukey ¢oklu karsilastirma testi
kullanilarak gergeklestirilmistir. p < 0.05 degeri istatistiksel olarak anlamli kabul edilmistir.

3. BULGULAR

H-0O: uygulamasi, kontrol grubuna kiyasla (97.6 + 3.7%) hiicre canliligin1 istatistiksel olarak
anlamli sekilde 58.7 + 4.5%'e diislirmiistiir (p < 0.001). SAc ile ko-muamele ise canlilig1
sirastyla 10, 25 ve 50 uM icin 71.3 + 4.1%, 86.8 = 4.4% ve 95.2 + 4.6%'ye yiikseltmistir. Bu
artis 10 uM'de anlamli (p <0.01), 25 ve 50 uM'de ise daha belirgin diizeyde anlamli (p <0.001)
bulunmustur.

LDH salinimi, kontrol grubuna kiyasla (11.6 £ 1.4%) H20: uygulamasiyla belirgin bi¢imde
artmis (73.1 £ 5.0%, p < 0.001), SAc ise bu artis1 konsantrasyona bagl bir sekilde sirasiyla
52.7+4.1%, 33.8 +£ 3.2% ve 20.9 + 2.5% degerlerine indirmistir. Azalma 10 uM'de anlamli1 (p
<0.01), 25 ve 50 uM'de ise yuksek diizeyde anlamli (p < 0.001) olarak saptanmustir.

Cizelge 1. Sinapik asitin SH-SYS5Y hiicrelerinde H20: ile uyarilmis sitotoksisite {lizerine
etkileri

SAc 10 pM +|SAc 25 uM + | SAc 50 uM +

Parametre Kontrol H
02 H.0: H.O: H.0:

Canlilik (%)  97.6£3.7 58.7£45%** 713+ 4.1##  86.8 + 4.4### 95.2 + 4.6###

LDH (% total) 11.6+1.4 73.1£5.0%** 52.7+4.1##  33.8 + 3.2### 20.9 £ 2.5###

Degerler ii¢ bagimsiz deneyin ortalama + SS olarak verilmistir (n=3). ***p < 0.001 kontrol grubuna
gore anlamh farki gostermektedir. ##p < 0.01, ##p < 0.001 H20: grubuna gore anlamli farki
gostermektedir.

TARTISMA

Bu caligmada, sinapik asitin SH-SY5Y noroblastoma hiicrelerinde H.O:'ye bagli oksidatif
sitotoksisiteye kars1 koruyucu etkiler sergiledigi gosterilmistir. SAc uygulamasi hiicre
canlilifin1 konsantrasyona bagli bicimde geri kazandirmis ve LDH salinimini belirgin sekilde
azaltmis; bu bulgular hem metabolik hem de membran biitiinliigli diizeyinde sitoprotektif bir
aktiviteye isaret etmektedir.

SAcnin noroprotektif etkisi biiyiik olasilikla hidroksil ve siiperoksit radikallerini siipiirme
kapasitesinden kaynaklanmaktadir. Buna ek olarak, SAc'nin Nrf2/HO-1 sinyal yolunu aktive
ederek endojen antioksidan savunmay1 giiglendirdigi bildirilmistir (Tungalag ve Yang, 2021).
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Bu mekanizmalar, oksidatif hasar tarafindan tetiklenen mitokondriyal disfonksiyon ve
apoptotik kaskadin baskilanmasina da katkida bulunabilir. Bu bulgularla tutarli bigimde,
SAc'nin glutamat kaynakli eksitotoksisiteye karsi da ndroprotektif ozellikler sergiledigi
gosterilmis olup bu etki, bir C6 glioma hiicre modelinde endoplazmik retikulum stresi ve
proinflamatuvar sitokin sinyallegsmesinin baskilanmastyla iligkilendirilmistir (Ortasoz ve ark.,
2025).

Calismamizda gozlemlenen belirgin LDH salimim azalmasi, SAc'nin plazma membran
biitlinliiglinii koruduguna isaret etmekte olup bu etki, lipid peroksidasyon inhibisyonuyla
baglantili olabilir (Zare ve ark., 2015; Tungalag ve Yang, 2021). H.O-'ye bagli noronal hasara
kars1 benzer koruyucu etkiler; likopen ve hespertin gibi diger fenolik bilesikler i¢in de
raporlanmistir (Feng ve ark., 2016; Moon ve ark., 2023). Ayrica SH-SY5Y hiicrelerinde
MAPK ve NF-kB sinyal yollarinin baskilanmasi araciligiyla oksidatif hasarin azaltilmasi,
yapisal olarak benzer bitki kokenli bilesikler i¢in gosterilmistir (Tian ve ark., 2021); bu durum,
SAc'in de s6z konusu yollart modiile edebilecegine isaret etmekle birlikte dogrudan deneysel
dogrulama gerektirmektedir. Tiim bu bulgulara karsin, SAc'nin bu modeldeki sitoprotektif
mekanizmalarinin tam olarak aydinlatilabilmesi i¢in malondialdehit (MDA), siiperoksit
dismutaz (SOD) ve glutatyon peroksidaz (GPx) gibi oksidatif stres belirteclerini ve mekanistik
sinyal yollarin1 dogrudan degerlendiren ileri ¢alismalara ihtiya¢ duyulmaktadir.

5. SONUC

Bulgularimiz, sinapik asitin SH-SYS5Y noéroblastoma hiicrelerinde H20.'ye bagli ndronal
sitotoksisiteyi, konsantrasyona bagli bir sekilde azaltabildigine isaret etmektedir. Bu etki, hiicre
canliliginin  kismen geri kazanmilmasi ve membran biitiinliigiiniin  korunmast ile
desteklenmektedir. Sinapik asit, ndrodejeneratif hastaliklarda oksidatif stresi hedef alan
potansiyel bir noroprotektif ajan olarak degerlendirilmeye deger goriilmektedir. Altta yatan
mekanizmalarin aydinlatilmasi i¢in dogrudan oksidatif stres belirteclerini ve mekanistik
analizleri iceren ileri ¢alismalara ihtiyag¢ vardir.
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ABSTRACT

Hydrogen peroxide (H20:) is a widely used inducer of oxidative neuronal damage and
constitutes a reliable in vitro model of reactive oxygen species (ROS)-mediated neurotoxicity.
Excessive exposure to H20: disrupts cellular redox homeostasis, impairs antioxidant defense
systems, compromises membrane integrity, and contributes to neuronal cell damage.

The present study aimed to evaluate the potential protective effects of sinapic acid (SAc)
against H.O»-induced cytotoxicity in SH-SY5Y neuroblastoma cells. Cells were exposed to
H>0: (250 uM) for 24 hours in the presence or absence of SAc (10, 25, and 50 uM). Cell
viability was determined using the MTT assay, while membrane integrity was assessed by
measuring lactate dehydrogenase (LDH) release. Our findings indicate that sinapic acid may
attenuate H.0O--induced neuronal cytotoxicity in a concentration-dependent manner.

Keywords: Sinapic acid, H20-, oxidative stress, SH-SY5Y, neuroprotection, MTT, LDH
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1. INTRODUCTION

Oxidative stress is a critical mediator in the pathogenesis of neurological diseases,
characterized by excessive generation of reactive oxygen species (ROS) that overwhelms the
capacity of endogenous antioxidant defense systems. This redox imbalance triggers a cascade
of cellular damage mechanisms including lipid peroxidation, protein oxidation, and DNA
damage ultimately leading to neuronal dysfunction and cell death (Chen, 2016).

Hydrogen peroxide (H20-) is a ROS widely employed as a reliable inducer of cellular oxidative
stress in experimental models. Exposure to H>0. has been associated with depletion of
antioxidant defense enzymes, mitochondrial dysfunction, and increased membrane
permeability (Feng et al., 2016). SH-SY5Y human neuroblastoma cells, owing to their neuronal
characteristics and high metabolic activity, are widely recognized as a preferred in vitro model
for investigating oxidative stress-mediated neuronal injury (Kovalevich and Langford, 2013).

Sinapic acid (3,5-dimethoxy-4-hydroxycinnamic acid; SAc) is a naturally occurring
hydroxycinnamic acid derivative found in a variety of plant-based foods. It has attracted
growing scientific interest due to its antioxidant, anti-inflammatory, and neuroprotective
properties (Tungalag and Yang, 2021; Zare et al., 2015). Nevertheless, the cytoprotective
mechanisms underlying its protective potential against H-O.-induced neuronal toxicity remain
to be fully elucidated.

The present study aimed to evaluate the protective effects of sinapic acid against H.O--induced
oxidative injury in SH-SY5Y cells, using cell viability and membrane integrity as primary
endpoints.

2. MATERIALS AND METHODS
2.1. Cell Culture

SH-SY5Y human neuroblastoma cells were maintained in DMEM/F12 medium supplemented
with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL streptomycin, and
cultured at 37°C in a humidified atmosphere containing 5% CO..

2.2. Experimental Treatment

Cells were treated with H202 (250 uM) for 24 hours in the presence or absence of SAc at
concentrations of 10, 25, and 50 uM. Sinapic acid was applied one hour prior to H>O: exposure.
All compounds were dissolved in DMSO, with the final DMSO concentration not exceeding
0.1%.

2.3. Cell Viability Assay (MTT)

Cell wviability was assessed wusing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. MTT solution (0.5 mg/mL) was added to the cells and,
following a 4-hour incubation period, formazan crystals were solubilized with DMSO.
Absorbance was measured spectrophotometrically at 570 nm.

2.4. LDH Release Assay
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Membrane integrity was evaluated by measuring the amount of lactate dehydrogenase (LDH)
released into the cell culture supernatant using a commercial colorimetric kit (Sigma-Aldrich).
LDH release was expressed as a percentage of total LDH obtained from fully lysed cells.

2.5. Statistical Analysis

Data are presented as mean * standard deviation (SD) from three independent experiments.
Statistical analyses were performed using one-way analysis of variance (ANOVA) followed
by Tukey's multiple comparison test. A p-value of less than 0.05 was considered statistically
significant.

3. RESULTS

H20: treatment significantly reduced cell viability to 58.7 £ 4.5% compared to the control
group (97.6 £ 3.7%) (p < 0.001). Co-treatment with SAc restored viability to 71.3 £ 4.1%, 86.8
+ 4.4%, and 95.2 + 4.6% at concentrations of 10, 25, and 50 UM, respectively. This increase
reached statistical significance at 10 uM (p < 0.01) and was more pronounced at 25 and 50 UM
(p <0.001).

LDH release was markedly elevated following H2O: treatment (73.1 = 5.0%) compared to the
control group (11.6 £ 1.4%) (p < 0.001). SAc attenuated this increase in a concentration-
dependent manner, reducing LDH release to 52.7 + 4.1%, 33.8 + 3.2%, and 20.9 + 2.5% at 10,
25, and 50 pM, respectively. The reduction was statistically significant at 10 uM (p < 0.01)
and highly significant at 25 and 50 pM (p < 0.001).

Table 1. Effects of sinapic acid on H202-induced cytotoxicity in SH-SY5Y cells.

SAc 10 uM +|SAc 25 pM + |SAc 50 pM +

Parameter ntrol H
aramete Contro 202 .0, H,0, H,O.

Viability (%) 97.6 £3.7 58.7 £ 4.5*** 713+ 4.1##  86.8 + 4.48## 095.2 + 4.6###

LDH (% total) 11.6+1.4 73.1£5.0%** 527 +4.1##  33.8 +3.2### 20.9 £ 2.5###

Values are expressed as mean £ SD from three independent experiments (n = 3). ***p < 0.001 indicates
significant difference relative to the control group. ##p < 0.01, ###p < 0.001 indicate significant
difference relative to the H.O2 group.

4. DISCUSSION

The present study demonstrates that sinapic acid exerts protective effects against H.O.-induced
oxidative cytotoxicity in SH-SY5Y neuroblastoma cells. SAc treatment restored cell viability
in a concentration-dependent manner and markedly attenuated LDH release, collectively
indicating cytoprotective activity at both the metabolic and membrane integrity levels.

The neuroprotective effect of SAc is most likely attributable to its capacity to scavenge
hydroxyl and superoxide radicals. In addition, SAc has been reported to activate the Nrf2/HO-
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1 signaling pathway, thereby reinforcing endogenous antioxidant defenses (Tungalag and
Yang, 2021). These mechanisms may further contribute to the suppression of mitochondrial
dysfunction and apoptotic cascades triggered by oxidative insult. Consistent with these
observations, SAc has also been shown to exhibit neuroprotective properties against glutamate-
induced excitotoxicity, an effect associated with the suppression of endoplasmic reticulum
stress and pro-inflammatory cytokine signaling in a C6 glioma cell model (Ortasoz et al., 2025).

The marked reduction in LDH release observed in the present study suggests that SAc
preserves plasma membrane integrity, an effect that may be mechanistically linked to the
inhibition of lipid peroxidation (Zare et al., 2015; Tungalag and Yang, 2021). Comparable
protective effects against H-O.-induced neuronal damage have been reported for other phenolic
compounds, including lycopene and hesperetin (Feng et al., 2016; Moon et al., 2023).
Furthermore, the attenuation of oxidative damage through suppression of MAPK and NF-kB
signaling pathways has been demonstrated for structurally related plant-derived compounds in
SH-SY5Y cells (Tian et al., 2021), suggesting that SAc may similarly modulate these
pathways, though direct experimental confirmation is warranted. Notwithstanding these
findings, further studies directly assessing oxidative stress markers including malondialdehyde
(MDA), superoxide dismutase (SOD), and glutathione peroxidase (GPx) as well as mechanistic
signaling pathways, are required to fully characterize the cytoprotective mechanisms of SAc in
this model.

5. CONCLUSION

The present findings indicate that sinapic acid attenuates H.O.-induced neuronal cytotoxicity
in SH-SY5Y neuroblastoma cells in a concentration-dependent manner, as evidenced by partial
restoration of cell viability and preservation of membrane integrity. Sinapic acid appears to
merit consideration as a potential neuroprotective agent targeting oxidative stress in the context
of neurodegenerative disease. Further studies incorporating direct assessment of oxidative
stress biomarkers and mechanistic analyses are required to elucidate the underlying protective
pathways.
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OZET

Arsenik (As), basta oksidatif stres olmak tizere epitel bariyer biiltiinligiiniin bozulmasi ve
hiicresel hasar ile iliskili yaygin bir ¢evresel toksik ajandir. Ozellikle sodyum arsenit (NaAsOz),
bagirsak epitel hiicrelerinde reaktif oksijen tiirlerinin (ROS) asir1 iiretimini artirarak lipid
peroksidasyonuna ve enddjen antioksidan savunma sistemlerinin bozulmasina yol agmaktadir.
Insan bagirsak epitelini temsil eden ve yaygin olarak kullanilan bir in vitro model olan Caco-2
hiicreleri, toksik ajanlara bagli hiicresel hasarin arastirilmasi i¢in uygun bir sistem sunmaktadir.
Dogal olarak ¢esitli bitkisel kaynakli gidalarda bulunan bir polifenolik bilesik olan gallik asit
(GA), antioksidan ve sitoprotektif etkileri ile dikkat ¢ekmektedir; ancak arsenik kaynakli
bagirsak toksisitesine karsi potansiyel koruyucu rolil heniiz tam olarak aydinlatilamamuistir.

Bu ¢alismada, GA'in arsenik kaynakli sitotoksisite tizerindeki etkilerinin Caco-2 hiicrelerinde
degerlendirilmesi amaclandi. Hiicreler, 24 saat siireyle NaAsO: (20 pM) varhiginda veya
yoklugunda GA (10, 25 ve 50 uM) ile muamele edildi. Hiicre canliligt MTT yontemi ile,
membran biiltiinliigii ise laktat dehidrogenaz (LDH) salinimu ile degerlendirildi. Bulgularimiz,
GA'n arsenik kaynakli sitotoksisiteyi azaltabilecegine ve bu etkinin oksidatif stres ile iliskili
mekanizmalarin modiilasyonu ile baglantili olabilecegine isaret etmektedir.

Anahtar Kelimeler: Arsenik toksisitesi, gallik asit, Caco-2 hucreleri, sitotoksisite, oksidatif
stres
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1. GIRIS

Arsenik (As), yer kabugunda dogal olarak bulunan ve igme suyu ile besin zinciri araciligiyla
insan vicuduna giren énemli bir cevresel Kirleticidir. Arsenik kirliligi 200 milyondan fazla
insan1 etkilemekte olup, kronik maruziyet; deri lezyonlari, akciger kanseri ve kardiyovaskiiler

hastaliklar basta olmak tizere gesitli sistemik bozukluklarla iliskilendirilmektedir (Rehman ve
ark., 2018).

Oral maruziyet, arsenike maruz kalmanin temel yolunu olusturmakta ve sindirim sistemi epiteli
bu toksisitenin ilk hedefi konumundadir. Trivalent inorganik arsenik formu olan NaAsO-,
bagirsak hiicrelerinde reaktif oksijen tiirlerini (ROS) artirarak mitokondriyal islev bozukluguna,
lipid peroksidasyonuna ve apoptotik kaskadin aktivasyonuna neden olmaktadir. Bu etkilerin in
vitro ¢aligmalarda Caco-2 hicrelerinde de gosterildigi bildirilmistir (Zhang ve ark., 2025;
Laparra ve ark., 2008).

Caco-2 hiicre hatti, insan kolon adenokarsinomundan elde edilmis olup farklilastirildiginda
bagirsak epitel hiicrelerine benzer 6zellikler gostermektedir. Bu nedenle, besinsel toksikan ve
farmasotik bilesiklerin intestinal emilim ve toksisitesinin degerlendirilmesinde siklikla
kullanilan bir referans model olarak kabul gérmektedir (Parajuli ve ark., 2022).

Gallik asit (GA; 3,4,5-trihidroksibenzoik asit), tahillar, meyveler ve ¢ay gibi gesitli gidalarda
yaygin olarak bulunan bir polifenolik bilesiktir. Gii¢lii antioksidan, antiinflamatuvar ve
sitoprotektif Ozelliklere sahip olan GA'nin; hidroksil, siiperoksit ve peroksit radikallerini
siiptirerek oksidatif strese karsi koruma sagladigi gosterilmistir. Ayrica arsenik toksisitesine
kars1 koruyucu oldugu da raporlanmistir (Panghal ve ark., 2020; Samad ve ark., 2019). Bununla
birlikte, GA'nin Caco-2 hiicrelerinde arsenik kaynakli sitotoksisiteye karsi koruyucu etkisi
heniiz tam olarak aydinlatilmamistir (Mu ve Kitts, 2024).

Bu baglamda calismamizin amaci; GA'nin, NaAsO: ile uyarilmis sitotoksisite modeli
uzerindeki koruyucu etkilerini Caco-2 hiicre canliligi ve membran biitiinliigii parametreleri
tizerinden degerlendirmektir.

2. MATERYAL VE METOT

2.1. Hucre Kultura

Caco-2 insan kolon adenokarsinoma hiicreleri (ATCC® HTB-37™), %10 fetal sigir serumu
(FBS), 100 U/mL penisilin ve 100 png/mL streptomisin iceren DMEM besiyerinde, %5 CO:'li
nemlendirici bir ortamda 37°C’de kiiltiire edildi.

2.2. Deneysel Uygulama

GA (10, 25 ve 50 uM) hiicrelere NaAsO: uygulanmasindan 1 saat once eklendi. Ardindan

hiicreler NaAsO: (20 uM) ile 24 saat boyunca muamele edildi. Tiim bilesikler DMSO’da
¢ozildigl ve son DMSO konsantrasyonu %0,1°1 gegcmeyecek sekilde hazirlandi.

2.3. Hucre Canhihigi (MTT Testi)

Hiicre canliligi, MTT (3-(4,5-dimetiltiazol-2-il)-2,5-difeniltetrazolyum bromid) ydntemiyle
degerlendirildi. MTT ¢dzeltisi (0,5 mg/mL) hiicrelere eklenerek 4 saat inkiibe edildi; DMSO
ile formazan kristalleri ¢6zunddrilerek 570 nm dalga boyunda absorbans élguld.

2.4. LDH Salinim Analizi
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Membran biiltiinliigii, hiicre kiiltiirii siipernatantina salinan LDH miktar ticari bir kolorimetrik
kit (Sigma-Aldrich) kullanilarak degerlendirildi. LDH salinimi, tamamen lizatt alinmis
hicrelerden elde edilen toplam LDH nin yiidesi olarak ifade edildi.

2.5. istatistiksel Analiz

Veriler, ii¢ bagimsiz deneyin ortalama + standart sapmasi (SS) olarak sunuldu. Istatistiksel
analizler, tek yonlii varyans analizi (ANOVA) ve ardindan Tukey coklu karsilastirma testi
kullanilarak gergeklestirildi. p < 0,05 degeri istatistiksel olarak anlamli kabul edildi.

3. BULGULAR

NaAsO: uygulamasi, kontrol grubuna kiyasla (98,7 = 3,6%) hiicre canliligini istatistiksel olarak
anlaml bi¢imde 53,8 + 4,1%’e diistirdi (p < 0,001). GA ile ko-muamele, canlilig1 10, 25 ve 50
UM i¢in sirasiyla 63,5 £ 3,7%, 77,6 £ 4,0% ve 90,8 £ 4,3%’ye yiikseltdi. Bu artig 10 pM’de
tlimlt (p < 0,05), 25 uM’de daha belirgin (p < 0,01) ve 50 uM’de gii¢lii 6l¢iide anlamli (p <
0,001) olarak belirlendi.

LDH salinimi, kontrol grubuna kiyasla (12,8 + 1,6%) arsenik grubunda belirgin bi¢gimde arttt
(75,6 £5,3%, p <0,001). GA uygulamas1 LDH degerlerini sirasiyla 69,2 + 4,9%, 55,4 + 4,2%
ve 34,1 £ 3,3%’e indirdi. 10 pM’deki azalma istatistiksel olarak anlamli bulunmazken, 25
MM’de anlamli (p < 0,05) ve 50 uM’de yiiksek diizeyde anlamli (p < 0,001) olarak saptandi.

Cizelge 1. Gallik asitin Caco-2 hiicrelerinde NaAsO: ile uyarilmis sitotoksisite tizerindeki
etkileri

GA 10 uM + GA 25 uM +

Parametr Kontrol A
arametre ontro NaAsO- As As

Canlilik (%)  98.7+3.6 53.8+4.1*** 635+x3.7# 77.6x4.04# 90.8*4.3###

LDH (% total) 12.8+1.6 75.6 £5.3*** 69.2+49 55.4 +4.2#  34.1 + 3.3###

Degerler ii¢ bagimsiz deneyin ortalama + SS olarak verilmistir (n=3). ***p < 0,001 kontrol grubuna
gore; #p < 0,05, ##p < 0,01, ###p < 0,001 arsenik grubuna gore anlamli farki gostermektedir.

4. TARTISMA

Bu ¢alismada, gallik asidin Caco-2 hiicrelerinde NaAsOs: ile uyarilmis oksidatif sitotoksisiteye
kars1t doza bagli koruyucu etkiler sergiledigi gosterilmistir. GA uygulamasi hiicre canliligini
anlaml bi¢imde geri kazandirmig ve LDH salinimini belirgin sekilde azaltmistir.

Arsenik toksisitesinin baslica mekanizmasi intraseliiler ROS iiretimi ve oksidatif strestir.
NaAsO:'nin Caco-2 hiicrelerinde oksidatif stres olusturdugu, hiicre dongiisiinii bozdugu ve
apoptotik siirecleri tetikledigi gosterilmistir (Laparra ve ark., 2008). Bagirsak epitel
hiicrelerinde arsenite maruziyetin sitotoksik ve gecirgenlik degisikliklerine yol actigr da
bildirilmistir (Parajuli ve ark., 2022).

Gallik asidin koruyucu etkisi, trihidroksi grubunun sagladigi giiclii radikal siipiirme
kapasitesinden kaynaklanmaktadir. GA'nin arsenige karsi koruyucu etkisi; kirmizi kan
hiicrelerinde oksidatif/nitrozatif hasar (Panghal ve ark.,, 2020) ve davranigsal/bilissel
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parametreler (Samad ve ark., 2019) ilizerinde gosterilmistir. Ayrica GA'nin farkli hiicre
modellerinde antioksidan ve antiinflamatuvar etkiler gosterdigi ve hiicresel hasari azalttigi
bildirilmistir (Chu ve ark., 2024; Mu ve Kitts, 2024).

GA'nin Caco-2 hiicrelerinde LPS kaynakli inflamasyonu ve oksidatif stresi NF-kB/MAPK
sinyal yollarin1 baskilayarak azalttig1 da gosterilmistir (Chu ve ark., 2024).

LDH salinimindaki doza bagli azalma, GA'nin membran biitiinliigiinii korudugunu ve bu
etkinin lipid peroksidasyon inhibisyonuyla baglantili olabilecegini diisiindiirmektedir. 10 uM
GA dozunda LDH'daki azalmanin istatistiksel anlamliliga ulasamamasi, bu dozun membran
koruyucu etki i¢in esik degerinin altinda kalabilecegine isaret etmektedir. Bununla birlikte,
dogrudan MDA, SOD ve GPx gibi oksidatif stres belirteclerini igeren ileri ¢calismalara ihtiyag
vardir.

5. SONUC

Bu ¢alismanin bulgulari, gallik asitin Caco-2 hiicrelerinde NaAsO: kaynakli sitotoksisiteye
kars1 doza bagli koruyucu etkiler sergiledigine isaret etmektedir. GA uygulamasi, hiicre
canliligint kismen geri kazandirmis ve membran biiltiinliiglinii koruyan LDH salinimini
azaltmistir. Gallik asit, bagirsak epiteline yonelik arsenik toksisitesine karsi potansiyel bir
koruyucu ajan olarak degerlendirilmeye deger goriinmektedir. Altta yatan mekanizmalarin
aydinlatilmast i¢in dogrudan oksidatif stres belirteglerini ve Nrf2/NF-kB sinyal yollarini
inceleyen ileri calismalara ihtiya¢ vardir.
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ABSTRACT

Arsenic (As) is a widespread environmental toxicant associated with oxidative stress, disruption
of epithelial barrier integrity, and cellular damage. Sodium arsenite (NaAsQO:), in particular,
promotes excessive generation of reactive oxygen species (ROS) in intestinal epithelial cells,
resulting in lipid peroxidation and impairment of endogenous antioxidant defense mechanisms.
Caco-2 cells, a widely used in vitro model representative of the human intestinal epithelium,
provide a suitable system for investigating cellular damage induced by toxic agents. Gallic acid
(GA), a polyphenolic compound naturally present in various plant-derived foods, has attracted
considerable attention for its antioxidant and cytoprotective properties; however, its potential
protective role against arsenic-induced intestinal toxicity has not yet been fully elucidated.

The present study aimed to evaluate the effects of GA on arsenic-induced cytotoxicity in Caco-
2 cells. Cells were treated with GA (10, 25, and 50 uM) in the presence or absence of NaAsO-
(20 uM) for 24 hours. Cell viability was assessed by the MTT assay, and membrane integrity
was determined by measuring lactate dehydrogenase (LDH) release. The findings suggest that
GA may attenuate arsenic-induced cytotoxicity, and that this effect may be associated with the
modulation of oxidative stress-related mechanisms.

Keywords: Arsenic toxicity, gallic acid, Caco-2 cells, cytotoxicity, oxidative stress
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1. INTRODUCTION

Arsenic (As) is a naturally occurring metalloid widely distributed in the Earth's crust that enters
the human body primarily through contaminated drinking water and the food chain, making it
one of the most significant environmental contaminants of global public health concern.
Arsenic pollution affects more than 200 million people worldwide, and chronic exposure has
been associated with a broad spectrum of systemic disorders, most notably cutaneous lesions,
lung cancer, and cardiovascular disease (Rehman et al., 2018).

Oral ingestion constitutes the predominant route of arsenic exposure, positioning the
gastrointestinal epithelium as the primary target of its toxic effects. Sodium arsenite (NaAsOz),
the trivalent inorganic form of arsenic, has been shown to induce marked elevations in
intracellular reactive oxygen species (ROS), culminating in mitochondrial dysfunction, lipid
peroxidation, and activation of the apoptotic cascade in intestinal cells. These effects have been
recapitulated in vitro using the Caco-2 cell model (Zhang et al., 2025; Laparra et al., 2008).

The Caco-2 cell line, originally derived from a human colonic adenocarcinoma, acquires
morphological and functional characteristics closely resembling those of intestinal enterocytes
upon differentiation. For this reason, it is widely recognized as a gold-standard in vitro model
for assessing the intestinal absorption and toxicity of dietary contaminants and pharmaceutical
compounds (Parajuli et al., 2022).

Gallic acid (GA; 3,4,5-trihydroxybenzoic acid) is a naturally occurring polyphenolic compound
abundantly present in a variety of foods, including cereals, fruits, and tea. Owing to its potent
antioxidant, anti-inflammatory, and cytoprotective properties, GA has been demonstrated to
confer protection against oxidative stress through the scavenging of hydroxyl, superoxide, and
peroxyl radicals. Its protective capacity against arsenic-induced toxicity has likewise been
reported in experimental settings (Panghal et al., 2020; Samad et al., 2019). Nevertheless, the
cytoprotective mechanisms underlying GA's potential to attenuate arsenic-induced cytotoxicity
specifically in Caco-2 cells remain to be fully elucidated (Mu and Kitts, 2024).

In this context, the present study aimed to evaluate the protective effects of GA against NaAsO.-
induced cytotoxicity in Caco-2 cells, with particular emphasis on cell viability and membrane
integrity as primary endpoints.

2. MATERIALS AND METHODS
2.1. Cell Culture

Caco-2 human colon adenocarcinoma cells (ATCC® HTB-37™) were cultured in DMEM
supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 pg/mL
streptomycin, and maintained at 37°C in a humidified atmosphere containing 5% COs..

2.2. Experimental Treatment

GA (10, 25, and 50 uM) was added to the cells one hour prior to NaAsO: exposure. Cells were
then treated with NaAsO: (20 uM) for 24 hours. All compounds were dissolved in DMSO, and
the final DMSO concentration did not exceed 0.1%.

2.3. Cell Viability Assay (MTT)
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Cell viability was assessed wusing the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay. MTT solution (0.5 mg/mL) was added to the cells and
incubated for 4 hours; formazan crystals were subsequently dissolved in DMSO and absorbance
was measured at 570 nm.

2.4. LDH Release Assay

Membrane integrity was evaluated by measuring the amount of lactate dehydrogenase (LDH)
released into the cell culture supernatant using a commercial colorimetric kit (Sigma-Aldrich).
LDH release was expressed as a percentage of total LDH obtained from fully lysed cells.

2.5. Statistical Analysis

Data are presented as mean + standard deviation (SD) of three independent experiments.
Statistical analyses were performed using one-way analysis of variance (ANOVA) followed by
Tukey's multiple comparison test. A p-value of less than 0.05 was considered statistically
significant.

3. RESULTS

NaAsO: treatment significantly reduced cell viability to 53.8 + 4.1% compared to the control
group (98.7 + 3.6%; p < 0.001). Co-treatment with GA restored viability in a dose-dependent
manner, reaching 63.5 + 3.7%, 77.6 £ 4.0%, and 90.8 + 4.3% at 10, 25, and 50 M, respectively.
The increase was modest at 10 uM (p < 0.05), more pronounced at 25 uM (p < 0.01), and highly
significant at 50 uM (p < 0.001).

LDH release was markedly elevated in the arsenic-treated group (75.6 £ 5.3%) compared to the
control (12.8 £ 1.6%; p < 0.001). GA treatment reduced LDH levels to 69.2 + 4.9%, 55.4 +
4.2%, and 34.1 + 3.3% at the respective doses. The reduction at 10 uM did not reach statistical
significance, whereas the decreases at 25 uM (p < 0.05) and 50 uM (p < 0.001) were statistically
significant.

Table 1. Effects of gallic acid on NaAsO--induced cytotoxicity in Caco-2 cells.

GA10 UM + GA 25 uM + GA 50 uM +

Parameter ntrol
aramete Contro As As As

Viability (%) 98.7+3.6 53.8+4.1*** 635+3.7# T77.6x4.0## 90.8 +4.3###

LDH (% total) 12.8 +1.6 75.6 £5.3*** 69.2+4.9 55.4 +4.2#  34.1 + 3.3###

Values are expressed as mean + SD of three independent experiments (n = 3). ***p < 0.001 vs. control
group; #p < 0.05, ##p < 0.01, ###p < 0.001 vs. arsenic group.

4. DISCUSSION

The present study demonstrates that gallic acid exerts dose-dependent protective effects against
NaAsO:-induced oxidative cytotoxicity in Caco-2 cells. GA treatment significantly restored
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cell viability and markedly attenuated LDH release, collectively indicating a cytoprotective
response at the level of both cellular metabolism and membrane integrity.

The principal mechanism underlying arsenic toxicity is the excessive generation of intracellular
ROS and the subsequent induction of oxidative stress. NaAsO. has been shown to elicit
oxidative stress, disrupt cell cycle progression, and trigger apoptotic signaling in Caco-2 cells
(Laparra et al., 2008). Consistent with these findings, arsenite exposure in intestinal epithelial
cells has also been reported to cause cytotoxic injury and alterations in paracellular permeability
(Parajuli et al., 2022).

The cytoprotective activity of gallic acid is primarily attributed to the potent free radical-
scavenging capacity conferred by its trihydroxy phenolic moiety. The protective effects of GA
against arsenic-induced damage have been demonstrated across multiple biological endpoints,
including oxidative and nitrosative injury in erythrocytes (Panghal et al., 2020) and
impairments in behavioral and cognitive parameters in vivo (Samad et al., 2019). Beyond
arsenic-specific contexts, GA has been reported to exert broad antioxidant and anti-
inflammatory effects across diverse cell models, thereby mitigating oxidative cellular damage
(Chu et al., 2024; Mu and Kitts, 2024). Notably, GA has further been shown to suppress LPS-
induced inflammation and oxidative stress in Caco-2 cells through inhibition of the NF-
kB/MAPK signaling pathway (Chu et al., 2024), suggesting that its protective action may
involve both radical scavenging and transcriptional modulation of inflammatory cascades.

The dose-dependent reduction in LDH release observed in the present study indicates that GA
preserves plasma membrane integrity, an effect that may be mechanistically linked to the
inhibition of lipid peroxidation. The failure of the 10 uM GA dose to achieve statistical
significance in LDH attenuation suggests that this concentration may fall below the threshold
required for effective membrane protection under the experimental conditions employed. These
findings, while promising, are based solely on viability and membrane integrity endpoints.
Future investigations incorporating direct markers of oxidative stress including
malondialdehyde (MDA), superoxide dismutase (SOD), and glutathione peroxidase (GPx) are
warranted to more comprehensively characterize the antioxidant mechanisms underlying GA's
cytoprotective effects in this model.

5. CONCLUSION

The findings of this study indicate that gallic acid exerts dose-dependent protective effects
against NaAsO:-induced cytotoxicity in Caco-2 cells. GA treatment partially restored cell
viability and reduced LDH release, thereby preserving membrane integrity. Gallic acid appears
to be a promising candidate as a protective agent against arsenic-induced intestinal epithelial
toxicity. Further studies examining oxidative stress markers and the Nrf2/NF-kB signaling
pathways directly are needed to elucidate the underlying mechanisms.
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OZET

Bu calisma, Tiirkiye florasinda tibbi ve aromatik degeriyle one ¢ikan, parfiimeri, kozmetik ve
geleneksel tip alanindaki genis kullanim yelpazesiyle bilinen 1tir (Pelargonium graveolens)
bitkisinin i¢ dokularindaki fungal biyogesitliligi belirlemek amaciyla gerceklestirilmistir.
Endofitik funguslar, konukcu bitkiye zarar vermeden yasamlarini siirdiiren ve bitkinin
biyotik/abiyotik stres toleransi ile sekonder metabolit {iretiminde anahtar rol oynayan stratejik
mikroorganizmalardir. Arastirma kapsaminda, 19 Aralik 2025 tarihinde Kocaeli Universitesi
Arslanbey Yerleskesi’nden steril kosullarda toplanan saglikl 1tir 6rnekleri kullanilmistir. Bitki
pargalar1 (yaprak ve govde), epifit mikroorganizmalar1 uzaklastirmak amaciyla %70 etanol ve
%2,5 sodyum hipoklorit kullanilarak ¢ok asamal1 ylizey sterilizasyonuna tabi tutulmustur. Bu
islemin etkinligi son yikama suyunun kontrol ekimleriyle dogrulanmistir. Sterilizasyonun
etkinligi kontrol edildikten sonra, doku segmentleri bakteriyel gelisimi baskilamak i¢in
streptomisin ilave edilmis Patates Dekstroz Agar besiyerinde 25°C’de inkiibe edilmistir.
Gelisen fungal koloniler hif ucu yontemiyle saflagtirilmis; tani islemleri ise koloni morfolojisi,
pigment iiretimi ve mikroskobik yapilar (hif segmentasyonu, spor yapisi) iizerinden literatiirle
karsilastirilarak yapilmustir. Izolasyon ¢alismalar1 sonucunda, morfolojik olarak birbirinden
farkli bes fungal izolat (IG21, 1Y22, IY12, IY11 ve 1Y31) elde edilmistir. Yapilan teshisler
sonucunda bu izolatlarin Aspergillus sp., Fusarium sp. ve Alternaria sp. cinslerini temsil ettigi
belirlenmigtir. Bulgular, literatiirdeki benzer ¢alismalarla uyumlu olarak, yaprak dokusunun
gdovde dokusuna gore daha yiiksek fungal ¢esitlilige sahip oldugunu gostermistir. Sonug olarak,
itir bitkisinin zengin bir endofitik fungus spektrumuna sahip oldugu ortaya konmustur. Bu
mikroorganizmalarin, bitkiye 6zgili ugucu yag bilesenlerinin sentezi {izerindeki etkilerinin
arastirilmasi ve biyokontrol ajan1 olarak potansiyellerinin test edilmesi, gelecekteki tarimsal ve
farmakolojik calismalar i¢in biiyiik 6nem tagimaktadir. Kesin tiir teshisleri icin morfolojik
verilerin molekuler yontemlerle desteklenmesi dnerilmektedir.

Anahtar Kelimeler: Endofitik funguslar, Pelargonium graveolens, Tibbi ve aromatik bitkiler
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1. GIRIS

Endofitik funguslar, yasam dongiilerinin tamamini veya bir kismini, konuk¢u bitki doku ve
organlart igerisinde herhangi bir digsal hastalik belirtisine neden olmaksizin siirdiiren
mikroorganizmalardir (Gao et al., 2025; Shruthi et al., 2026). Parazit veya patojenlerin aksine
bu funguslar, her iki tarafin da dengeli bir etkilesimden kazang sagladigi mutualistik ortakliklar
kurabilmektedir (Gao et al., 2025). Evrimsel siiregte bitkilerle birlikte gelisen bu
mikroorganizmalar, konukgu bitkinin i¢ ortamina dogal bir uyum saglama yetenegine sahiptir
(Sofian et al., 2025). Endofitlerin bitki dokular1 i¢indeki gesitliligi, bollugu ve fonksiyonel
rolleri; toprak tipi, iklim ve besin mevcudiyeti gibi ¢evresel faktorlerin yani sira hem bitkinin
hem de fungusun genotipleri tarafindan sekillenmektedir (Sofian et al., 2025).

Son yillarda endofitik funguslar, tip ve tarim alanlarinda sunduklari genis spektrumlu
biyoteknolojik potansiyel nedeniyle yogun ilgi gérmektedir. Tibbi acidan bakildiginda, bu
funguslar tarafindan iretilen sekonder metabolitlerin serbest radikalleri siipiirerek hucreleri
korudugu; anti-inflamatuar, anti-timor ve antioksidan 6zelliklere sahip farmasotiklerin
gelistirilmesinde degerli bir kaynak teskil ettigi bilinmektedir (Gao et al., 2025). Tarimsal
acidan ise endofitler, siirdiiriilebilir {irlin verimliligi ve hastalik yonetimi igin “cevre-dostu”
biyo-ajanlar olarak one ¢ikmaktadir (Shruthi et al., 2026). Ozellikle sentetik fungisitlerin
yaygin ve hatali kullanimindan kaynaklanan cevresel ve saglik sorunlari, biyolojik kontrol
ajanlarina olan ihtiyaci artirmigtir (Manathunga et al., 2024).

Endofitik funguslar, bitki koruma ve gelisiminde hem dogrudan hem de dolayli mekanizmalar
araciligiyla rol oynarlar. Bu mekanizmalar arasinda; besin ve alan rekabeti, antifungal metabolit
sentezi, litik enzim (selulaz, ksilanaz, amilaz vb.) salinimi, sistemik direncin uyarilmasi ve
mikoparazitizm yer almaktadir (Manathunga et al., 2024; Shruthi et al., 2026). Ayrica, azot
fiksasyonu ve fosfor ¢c6zme yetenegine sahip endofitlerin, bitki biiylime parametrelerini dnemli
Olciide iyilestirdigi pek ¢ok c¢alisma ile ortaya konmustur (Gao et al., 2025). Gorsel 1'de
Ozetlendigi lizere, endofitik funguslar konukgu bitkiyle ¢ok yonlii bir etkilesim kurarak hem
bitki saghigimm 1iyilestirmekte hem de degerli biyoaktif bilesiklerin sentezine olanak
tanimaktadir. Literatiirde Acremonium, Alternaria, Aspergillus, Fusarium, Penicillium ve
Trichoderma gibi pek ¢ok cinsin biyolojik kontroldeki kritik rolleri 200'den fazla arastirma ile
desteklenmistir (Manathunga et al., 2024).
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Mekanizmalar ve Biyogesitillik

. Bitki Gelisim Mekanizmalari

Funguslar blyumeyi tesvik eder,
azot fiksasyonu saglar ve Urin
verimilligini artinr.

anti-inflamatuar % mgilélzfg::r?u

Endofitik Etkilesim i

Funguslar yaprak ve bitki dokularinda
simbiyotik bir etkilesim kurarak il 2
koruma kalkani olusturur.

Gorsel 1. Endofitik funguslar ile konukc¢u bitki arasindaki simbiyotik etkilesimlerin temel
mekanizmalari ve biyolojik etkileri.

Misir, bugday ve piring gibi temel {iriinlerde endofit ¢esitliligi genis 6l¢iide arastirilmis olsa da,
tibbi ve aromatik bitkilerin i¢sel mikrobiyotast halen kesfedilmeyi bekleyen biyoaktif bilesik
kaynaklart barmmdirmaktadir (Shruthi et al.,, 2026). Bu simbiyotik mikroorganizmalarin
dogadaki yayginligi bilinse de; tiir ¢esitliligi, konukgu araligi ve cografi dagilimlart hakkindaki
bilgiler heniiz sinirhidir (Masumi et al., 2015). Bugiine kadar ¢ok az sayida bitki tiirii, endofit
biyocesitliligi ve sekonder biyoaktif metabolit iiretme potansiyeli agisindan detaylica
incelenmistir (Kamyab et al., 2024).

Geraniaceae familyasina ait olan Pelargonium graveolens (itir), tibbi ve aromatik 6zellikleri ile
one ¢ikan baskin bir bitki tiiriidiir. Geleneksel tipta genis bir kullanim yelpazesine sahip olan
bu bitki; nefrit, yara iyilesmesi, ates, soguk alginligi, inflamasyon ve ¢esitli gastrointestinal
hastaliklarin tedavisinde yiizyillardir kullanilmaktadir (Cavar & Maksimovic, 2012; Hsouna &
Hamdi, 2012). Bitkinin toprak {istii kisimlarindan elde edilen esansiyel yaglar; sitronellol,
geraniol ve linalool gibi terpenoidler acisindan zengin olup, parfiimeri, kozmetik ve gida
sanayinde degerli bir hammadde teskil etmektedir. Son yillarda yapilan farmakolojik
aragtirmalar, P. graveolens ekstraktlarinin giiglii antimikrobiyal, antiinflamatuar ve antioksidan
aktiviteler sergiledigini ortaya koyarak, bu bitkinin sentetik koruyuculara ve terapotik ajanlara
dogal bir alternatif olma potansiyelini pekistirmistir. Ozellikle bitki dokularmda konukgu ile
simbiyotik bir iliski i¢cinde yasayan endofitik funguslar, bu biyobilesenlerin sentezlenmesinde
ve bitkinin gevresel stres faktorlerine kars1 diren¢ kazanmasinda kritik bir rol oynamaktadir
(Diedericks et al., 2024).

Bu galismanin amaci, Tiirkiye florasinda 6nemli bir yere sahip olan P. graveolens bitkisinden
endofitik funguslar1 izole etmek, morfolojik yontemlerle tanimlamak ve bu bitkinin fungal
cesitliligini ortaya koymaktir. Elde edilen bulgularin, siirdiiriilebilir tarim uygulamalarinda ve
yeni biyokontrol ajanlarinin gelistirilmesinde temel olusturmasi hedeflenmektedir.

2. MALZEME VE YONTEM

2.1. Orneklerin Toplanmasi
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P. graveolens 6rnekleri 19.12.2025 tarihinde, Kocaeli Universitesi Arslanbey Yerleskesinde
koordinatlar1 verilen (40,70748 °K ve 30,02631 °D) bolgeden toplanmistir (Gorsel 2). Bitki
organlarinin (yapraklar, govde) gorsel incelemesine dayanarak yeterince olgun, saglikli ve
hastalik belirtisi gdstermeyen 6rnek bitkiler secilmistir. Orneklenen her bitki steril bir tiip
icerisine yerlestirilmis, agz1 sikica kapatilmis ve etiketlenmistir. Ornekler, toplandiktan sonra
laboratuvara getirilmis ve bekletilmeden izolasyona hazirlik agsamasina geg¢ilmistir.

Gorsel 2. Arastirma kapsaminda endofit izolasyonu amaciyla Kocaeli Universitesi Arslanbey
Yerleskesi'nden toplanan saghkh P. graveolens (Itir) bitkisinin genel goriiniimii (A) ve é6rnekleme
alaninin genel goriiniimii (B).

2.2. Izolasyon icin Parcalarin Hazirlanmasi

Bitkiler, camur ve kalintilar1 temizlemek i¢in musluk suyuyla dikkatlice yikanmis ve oda
sicakliginda havlular {izerinde kurumaya birakilmistir. Kabin igerisinde bitki kisimlari, steril
penset/bistiiri ile kullanilarak kiiciik pargalara (yaklasik 0,5 cm2) boliinmiistiir.

2.3. Ornek Yizeylerinin Sterilizasyonu

Ornekler, mumsu tabakay1 uzaklastirmak ve yiizeydeki mikroorganizmalari 6ldiirmek igin 30-
60 saniye boyunca %70'lik etanole ardindan, 6rneklerin doku yapisina bagli olarak daha ileri
sterilizasyon igin 1-3 dakika boyunca %2,5'luk sodyum hipoklorite daldirilmistir. Sodyum
hipokloritin ndtralizasyonu ve sodyum kalintilarini azaltmak i¢in hipoklorit sonras1 70% etanol
ile 30-60 saniye hizli yikama yapilmistir. Daha sonra pargalar steril distile su ile her biri 30-60
saniye olacak sekilde ii¢ kez durulanmistir. Yiizey sterilizasyonu protokoliiniin etkinligini test
etmek i¢in son yikama suyundan 100 pL PDA plaklarina eklenmistir. Bu plaklar diger plaklarla
birlikte inkiibasyona birakilmistir. Herhangi bir biiyiimenin goriilmesi, yiizey sterilizasyonunun
epifitleri yok etmek icin yeterli olmadigini, sterilizasyonun basarisiz oldugunu ve daha uzun bir
sterilizasyon siiresine ihtiya¢ duyuldugunu gostermektedir.

2.4. Kiltire Alma

P. graveolens bitkisinin tek bir kismina (yaprak, govde) ait 4-5 adet parga, streptomisin ilave
edilmis PDA (Patates Dekstroz Agar) besiyeri iceren plak iizerine yerlestirilmis ve karanlikta
25°C'de 15-20 giin boyunca inkiibe edilmistir. Streptomisin endofitik bakterilerin gelismesini
engellemek i¢in besiyerine eklenmistir.
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Yalnizca bitki dokularin iginden yavasca biiytlidiigii goriilen funguslar endofit olarak kabul
edilmistir. Hizli biiyliyen funguslar1 ve yiizey kontaminasyonlarini igeren plaklar
degerlendirilmemistir.  Izole edilen funguslar, antibiyotik icermeyen PDA besiyerinde
saflagtiritlmistir. Her bir fungal izolattan hif ucu izolasyonu yapilmis ve morfolojik incelemeler
icin saklanmustir.

2.5. Hif ucu izolasyonu

Plaklardan inkibasyon siresinin sonunda Ozellikle bitki parcalarinin kenarlarindan ¢ikan
kolonilerin ucundan steril mantar delici (5 mm) ile parga alip yeni PDA plaklarina aktarilmistir
(Gorsel 3). Tek tip koloni elde etmek icin tekrar tekrar alt kiiltiir yapilmistir. Hif ucu izolasyonu
yapilmus kiiltiirler ile alt kiiltiirler PDA besiyeri lizerinde ve 25°C'de 10 giin inkiibe edilmistir.
[zolatlar, 4°C'de saklanmustir.

Gorsel 3. PDA besiyerine ekilen bitki segmentlerinin kenarlarindan gelisen primer fungal
kolonilerin, steril mantar delici yardimiyla saflastirilmak iizere alt Kiiltiirlere aktarilma asamasi.

2.6. Fungal Endofitlerin Mikroskobik Teshisi

[zole edilen fungal endofitlerin morfolojik tanis1; koloni rengi, biiyiime hiz1 ve misel yapisi gibi
makroskopik ozelliklerin yani sira hif segmentasyonu, spor yapisi ve iireme organlarinin
mikroskobik incelemesine dayanarak yapilmistir. Elde edilen mikroskobik goriintiiler ve
kiiltiirel karakteristikler literatiirde yer alan tip tiir gorselleri ile karsilastirilarak teshis
edilmistir.

2.7. Veri analizi

Fungal izolatlarin makroskobik ve mikroskobik 6zellikleri, dijital goruntiileme teknikleri
kullanilarak kayit altina alinmistir. Kiiltiir plaklarinin fotograflar1 cep telefonu kamerasiyla,
mikroskobik preparatlarin fotograflari ise Olympus CX43 bilesik kamerali 151k mikroskobunda
cekilmis; Olympus CellSens yazilimi ile cekilen fotograflar kaydedilmistir. Elde edilen
goriintiiler, morfolojik yapilarin literatiirdeki referans gorsellerle karsilagtirmali analizi igin
kullanilmistir.
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3. BULGULAR ve TARTISMA

Yiizey sterilizasyonundan sonra 1tir bitkisinden toplam alt1 yaprak pargasi ile yedi govde parcasi
PDA iizerinde inkiibasyona birakilmistir (Gorsel 4a-b). Bitki pargalariyla ayn1 zamanda son
yikama suyundan ekim yapilan plaklar da incelenmis ve plaklarda herhangi bir biiyiime
gozlenmemistir (Gorsel 4¢). Bu ylizey sterilizasyonunun etkili oldugunun gostergesidir.

Gorsel 4. Itir bitki parcalarimin ve sterilizasyonda son yikama suyunun PDA iizerinde
inkiibasyonunu gosteren fotograf (a,b); inokiilasyondan yedi giin sonra cekilmis son yikama
suyuna ait fotograf (c).

Itir bitkisinin pargalarini igeren PDA plaklarinda biiyliyen funguslardan hif ucu izolasyonu
yapilmis, elde edilen saf kiiltiirlerin morfolojik tanimlama i¢in hem koloni fotograflari hem de
mikroskopla ¢ekilen hif, spor, konidi goriintiileri incelenmistir. Gorsel 5'de gosterildigi gibi,
bes morfolojik olarak farkli fungus basariyla izole edilmis ve saflastirilmistir. Izolasyon
caligmalar1 sonucunda bes morfolojik olarak birbirinden belirgin bigimde farklilasan fungal
izolat elde edilmistir. Bu izolatlar IG21, 1Y22, IY12, IY11 ve IY31 kodlariyla kayit altina
alinmastir.
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N

Y11 — ‘ 1G21

Gorsel 5. P. graveolens kaynakh endofitlerin izolasyon ve saflastirma asamalari. Gorselde, bitki
doku segmentlerinin 10 giinliik inkiibasyonu (Ust sira, Itir 1-3)) ile hif ucu izolasyonu sonrasi elde
edilen saflastirilmis IY11, IY12, 1Y22, 1Y31 ve IG21 izolatlarimn Kiiltiirel ozellikleri
gorialmektedir.

Her bir izolat i¢in koloni morfolojisi (6n ve arka yiiz) ve mikroskobik yapilar sistematik bicimde
tanimlanmistir. Bunlar arasinda plaklardaki koloni 0Ozellikleri, ters koloni rengi, pigment
difiizyonu, sporofor ve spor zinciri 6zellikleri yer almaktadir. Koloni morfolojileri hif ucu
izolasyonundan sonra elde edilen saf kiiltiir plaklarina gore belirlenmistir. Mikroskopta yine bu
klltirlerden alinan Ornekler incelenmistir (Gorsel 6). Elde edilen veriler Cizelge 1'de
Ozetlenmistir.
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Gorsel 6. P. graveolens bitkisinden elde edilen endofit fungus izolatlarimin hif ve konidi
morfolojilerinin 151k mikroskobu altindaki goriiniimii (Buyutme: 40X objektif).

Cizelge 1. Morfolojik olarak tammmlanan mantar tiirlerinin listesi, morfolojik ozellikleri ve
izolasyonun yapildig1 doku kaynagi ile birlikte verilmistir.

Kod Morfolojik yap1 Doku Olasi endofit
fungus
IY11 Koloni rengi koyu kahverengiden siyah- Yaprak  Aspergillus sp. (El-
kahveye; yogun melanin pigmentasyonu; shafey et al., 2021;
ylizey kadifemsi-mat, bliylime paterni Yasser et al., 2020)

asimetrik, loblu, diizensiz; konsantrik zon
yok; mikroskop gozlemi septali, hiyalin-
soluk yesil hifler; hiflerde dallanma dik ac1l1

IY12 Koloni rengi beyaz-krem zemin; Yaprak  Aspergillus sp. (El-
sporulasyon rengi tar¢in-kahverengi; shafey et al., 2021;
konsantrik zonlanma ¢ok belirgin; tekstiirii Yasser et al., 2020)

pamuksu ve tozlu halka; mikroskop gozlemi
septal1, hiyalin; hiflerde dallanma diizenli,
dik acilt; konidi sekli silindirik — yuvarlak
uclu; konidi rengi hiyalin

IY22  Koloni 6n ve arka yiizii rengi zeytin yesili- Yaprak  Aspergillus sp. (El-
kahverengi; merkezi sari-krem, acik; shafey et al., 2021;
sporulasyon rengi koyu zeytin-kahve; Yasser et al., 2020)

tekstiirli kadifemsi-toz; zonlanma ¢ok
belirgin konsantrik; mikroskop gozlemi
hiyalin, septali hifler, hiflerde dik a1l

dallanma
IY31 Koloni rengi tamamen beyaz, pigment yok; Yaprak  Fusarium sp. (Yasser
Tekstiirii ipeksi-pamuksu, yliksek aerial et al., 2020)

misel; radyal biiyiime ¢ok belirgin, uzun
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radyal hif demetleri; simetrik biiyiime; kenar
diizenli, tam dairesel, konsantrik zon yok;
mikroskop gozlemi hifler septali, hiyalin, i¢i
graniillii/dolgulu hiicre zincirleri; hiflerde

dallanma dik agili

IG21  Koloni 6n yiizii koyu gri-kahve renginde, Govde  Alternaria sp. (Saad
sklerotia, yogun sporulasyon; koloni arka etal., 2018, 2019;
ylizii siyah-kahve melanize pigment; konidi Yasser et al., 2020)

rengi agik kahverengi; mikroskop gozlemi
hifler septali, dallanmis konidiyofor

Bu c¢aligmada P. graveolens bitkisinin gévde ve yaprak dokularindan yiizey sterilizasyonu
uygulanarak bes farkli morfolojik tipte endofitik fungus izole edilmistir. Elde edilen izolatlar
Alternaria, Aspergillus ve Fusarium cinslerini temsil etmektedir. Bu sonug, P. graveolens
bitkisinin endofitik fungus ¢esitliligi agisindan zengin bir konuk¢u olduguna isaret etmektedir.
Arnold (2007), tropikal ve subtropikal bitkilerde yaprak basina 1-10 endofitik fungal tir
saptandigini bildirmis olup bu ¢alismada elde edilen bes izolat bu aralikla uyumludur (Arnold,
2007).

Yaprak dokusundan izole edilen izolatlarin (IY22, IY12, IY11, IY31) gbvde izolatina (1G21)
kiyasla daha yiiksek tiir ¢esitliligi sergilemesi dikkat ¢ekicidir. Porras-Alfaro ve Bayman
(2011), yaprak endofitlerinin kok ve govde endofitlerine kiyasla genellikle daha yiiksek
cesitlilik gosterdigini vurgulamistir; bu durum yaprak yiizeyinin atmosferik ve toprak kokenli
fungus sporlarina kars1 daha fazla maruz kalmasiyla agiklanabilir (Porras-alfaro & Bayman,
2011).

P. graveolens’in endofitik fungal topluluguna iligskin yayin sayisi oldukg¢a sinirlidir. Mevcut
caligmalar agirlikli olarak Alternaria ve Fusarium tiirlerini 6n plana ¢ikarmakta olup bu
caligmadaki bulgular bu kapsamla uyumludur.

Pelargonium tiirleri, ugucu yag icerikleri ve genis kullanim alanlar1 (parfiimeri, aromaterapi,
bitkisel tip) nedeniyle 6nemli aromatik bitkiler arasinda yer almaktadir. Bu bitkilerden izole
edilen endofitik funguslar birden fazla ag¢idan bilimsel deger tasimaktadir. Hyde ve Soytong
(2008), endofitik funguslarda biyoaktif bilesik iiretiminin konuk¢u metabolizmasiyla
etkilesimden kaynaklanabilecegini ve bu izolatlarin yeni antimikrobiyal ajan kesfi i¢in degerli
kaynaklar olusturdugunu vurgulamistir (Hyde & Soytong, 2008).

Bu calismada uygulanan morfolojik tanimlama yontemi, koloni ve mikroskobik verilerin
birlikte degerlendirilmesine dayanmaktadir. Tiim izolatlar i¢in morfolojik degerlendirme cins
diizeyinde tani i¢in yeterli olmakla birlikte tiir diizeyinde kesin tani i¢in yetersiz kalmaktadir.
Bu nedenle kesin tan1 molekiiler dogrulama ile tamamlanmalidir.

4. SONUC

Calisma sonucunda P. graveolens bitkisinin genis bir endofitik fungus spektrumuna sahip
oldugu goriilmiistiir. Bu verilerin, bitki-mikroorganizma etkilesimlerinin bitki saglig
tizerindeki etkilerini inceleyecek gelecek arastirmalara 151k tutacagi degerlendirilmektedir.
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Ozellikle tespit edilen baskin tiirlerin, 1tir bitkisine dzgii ugucu yag bilesenlerinin sentezi

tizerindeki etkilerinin arastirilmasi, tarimsal verimlilik ve endiistriyel {iretim agisindan yeni
ufuklar agabilir. Gelecek calismalarda, bu endofitlerin molekiiler tanimlamalarinin yapilmasi,
biyokontrol ajanlart olarak kullanilmasi ve spesifik sekonder metabolit iiretim kapasitelerinin
in vitro kosullarda test edilmesi onerilmektedir.
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OZET

Diinyada en yaygin tiiketilen igeceklerin baginda gelen kahvenin {iretim siirecinde agiga ¢ikan
kullanilmis kahve atiklar1 (KKA), icerdikleri zengin biyoaktif bilesiklere ragmen genellikle
cevresel kirlilik riski olusturarak bertaraf edilmektedir. Ancak KKA, klorojenik asit ve kafein
gibi biyolojik aktivitesi yiksek sekonder metabolitler agisindan zengin bir kaynak teskil
etmektedir. Bu calisma, siirdiiriilebilir bir atik yonetimi yaklagimiyla KKA’dan elde edilen
biyo-yag ve etanol ekstraktlarinin, tarimsal tiretimde ciddi ekonomik kayiplara ve mikotoksin
kirliligine neden olan fitopatojenik funguslar (Aspergillus flavus, Alternaria alternata ve
Rhizopus oryzae) iizerindeki antifungal etkilerini belirlemeyi amaglamaktadir. Arastirma
kapsaminda, KKA’dan piroliz yontemiyle biyo-yag ve ultrasonik destekli ekstraksiyon
yontemiyle etanol 6ziitii elde edilmistir. Elde edilen bu iirlinler, patojenlerin gelisimini test
etmek amaciyla 500, 1000, 2000 ve 4000 ppm konsantrasyonlarinda besi ortamlarina
eklenmistir. Yedi giin siiren inkiibasyon periyodu boyunca funguslarin misel biiyiime alanlar1
dijital gortintiileme ve Imagel yazilimi araciligiyla hassas bir sekilde dl¢iilmiistiir. Arastirma
bulgular;, KKA ekstraktlarinin o6zellikle A. alternata iizerinde doz bagimli ve giiclii bir
inhibisyon etkisi gosterdigini, 4000 ppm dozunda gelisim hizin1 yaklasik %50-65 oraninda
baskiladigini ortaya koymustur. Buna karsin, A. flavus ve R. oryzae gibi daha agresif turlerin
bu ekstraktlara kars1 daha direngli oldugu ve hizli bir adaptasyon evresine girerek petri kaplarini
kisa siirede kapladig1 gozlemlenmistir. Sonug olarak, kullanilmis kahve atiklarinin belirli bitki
patojenlerine kars1 dogal ve ekonomik bir biyofungisit kaynagi olma potansiyeli tasidigi, ancak
daha genis spektrumlu bir kontrol i¢in farkli formiilasyonlarin gelistirilmesi gerektigi sonucuna
varilmistir.

Anahtar Kelimeler : Kullanilmis kahve atiklari, Antifungal, Aspergillus flavus, Alternaria
alternata, Rhizopus oryzae

95



ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

1. GIRIS
Kahve (Coffea sp.), diinyadaki en Onemli tarimsal iriinlerden ve tiiketilen en popiiler
iceceklerden biridir, ayrica petroliin ardindan kiiresel olarak en ¢ok ticareti yapilan ikinci

emtiadir. Kahve Rubiaceae familyasma aittir. Ug yaygin kahve tiirii Robusta, Arabica ve
Liberica’dir. Diinya ¢apinda tiretilen kahvenin %75-80'i Arabica ve %20'si Robusta'dir.

Kahve, Coffea bitkisinin kavrulmus tohumlarindan hazirlanan, belirgin bir aroma ve tada sahip
demlenmis bir i¢ecektir. Kahve, 850'si ugucu ve 700" ¢oziiniir olmak tizere 1500'den fazla
kimyasal maddeden olusur. Kahve suyla ¢oziildiigiinde, yaglar, lipitler, trigliseritler ve yag
asitleri de dahil olmak tizere hidrofobik bilesiklerin ¢oguyla, seliiloz ve ¢esitli sindirilemeyen
sekerler gibi c¢oziinmeyen karbonhidratlar telvede kalir. Kahvede ayrica yapisal lignin,
koruyucu fenolikler ve aroma iireten ugucu yaglar da bulunmaktadir (Padmapriya ve dig.,
2013).

Kullanilmig kahve atig1 (KKA), hazir kahve kullaniminin baglica yan iirlinlerinden biridir ve
ekonomik deger eksikligi nedeniyle genellikle atik olarak atilirlar. KK Alar1 bertaraf etmek i¢in
kullanilan geleneksel yontemler arasinda kati atik olarak dogrudan ¢Op sahasimna ve
kanalizasyona atilmas1 yer alir. Ancak toksik yapisi ve organik bilesikleri nedeniyle cevre
kirliligine neden olabilir, sizan organik madde ¢evre ve insan sagligini tehdit edebilir. Bagka
bir bertaraf yontemi de yakmadir, ama yakma islemiyle ortaya ¢ikan partikiil maddenin
cevredeki hava kalitesi ilizerinde zararli bir etkisi olabilecegi icin istenmemektedir. Bu
yontemler ¢evre i¢in oldukga zararlidir ve bu nedenle daha iyi bir KK A atik yonetimi gereklidir
(Leow ve dig., 2021).

KKA, degerlendirilmesini gerekli kilacak kadar cok miktarda organik bilesik (yani yag asitleri,
lignin, seliiloz, hemiseliiloz ve diger polisakkaritler) igerir. Bazi aragtirmacilar, KKA’min
cesitli degerli bilesikler i¢in biyolojik kaynak olarak degerlendirilip degerlendirilemeyecegini
aragtirmistir. Ornek olarak biyodizel iiretiminde (Caetano ve dig., 2012), seker kaynagi olarak
(Mussatto ve dig., 2011), aktif karbon iiretiminde (Kante ve dig., 2012; Pappa ve dig., 2012;
Reffas ve dig., 2010; Tsai ve dig., 2012), kompost olarak (Preethu ve dig., 2007) ve metal
tyonlarinin uzaklastirilmasi i¢in sorbent olarak (Fiol ve dig., 2008; Oliveira ve dig., 2008)
kullanimi aragtirilmistir (Pujol et al., 2013).

Genel olarak KK A’lar, kahvenin tiirtine baglh olarak %7 ila %15 agirlik oraninda kahve yagi
icerir. Kahve yagi esas olarak monogliseritler, digliseritler, trigliseritler ve serbest yag
asitlerinden olusur. Linoleik, palmitik, oleik ve stearik asitler yag asitlerinde en sik bulunan
kimyasallardir. Kahve yagiin geri kalan bilesimi, mumlar, fosfatitler, tokoferoller, steroller ve
diterpenler gibi sabunlastirilamayan bilesiklere atfedilebilir. Kahve yag1 ayrica kozmetik veya
gida endiistrileri i¢in uygun olan antioksidan aktivite de gostermektedir (Leow ve dig., 2021).

KKA gibi karmagik bir karisima deger katmanin ilk adimi, kavurma iglemi sirasinda kimyasal
degisimler de dahil olmak {izere karigimda bulunan bilesiklerin anlasilmasidir. Tanimi geregi,
kavrulmus kahve tozundan KK A’da bulunan bilesikler, igecegin iiretimi sirasinda ¢ikarilmamais
bilesiklerdir. Igecek olarak hazirlanan kahvede diisiik molekiiler agirlikli biyoaktif bilesikler
arasinda kafein, klorojenik asitler (CGA), trigonellin, triptofan alkaloidleri ve kafestol ve
kahweol gibi diterpenler bulunur. Ayrica, sicak demleme islemleriyle iiretilen bir icecek olarak
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kahve, yetistirme ve hasat sonrasi kosullara gore degisen yaklasik bin farkli ugucu organik
bilesik icermektedir. Sicak demleme kahvenin iiretiminden sonra kalan KKA, %8-15 seliiloz
ve %30-40 hemisellloz, %20-30 lignin, %7-21 lipid ve mineral ve %13-17 protein gibi
makromolekiilleri, fenolik bilesikleri (12 mg/g), kafeini (14,5 ng/g) ve CGA'y1 (31,8 ng/g)
icermektedir (Bevilacqua ve dig., 2023).

Bitkileri korumak i¢in sentetik fungisitler yaygin olarak kullanilmaktadir ancak direng gelisimi
ve cevresel endiseler nedeniyle bunlarin yerine alternatif, dogaya dost yeni fungisitler
arastirilmaktadir. Simdiye kadar kahvede bulunan biyoaktif maddelerden CGA, insan sagligina
yonelik cesitli yararli 6zellikler gosterdiginden, 6rnegin glikoz ve lipit metabolizmasinin
diizenlenmesi, antikarsinojenik etkiler, kan basincinin diistiriilmesi, bilissel ve néroprotektif
etkiler nedeniyle esas olarak gida bilimleriyle ilgili bir antioksidan olarak incelenmistir.
Bununla birlikte, CGA ayn1 zamanda antimikrobiyal aktivite de gsterebilir. Ornek olarak insan
patojenik mayas1 Candida albicans'in biiylimesini engelleyebildigi bildirilmistir (Sung ve Lee,
2010). Baska bir calismada giil yapraklarindaki kiilleme siddetini azaltmistir (Shetty ve dig.,
2011). Ayrica, yiiksek CGA seviyelerine sahip transgenik domates bitkileri, bakteriyel patojen
Pseudomonas syringae'ye karsi gelismis direng gostermektedir Niggeweg ve dig., 2004). CGA,
in vitro galigmalarda genis bir antifungal aktivite gostermis, test edilen doza ve mantara bagli
olarak sporlarin ¢imlenmesinin tamamen engellenmesini veya hif uzunlugunun azalmasini
saglamistir (Martinez ve dig., 2017). Etken madde olarak yine CGA kullanilan bir ¢alismada,
Botrytis cinerea miselyumunun buyimesinin engellendigi ve 25 °C'de depolanan seftali
meyvesinde B. cinereanin lezyon capmin ve spor iretiminin etkili bir sekilde azaldigi
bildirilmistir. In vitro deneyler, CGA'nin mantar spor ¢imlenmesini, germ tiipii uzamasini,
hiicre canlilifin1 ve misel penetrasyonunu engelledigini gostermistir (Dai ve dig., 2024).
Ayrica, CGAdan bagka bitkilerde kimyasal savunma i¢in tanimlanan bir alkaloid olan kafein,
antibakteriyel ve antifungal aktivitelere sahiptir (Mirén-Mérida et al., 2019).

Literatiirde KKAlarindan elde edilen ekstraktlarin antifungal etkisine dair bir ¢aligmaya
rastlanmamistir. Ancak icerigindeki CGA ve kafeinden dolayr tarimsal iiriinlerde 6nemli
kayiplara neden olan farkli fitopatojenik funguslarin biiylimesini kontrol edip edemeyeceginin
arastirilmasinin gerekli oldugu diistiniilmiistiir. Bu sekilde hem ¢evreye zararli atiklarin katma
degeri yiiksek ve ¢cevreye olumlu katki saglayacak bir iiriine doniistiiriilmesi, hem de sentetik
fungisitlere bir alternatif gelistirilmesi ongoriilmektedir.

Sonug olarak kahve, dinyada en c¢ok tiiketilen iceceklerden biridir ve petrolden sonra en ¢ok
islem goren ikinci emtiadir. Bununla birlikte, kahve endiistrisinin biiylik miktarlarda ciddi
cevresel sorunlara neden olan kat1 atik artiklar1 bulunmaktadir ve dolayisiyla stirdiiriilebilir
cozlmler gelistirmek i¢in galismalara ihtiyag vardir.

Bu projenin amacit KKAndan ¢ikarilmis kahve ekstraktinin in vitro olarak ¢esitli fitopatojenik
kiiflere kars1 antifungal etkinligini gostermektir.

2. MALZEME ve YONTEMLER

2.1. Mikroorganizmalar ve biiyiime kosullari
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Calismada fitopatojenik fungus olarak Kocaeli Universitesi Ziraat Fakiiltesi Bitki Koruma
Boliimii mikrobiyoloji laboratuvarindan temin edilen Aspergillus flavus, Alternaria alternata,
ve Rhizopus oryzae kullanilmistir (Gorsel 1). Biiyiime ortami olarak 90 mmlik steril plastik
Petri kaplarinda Potato Dextrose-Agar (PDA) hazirlanmistir. PDA petri kaplarina asilanmis
funguslar 28 °C inkiibatdrde yedi giin boyunca biiyiitiilmiistiir.

Gorsel 1. Calismada kullamilan funguslar A) Aspergillus flavus B) Alternaria alternata C) Rhizopus
oryzae

2.2. KKAndan piroliz ve ekstraksiyon islemleri

Lokal kahve diikkanlarindan toplanan filtre kahve atiklar1 6ncelikle laboratuvara getirilmis ve
70 °C de sabit tartim agirhi@ina gelene kadar etiivde kurutulmustur. Kurutulan kahve
atiklarindan piroliz yoluyla KKA yagi, etanol ekstraksiyonuyla KKA 6ziitii elde edilmistir.
Ultrasonik destekli etanol ekstraksiyonu igin 6nce kurutulmus kahve atig1 dgiitiilerek partikiil
boyutu kiiciiltiilmiistiir. Coziicli olarak %70 (h/h) etanol karisimi hazirlanmigtir. 500 mg kahve
at1g1 etanol igeren (1:15 g/ml kati:sivi oraninda) bir santrifiij tlipline aktarilmis ve 90°C'de 45
dakika stireyle %75 giigte tutulmustur. Daha sonra karisim 5000 rpm'de 10 dakika santrifiij
edilmistir. Santrifiijden sonra tiipteki supernatant etiivde 40°C - 45°C sicaklikta etanolii
tamamen ugana kadar yogunlastirilmistir (Gorsel 2).
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Gorsel 2.
Ultrasonik
destekli etanol

ekstraksiyon islemi basamaklar1 A. Kahve atig1 ile %70 (h/h) etanoliin karistirilmasi1 B)
Ultrasonik banyoda inkiibasyon C) 5000 rpmde santrifiijleme D) Supernatantin ayrilmasi E)
Etiivde supernatanttan etanoliin uzaklastirilmasi1 F) Antifungal etki testlerinde kullanilan 6ziit

2.3. Antifungal Aktivite Denemeleri

Piroliz ve ultrasonik destekli etanol ekstraksiyon sonucu elde edilen yag ve oziit son
konsantrasyonlar1 500, 1000, 2000 ve 4000 ppm olacak sekilde PDA ortamina eklenmistir. A.
flavus ve A. alternata igin yedi giinliik fitopatojenik kiiltiirlerden alinan misel diskleri (cap1 6
mm) bu ortamla doldurulmus Petri plaklara uygulama ve konsantrasyon bagina ii¢ plak olacak
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sekilde aktarilmustir. R. oryzae i¢in ise hazirlanmis spor stispansiyonu kullamlmustir. Negatif
kontrol olarak sadece PDA ortami iceren plaklar kullanilmigtir (Gorsel 3).

Gorsel 3. Her bir doz (Kontrol, 500, 1000, 2000 ve 4000 ppm) icin hazirlanmis PDA ortamlar: B)
Mantar delici ile A. flavus ve A. alternata inokilasyonu C) Spor siispansiyonundan R. oryzae
inokulasyonu D) inokiilasyondan hemen sonra Kiiltiir ortamlar

Ayrica sadece kurutulmus kahve atig1 da PDA ortamina son konsantrasyonlar1 1000, 2000 ve
4000 ppm olacak sekilde eklenmis, ortamdaki kahve atiginin dogrudan etkisi 6l¢iilmiistiir
(Gorsel 4).
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Gorsel 4. Farkh dozlarda hazirlanmis KKA+PDA ortamlar

Yedi giin, 28 °C’de ve karanlikta inkiibe edilen kiiltiirler icin miselyal biliyiime, her tekrar icin
bliylime alaninin hesaplanmasiyla belirlenmis ve sonuglar % biiylime olarak verilmistir.
Biiylime alani1 6l¢iimleri ImageJ programi ile yapilmistir. Her bir doz ve zaman aralig1 i¢in misel
yayilim alani, toplam petri alanina oranlanarak normalize edilmistir.

Tim deneysel prosediirler ii¢ kez yiriitiilmiis ve sonuglar {i¢ tekrarin ortalamasi olarak
verilmigtir.

3. BULGULAR ve TARTISMA
3.1. KKA Yagmn Fitopatojenik Funguslar Uzerindeki Etkisi

A. alternata kultirlerine ait in vitro fotograflar (Gorsel 5) ve bu fotograflardan elde edilen
biiylime yiizdesi grafigi (Gorsel 6) birlikte degerlendirildiginde, KKA yaginin fungus iizerinde
doz-bagimli ve zamana yayilmis bir etki mekanizmasina sahip oldugu goriilmektedir.
Fotograflarda 22. saatten 168. saate kadar olan gelisim siireci izlendiginde, 6zellikle 2000 ve
4000 ppm dozlarinda kolonilerin merkezde kisith kaldigi ve misel yogunlugunun kontrol
grubuna gore daha diisiik oldugu gézlemlenmektedir.

Grafik verileriyle bu durum nicel olarak desteklenmis; en yiiksek doz olan 4000 ppm
uygulamasinda biiyiime hizinin 168. saat sonunda kontrol grubuna kiyasla yaklagik yar1 yariya
baskilandig1 tespit edilmistir. Denemede dikkat ¢eken en dnemli bulgu, 500 ppm dozunda
biiylime egrisinin kontrol grubunun {izerine ¢ikmasidir. Fotograflarda da (6zellikle 93. ve 168.
saatlerde) goriilebilen bu durum, diisiik dozlardaki KKA yaginin fungus iizerinde baskilayici
bir etki yerine, gelisimi tetikleyen bir etki yarattigina isaret etmektedir. Ancak 1000 ppm
konsantrasyonu bir "esik deger" gorevi gérmiis ve bu dozdan itibaren fungusun yayilim alani
diisiis gostermeye baglamistir. Sonug olarak, KKA yagmin A. alternata gelisimini tamamen
durdurmasa da, yiiksek dozlarda inkiibasyon siiresi boyunca gelisimi 6nemli 6l¢iide geciktirdigi
ve morfolojik olgunlagmay1 yavaslattigi sonucuna varilmistir.
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22 saat sonra 45 saat sonra 70 saat sonra 93 saat sonra 168 saat sonra

Kontrol
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1000
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Gorsel 5. A. alternata'min PDA ortaminda farkhh KKA yag konsantrasyonlar1 (ppm) ve zaman
araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 6. A. alternata'min PDA ortaminda farkhh KKA yag konsantrasyonlarinda zamana bagh
koloni alami (%) degisimi
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A. flavus’a ait in vitro gelisim siirecini (Gorsel 7) ve doz-zaman etkilesimini (Gorsel 8) gosteren
bulgular incelendiginde, KKA yagmin fungusun yayilim hizi ve koloni morfolojisi ilizerinde
dinamik bir etkisi oldugu gézlemlenmektedir. Fotograflarda, 6zellikle ilk 45 saatlik siiregte tim
dozlarda gelisimin benzer bir lag fazinda oldugu goriilse de, 70. saatten itibaren biiyliime
oranlarinda keskin bir artis ve farklilagma meydana gelmistir. Grafik verileriyle paralel olarak,
diisiik ve orta dozlarin (500, 1000 ve 4000 ppm) gelisim yiizdesi bakimindan kontrol grubunun
tizerine ¢ikmasi, kullanilan KKA yaginin bu konsantrasyonlarda A. flavus iizerinde baskilayici
bir etki olusturamadigini, aksine fungusun metabolik aktivitesini veya ylizey yayilimini
tetikleyen bir etki yarattigini kanitlamaktadir. 168. saat sonunda kontrol disindaki tiim gruplarin
%100 biiylime oranina ulagsmasi, KKA yaginin bu dozlarda fungisidal bir 06zellik
gostermedigini; ancak 2000 ppm dozunda gbézlemlenen nispeten yavas gelisim egrisinin, bu
konsantrasyonun fungusun adaptasyon surecini diger dozlara gore daha fazla zorladigini ortaya
koymaktadir.

22 saatsonra 45 saatsonra 70 saatsonra 93 saatsonr 168 saatsonra
Kontrol u >

500
ppm

1000
ppm

2000
Ppm

4000
ppm

Gorsel 7. A. flavus'un PDA ortaminda farkh KKA yagi konsantrasyonlar1 (ppm) ve zaman
araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 8. A. flavus'un PDA ortaminda farkhh KKA yag1 konsantrasyonlarinda zamana bagh
koloni alam (%) degisimi

R. oryzae fungusuna ait gelisim siireci incelendiginde, tiirlin karakteristik 6zelligi olan son
derece agresif ve hizli yayilim kapasitesi hem fotograflarda (Gorsel 9) hem de grafik verilerinde
(Gorsel 10) agikga goriilmektedir. Diger fungus tiirlerinin aksine, R. oryzae tiim doz gruplarinda
(kontrol dahil) 45. saat gibi ¢ok erken bir evrede petri kabinin tamamini (%100 biiyiime
yiizdesi) kaplamistir. Denemenin ilk 22 saatlik diliminde doz artigina bagli olarak kismi bir
inhibisyon belirtisi (6zellikle 4000 ppm dozunda biiylimenin %40'n altinda kalmasi) saptanmis
olsa da, bu baskilayict etkinin fungusun hizli hif gelisimi karsisinda kalici olamadigi
anlasilmaktadir. 45. saatten itibaren tiim dozlarin grafik lizerinde tek bir hat halini alarak
maksimuma ulagmasi, kullanilan KKA yaginin bu konsantrasyonlarda R. oryzae (izerinde ne
fungisidal ne de uzun siireli fungistatik bir etki yaratabildigini; bu hizl1 gelisen patojene kars1
daha yuksek dozajlara veya farkli uygulama stratejilerine ihtiyag duyuldugunu ortaya
koymaktadir.
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Gorsel 9. R. oryzae'nin PDA ortaminda farkh KKA yag konsantrasyonlar1 (ppm) ve zaman
araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 10. R. oryzae'nin PDA ortaminda farkli KKA yagi konsantrasyonlarinda zamana bagh
koloni alami (%) degisimi
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3.2. Etanol Ekstraksiyon Ozituiniin Antifungal Potansiyeli

A. alternata tiiriiniin farkli konsantrasyonlardaki etanol ekstraksiyon oziitiine kars1 sergiledigi
biiylime performansi incelendiginde, denemenin son agamasina kadar (168. saat) belirgin bir
doz-yanit iliskisinin sekillendigi goriilmektedir. Fotograflarda, 6zellikle 96. saatten itibaren
kontrol grubunun diger tiim dozlara gore daha genis ve homojen bir yayilim sergiledigi, yiiksek
dozlarda ise koloni ¢apinin kisitlandig1 net bir sekilde izlenebilmektedir (Gorsel 11). Grafik
verileriyle desteklenen bu bulgulara goére; kontrol grubu 168. saat sonunda yaklasik %65'lik bir
bliylime oranina ulagarak en yiiksek yayilimi gosterirken, 2000 ve 4000 ppm gibi yiiksek dozlar
fungus gelisimini %40 seviyelerinin altinda tutarak fungistatik etki yaratmistir (Gorsel 12).
Denemede dikkat ¢eken bir diger nokta ise, 1000 ppm dozunun 96. saate kadar kontrol grubuyla
yarisir diizeyde bir gelisim goOstermesi, ancak son okuma zamaninda kontroliin altina
diismesidir; bu durum etanol ekstraksiyon Oziitiiniin etkisini tam olarak gosterebilmesi igin
zamana bagli bir esik degerinin asilmasi gerektigini ve yliksek konsantrasyonlarin A. alternata
tizerinde uzun siireli, kalic1 bir baskilama sagladigini ortaya koymaktadir.

Ayrica inkiibasyon siireci boyunca fungus kolonilerinde gozlemlenen renk degisimleri ve
dokusal farkliliklar, etanol ekstraksiyon Oziitiinlin sporlanma siireci iizerindeki baskilayici
etkisini agik¢a ortaya koymaktadir. Kontrol ve diisiik doz (500 ppm) gruplarinda, inkiibasyonun
ilerleyen saatlerinde koloni merkezinden disariya dogru yayilan yogun koyu renkli
pigmentasyon, fungusun saglikli bir sekilde generatif faza gectigini ve yogun spor iiretimine
bagladigini gostermektedir. Buna karsin, 2000 ve 4000 ppm gibi yiiksek dozlarda kolonilerin
sadece yayilim alaninin kisitlanmadigi, ayn1 zamanda renklerinin kontrol grubuna kiyasla daha
acik tonlarda kaldig1 saptanmistir. Bu durum, etken maddenin hif gelisimini baskilamasinin
yani sira, fungusun ilireme yapilarinin olgunlagsmasini ve spor verimini de dnemli Olgiide
geciktirdigine veya inhibe ettigine isaret etmektedir.
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Gorsel 11. A. alternata'min PDA ortaminda farkh etanol ekstraksiyon o6ziitii konsantrasyonlari
(ppm) ve zaman arahiklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 12. A. alternata'min PDA ortaminda farkh etanol ekstraksiyon 6ziitii konsantrasyonlarinda
zamana bagh koloni alam (%) degisimi

A. flavus’un in vitro gelisim siireci incelendiginde, fungusun agresif yayilim karakterinin tiim
doz gruplarinda baskin oldugu ve etanol ekstraksiyon 0ziitiiniin inhibisyon etkisinin olduk¢a
siirl kaldigr goriilmektedir. Fotograflarda 23. saatten itibaren baglayan hif gelisimi, 48. saatte
kontrol grubunda %80'e ulasirken, 500-4000 ppm arast dozlarda gelisimin %50-65 bandinda
kalarak kismen baskilandigr gozlemlenmistir (Gorsel 13). Ancak grafik verileriyle paralel
olarak, 71. saatten itibaren tiim doz gruplarinin hizli bir adaptasyon evresine girdigi ve 96. saat
itibartyla kontrol grubuyla benzer sekilde petri kabinin tamamini kapladigi (%100 doluluk)
saptanmistir (Gorsel 14). 168. saat sonunda tiim petri kaplarinda goézlenen yogun koyu
yesil/kahverengi pigmentasyon, fungusun sadece vejetatif buylimesini tamamlamakla
kalmayip, tiim konsantrasyonlarda yiiksek oranda sporlanma kapasitesine ulagtigini
kanitlamaktadir. Bu veriler 1s18inda, etanol ekstraksiyon 0ziitiiniin mevcut dozlarda A. flavus
tizerinde kalic1 bir fungistatik etki yaratamadigi, fungusun yiiksek adaptasyon hiziyla kimyasal
baskiy1 kisa stirede tolere ettigi sonucuna varilmistir.
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Gorsel 13. A. flavus'un PDA ortaminda farkh etanol ekstraksiyon 6ziitii konsantrasyonlar: (ppm)
ve zaman araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 14. A. flavus'un PDA ortaminda farkh etanol ekstraksiyon oziitii konsantrasyonlarinda
zamana bagh Koloni alam (%) degisimi

R. oryzae fungusuna ait in vitro gelisim stireci degerlendirildiginde, tiiriin karakteristik 6zelligi
olan son derece agresif ve hizli yayilim kapasitesi hem gorsel hem de sayisal verilerde net bir
sekilde karsimiza ¢ikmaktadir. Fotograflarda, denemenin ilk 23 saatlik diliminde doz artigina
bagli olarak (6zellikle 4000 ppm dozunda) kismi bir gelisim yavaslamasi saptanmis olsa da, bu
baskilayici etkinin patojenin yiiksek hif biiylime hiz1 karsisinda kalici olamadig1 goriilmektedir
(Gorsel 15). Grafik verileriyle uyumlu olarak, 48. saat itibariyla kontrol grubu dahil tim
dozlarimn petri kabinin tamamini kaplayarak %100 oranina ulastig1 tespit edilmistir (Gorsel 16).
48. saatten 168. saate kadar olan slirecte biiyiime egrilerinin tek bir hat lizerinde doygunluga
ulagmasi, etanol ekstraksiyon 6ziitiiniin bu konsantrasyonlarda R. oryzae tizerinde ne fungisidal
ne de uzun siireli fungistatik bir etki yaratabildigini gostermektedir. Bu bulgular, bu patojene
kars1 daha yiiksek dozajlarin veya farkli uygulama stratejilerinin gelistirilmesinin zorunlu
oldugunu ortaya koymaktadir.
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Gorsel 15. R. oryzae’nin PDA ortaminda farkl etanol ekstraksiyon 6ziitii konsantrasyonlari (ppm)
ve zaman araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 16. R. oryzae’nin PDA ortaminda farkh etanol ekstraksiyon 6ziitii konsantrasyonlarinda
zamana bagh koloni alam (%) degisimi
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3.3. Kahve Atiginin Dogrudan Etkisi

R.oryzae fungusuna karsi kahve atigmin kendisi kullanilarak gergeklestirilen denemede,
patojenin karakteristik hizi ile kahve atiginin kendisinin erken evre baskilama giicii arasindaki
denge hem gorsel hem de sayisal verilerde net bir sekilde goriilmektedir. Fotograflarda 25. saat
sonundaki ilk gézlemlerde, 6zellikle 2000 ve 4000 ppm dozlarinda koloni yayiliminin kontrol
grubuna gore oldukea kisith kaldigi ve kahve atiginin kendisinin baslangigta giiclii bir bariyer
olusturdugu saptanmustir (Gorsel 17). Grafik verileriyle paralel olarak, kontrol grubu 45. saatte
petri kabmin tamamimi kaplarken, kahve atiginin kendisi 4000 ppm dozunda ayni zaman
diliminde gelisimi %20'ler seviyesinde tutmay1 bagararak belirgin bir fungistatik tstiinliik
sergilemistir (Gorsel 18). Ancak 45. saatten sonra fungusun kahve atiginin kendisine kars1 hizli
bir adaptasyon gelistirdigi ve hif yayiliminin ivme kazanarak 118. saat itibariyla tiim dozlarda
%100 biliylime sagladigi gozlemlenmistir. Bu bulgular, kahve atiginin kendisinin R. oryzae
tizerinde baslangi¢ fazinda ¢ok etkili bir geciktirme sagladigini, fakat uzun siireli koruma igin
uygulama dozajinin veya formiilasyon stabilitesinin artirilmasi gerektigini ortaya koymaktadir.

25 saat sonra 45 saat sonra 70 saat sonra 94 saat sonra 118 saat sonra
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1000

«
2000 =
ppm E:
H
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Gorsel 17. R. oryzae’nin PDA ortaminda farkh kahve atigi konsantrasyonlar: (ppm) ve zaman
araliklarinda (saat) misel gelisimini gosteren fotograflar
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Gorsel 18. R. oryzae’nin PDA ortaminda farklh kahve atig1 konsantrasyonlarinda zamana bagh
koloni alam (%) degisimi

Bu calismada, kullanilmis kahve atiklarindan (KKA) elde edilen biyo-yag ve etanol
ekstraktlarinin farkli fitopatojenik funguslar {izerindeki etkisi incelenmis; elde edilen veriler
KKA’nin fungus tiirline ve dozajina bagli olarak degisen bir antifungal potansiyele sahip
oldugunu gostermistir. Literatiirde kahve atiklarinin igerigindeki kafein, klorojenik asit ve
cesitli fenolik bilesiklerin mikroorganizmalar {izerinde baskilayicit etkileri oldugu
bilinmektedir. Ozellikle etanol ekstraktinin A. alternata gelisimini yiiksek dozlarda (2000-4000
ppm) %40 ile %65 arasinda bir oranla kisitlamasi, bu bilesiklerin hif gelisimi tizerindeki
inhibitor etkisini destekler niteliktedir. Martinez ve dig. (2017) tarafindan yapilan ¢alismada
klorojenik asidin bir¢ok fitopatojene kars1 fungisit etkisi oldugu bildirilmis olup, bu durum
calismamizdaki etanol ekstraktinin basarisini agiklayabilir.

Denemede en dikkat ¢ekici bulgulardan biri, fungus tiirlerinin KKAya kars1 gosterdigi farkli
adaptasyon hizlaridir. R. oryzae ve A. flavus tiirlerinde, 6zellikle uygulamanin ilk 24-48 saatlik
diliminde gozlenen kismi gelisim yavaslamasi, ilerleyen saatlerde yerini hizli bir yayilima
birakmistir. Bu durum, s6z konusu patojenlerin yiiksek metabolik hizlar1 ve stres kosullarina
kars1 gelistirdikleri hizli adaptasyon yetenegi ile agiklanabilir. Ozellikle R. oryzae gibi agresif
tiirlerin, ortamdaki antifungal bilesikleri kisa siirede tolere edebildigi veya bu bilesikleri
metabolize ederek etkisiz hale getirebildigi diigiiniilmektedir. Bu bulgu, literatiirdeki KKA
ekstraktlarinin bazi tiirler iizerinde diisiik dozlarda yetersiz kalabilecegine dair goriislerle
ortiismektedir.

Calismada gozlemlenen bir diger 6nemli nokta ise diisiik konsantrasyonlarda (6zellikle 500
ppm) gorilen etkidir. Bazi doz gruplarinda fungus gelisiminin kontrol grubunun bile {izerine
cikmasi, diisiik diizeydeki kimyasal stresin fungal biliyiimeyi baskilamak yerine tetikledigine
isaret etmektedir. Bu durum, biyokontrol ¢alismalarinda dozaj optimizasyonunun ne kadar
kritik oldugunu bir kez daha gostermistir. Yiiksek dozlarda ise sadece yayilim alaninin degil,
koloni pigmentasyonunun da (sporlanma kapasitesinin) azalmasi, KKAnin hem vejetatif hem
de generatif fazlar iizerinde etkili oldugunu gostermektedir.
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4. SONUC

Bu ¢alisma, kahve endiistrisinin ana atik iirlinii olan kullanilmis kahve atiklarinin tarimsal
tiretimde ekonomik kayiplara yol acgan fitopatojenik funguslara kars1 dogal bir biyofungisit
olarak kullanilabilirligini ortaya koymustur. Calismanin bulgulari, KKA’dan elde edilen biyo-
yag ve etanol ekstraktlarinin antifungal etkisinin fungus tlriine ve uygulama dozuna bagh
olarak degistigini gostermistir.

Sonu¢ olarak, c¢alismadan ¢ikarilan biliylime egrileri, KKAnin bitki patojenlerine karsi
stirdiiriilebilir ve doga dostu bir miicadele araci olma potansiyelini ortaya koymaktadir. Ancak
Aspergillus ve Rhizopus gibi direngli tiirler izerinde tam bir basar1 saglanabilmesi i¢in, ekstrakt
igeriginin zenginlestirilmesi veya daha yiiksek konsantrasyonlarin test edilmesi gerekliligi
ortaya cikmistir. KKA'min bir attk olmaktan c¢ikarilip biyofungisit olarak ekonomiye
kazandirilmasi, hem tarimsal miicadele maliyetlerini digiirecek hem de g¢evre kirliliginin
azaltilmasina katki saglayacaktir.

Bu ¢alisma, TUBITAK 2209-A Universite Ogrenci Arastirma Projeleri Destek Programi (Proje
No: 1919B012427909) kapsaminda desteklenmistir.
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The fruit of C. lanatus (Thunb.) Matsum. & Nakai, or watermelon, is widely consumed and has
antioxidant and medicinal qualities along with some phytochemical substances. The purpose of
this study was to ascertain the amount of total phenolic/flavonoid chemicals and free radical
scavenging capabilities in the methanolic extract made from C. lanatus fruit.
Spectrophotometric techniques were used to measure the levels of DPPH (2,2-diphenyl-1-
picrylhydrazyl), ABTS (2,2'-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid)), and total
flavonoid/phenolic.

The total phenolic content in C. lanatus fruit was found to be 998.14 + 1.26 (ug GAE/g) in1g
of fruit sample, based on the gallic acid calibration curve. The total flavonoid content was
determined to be 213.00 + 0.76 (ug KE/g) per 1 g of fruit sample based on the catechin
calibration curve.

The DPPH free radical scavenging activities were calculated as a percentage using 50 pL, 100
pL, 200 pL, 400 pL, 800 pL, and 1000 puL of methanol extracts obtained from the fruit of C.
lanatus. The highest percentage value was found as 90.57 + 1.44 in the 200 pL sample (p <
0.001). The ABTS free radical scavenging activities were calculated as a percentage using 50
pL, 100 pL, 200 pL, 400 pL, 800 pL, and 1000 pL of methanol extracts obtained from the fruit
of C. lanatus. The highest percentage value was found as 86.22 + 0.11 in the 50 pL sample (p
< 0.001).

The research claims that eating C. lanatus fruit is linked to a lower incidence of a number of
ailments. According to the study's results, the C. lanatus fruit extract has a very high antioxidant
capacity when assessed as a whole total phenolic/flavonoid content and free radical scavenging
activities. In conclusion, it is expected that fruit extract from C. lanatus may be a significant
source of antioxidants for stopping or reducing the advancement of metabolic processes linked
to oxidative stress.

This study was supported by the Firat University Scientific Research Projects Coordination
Unit (FUBAP) under project no (FF.26.12).
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1. INTRODUCTION

Citrullus lanatus, also known as watermelon, is a fruit in the Cucurbitaceae family that is well-
known worldwide for both its refreshing qualities and its numerous therapeutic and antioxidant
applications [1,2]. Eating the bioactive chemicals of the watermelon plant has been
demonstrated to significantly lower the incidence of chronic diseases such type 2 diabetes,
cardiovascular disorders, and several types of cancer in addition to being a popular fruit used
in sweets [1]. Watermelon contains a phytochemical mechanism that supports health due to its
high lycopene concentration, vitamins, flavonoids, and phenolic components. These elements
in watermelon serve as strong natural antioxidants that protect cells from oxidative damage and
efficiently scavenge free radicals [3].

For the evaluation of substances in culinary, pharmaceutical, and biomedical research, accurate
antioxidant activity assessment is essential. Due to their ease of use, spectrophotometric
analysis techniques like DPPH and ABTS are frequently employed [4]. These methods are
based on the mechanism by which antioxidant compounds neutralize free radicals. Compared
to the DPPH approach, the ABTS method is more useful because it offers a wide range of
applications for the identification of both hydrophilic and lipophilic molecules [5]. Studies
have shown that the rind, which is the outer part of the watermelon, possesses an antioxidant
capacity similar to or higher than that of the flesh [1].

In this context, watermelon plays a significant role in healthy eating habits, not only because
it is an extremely nutritious fruit but also due to its rich content of bioactive compounds. Current
literature indicates that chronic diseases are largely associated with oxidative stress and
inflammation, and that the consumption of foods with antioxidant and anti-inflammatory
properties plays a critical role in preventing these processes [6]. According to this theory,
watermelon's bioactive elements—such as amino acids, carotenoids, and phenolic
compounds—help scavenge free radicals. They also show a preventive impact by lowering the
chance of developing chronic illnesses.

Another important feature of watermelon is that not only its edible parts but also its byproducts,
such as the rind and seeds, contain significant amounts of bioactive compounds. These
byproducts are rich in phenolics, flavonoids, carotenoids, and various phytochemicals and
possess high antioxidant capacity [7]. Specifically, in the context of food industry waste
management, it has been noted in recent years that byproducts like watermelon rind can be used
as a natural source of antioxidants and offer tremendous promise in techniques for developing
functional foods.

Furthermore, watermelon is a nutritive and health-promoting functional food due to its high
water content, low energy density, and rich vitamin and mineral profile. Additionally, it has
been demonstrated that the bioactive molecules it contains, especially lycopene, have
preventive benefits against metabolic disorders, certain types of cancer, and cardiovascular
diseases [6]. Because of these qualities, watermelon is a significant topic of study for both
everyday nutrition and the creation of functional foods and nutraceuticals.
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2. MATERIALS AND METHODS

2.1. Preparation of the Methanolic Watermelon Extract

600 mL of methanol was poured to 70 g of watermelon pulp. An evaporator was used to
evaporate the mixture. The DPPH, ABTS, total phenolic, and flavonoid contents were then
measured after it was dissolved in 40 milliliters of DMSO (dimethyl sulfoxide). Methanolic
watermelon extract (100 pL) was employed for Total Phenolics and Flavonoids. 50 pL, 100
pL, 200 pL, 400 pL, 800 pL, and 1000 pL of methanolic watermelon extract were employed
for DPPH and ABTS. Every measurement was carried out using a spectrophotometer in
accordance with the guidelines.

2.2. DPPH (Free radical scavenging activity)

Free radical scavenging activity (DPPH) was determined according to the method described in
the literature [8]. 25 ug/L solution of a,a-diphenyl-p-picrylhydrazine (DPPH) was prepared by
dissolving it in methanol g.

Test tubes were filled with 4 milliliters of the DPPH solution made with methanol. The test
tubes were then filled with 50 pL, 100 pL, 200 pL, 400 pL, 800 pL, and 1000 pL amounts of
watermelon extracts containing methanol in triplicate and vortexed. For thirty minutes, these
were incubated in the dark at room temperature. After the incubation period was over,
absorbance values were measured at 517 nm using a spectrophotometer in comparison to a
blank methanol sample that included no material. The following formula was utilized to
determine the degree to which the watermelon extract containing methanol scavenged
(inhibited) DPPH free radicals based on the drop in absorbance values in order to assess the
antioxidant potential of the extract:

%Inhibition = [(Control ABS - Sample ABS) / Control ABS] x 100

2.3. ABTS (ABTSe Radical Scavenging Activity)
Watermelon samples treated with methanol were subjected to the ABTSe radical scavenging
activity assay in accordance with the prescribed procedures [9,10]. To reach a final
concentration of 7 mM, 2.45 mM potassium persulfate (K2S:04) was mixed with 2,2-azinobis
(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS). The solution was left at room temperature in
the dark for 12 to 16 hours. The ABTSe radical cation solution, which was made after potassium
persulfate oxidized ABTS, was diluted with phosphate buffer to achieve an absorbance of 0.900
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at a wavelength of 734 nm. Next, 50, 100, 200, 400, 800, and 1000 puL of watermelon extract
treated with methanol were combined with 4 mL of the ABTSe radical cation solution, and the
combination was left in the dark for 30 minutes. A wavelength of 734 nm was then used to test
absorbances.

The number of ABTSe radicals scavenged by the samples was calculated using the following
formula:

%Inhibition = [(Control ABS - Sample ABS) / Control ABS] x 100

2.4. Total Phenolic Compound Content

The method outlined in the literature [11] was used to calculate the total amount of phenolic
compounds in the watermelon fruit extract. The standard was a calibration curve for gallic acid.
Five duplicates of 100 uL of watermelon extract with methanol were added to test tubes. The
Folin-Ciocalteu reagent (0.5 mL) was then added. Three milliliters of a 2% Na.COs3 solution
were added to the samples after three minutes. The samples were vortexed and then left in the
dark for two hours. A spectrophotometer was used to record the samples' absorbance readings
at a wavelength of 760 nm at the conclusion of the incubation period. Gallic acid equivalents
per gram (g GAE/g) were used to determine the results.

2.5. Total Flavonoid Content

The method outlined in the literature was used to calculate the total amount of flavonoid
compounds [12]. Five duplicate test tubes were filled with 100 pL of methanol and watermelon
extract. After adding the liquid to 0.3 mL of 5% sodium nitrite (NaNO»), it was let to stand for
five minutes. 0.3 milliliters of 10% aluminum chloride (AlCls) were then added. After adding
2.4 mL of distilled water and 2 mL of 1 M sodium hydroxide (NaOH), the liquid was vortexed.
A spectrophotometer set to 510 nm was used to measure the samples' absorbance values. The
data was then used to compute catechin equivalents in milligrams per gram (ug CE/qg).

2.6. Statistical Analysis
The SPSS 26 software program was used to analyze the data statistically. To ascertain group

differences, ANOVA and LSD tests were employed. p < 0.05 was chosen as the threshold for
statistical significance. The data is displayed as mean + standard error.

3. RESULTS AND DISCUSSION

3.1. Total Phenolic and Total Flavonoid Content of the Methanolic Citrullus lanatus
Extract
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Table 1. Total phenolic and total flavonoid content of Citrullus lanatus extract

Total Phenolic Compounds and Total Value
Flavonoids

Total Phenolic (ug GAE/Q) 098,14 + 1,26
Total Flavonoids (ug CE/g) 213,00+ 0,76

Distribution of Total Phenolic and Total Flavonoid

Total Phenolic

Total Flavonoid

Figure 1. Total phenolic and total flavonoid contents (%) of the methanolic Citrullus lanatus extract

When the methanol extracts of the watermelon fruit used in the study were evaluated for total
phenolic and total flavonoid content, the total phenolic (ug GAE/g) value was calculated as
998.14 + 1.26 in a 100 pyL sample (p<0.001). The Total Flavonoid (ug CE/g) value was
calculated as 213.00 + 0.76 in a 100 pL sample (p<0.001). These high phenolic and flavonoid
contents are the primary determinants of antioxidant activity and are consistent with studies
reported in the literature. It has been reported that not only the edible part of watermelon but
also other components such as the rind and seeds possess high phenolic content and antioxidant
capacity [13].

3.2. DPPH Radical Scavenging Activity of Methanolic Citrullus lanatus Extract

Table 2. DPPH radical scavenging activity (%)
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DPPH Activity Value

50 pL 61,63+ 1,21
100 pL 78,32+ 1,09
200 pL 90,57 + 1,44¢
400 pL 76,73+ 1,55
800 pL 77,08 £ 0,07
1000 pL 78,40 £ 0,85

d: p<0.001

When the methanolic watermelon fruit extracts used in the study were evaluated for their DPPH
radical scavenging activity, the highest value of 90.57 + 1.44 was obtained at a concentration
of 200 uL, compared to the concentrations of other watermelon fruit extract samples (p<0.001).
The literature reports that antioxidant activity increases with concentration [14]. In this study,
it was observed that antioxidant activity showed a gradual increase with concentration up to 50,
100, and 200 pL.

DPPH Radical Scavenging Activity (%)

100 pL

200 uL
50 pL

400 L 1000 pL

800 pL

Figure 2. DPPH radical scavenging activity (%) of methanolic Citrullus lanatus extract at different
concentrations

3.3. ABTS (DMSO) Radical Scavenging Activity of Methanolic Citrullus lanatus Extract
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Table 3. ABTS radical scavenging activity (%)

ABTS Activity Value

50 pL 86,22 + 0,114
100 pL 85,89 +0,11
200 pL 85,56 + 0,11
400 pL 85,23+0,11
800 pL 84,90 + 0,11
1000 pL 84,56 + 0,11

d: p<0.001

When the methanol-based watermelon fruit extracts used in the study were evaluated for their
ABTS radical scavenging activity, the highest value of 86.22 + 0.11 was obtained at a
concentration of 50 pL, compared to the concentrations of other watermelon fruit extract
samples (p<0.001). These results regarding ABTS radical scavenging activity demonstrate that
the watermelon extract exhibits its strongest antioxidant capacity at a concentration of 50 L.

ABTS Radical Scavenging Activity (%)

100 pL

200 pL 50 uL

400 L 1000 pL

800 L

Figure 3. Percentage distribution of ABTS radical scavenging activity of methanolic Citrullus lanatus
extract at different concentrations (%)

4. GENERAL EVALUATION AND CONCLUSIONS
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It was observed that samples extracted from watermelon fruit using methanol exhibited
antioxidant properties against DPPH and ABTS radicals, which possess free radical
characteristics, when they reacted with these radicals. Data presented in the literature indicate
that different temperatures and solvent types (pH and polarity) during the pre-extraction process
may affect the phenolic content and free radical scavenging activity levels of the watermelon
rind [15]. In our study, 70 g of watermelon pulp was taken, methanol was added, it was
evaporated in an evaporator, and then dissolved in DMSO (Dimethyl Sulfoxide). The aim of
this study was to determine DPPH, ABTS, total phenolic, and flavonoid content; additionally,
the types of solvents used in the study are important for evaluating antioxidant capacity [15].

The findings obtained in this study indicate that C. lanatus extracts possess a high level of
antioxidant capacity. The results of the DPPH and ABTS radical scavenging assays revealed an
increasing free radical scavenging effect depending on the extract concentration. This finding
is consistent with studies reporting that the efficacy of plant-derived antioxidants increases with
higher doses [14].

The phenolic compounds, flavonoids, carotenoids (particularly lycopene), and other
phytochemicals found in watermelon are the primary source of this antioxidant activity. Recent
studies have shown that not only the flesh of watermelon but also other components such as the
rind and seeds exhibit high levels of phenolic content and antioxidant capacity [13]. This
finding is consistent with the total phenolic and flavonoid amounts obtained in our study and,
when evaluated in detail, demonstrates that watermelon is an important source of bioactive
compounds.

Reactive oxygen species (ROS) buildup in cells causes oxidative stress, a pathological process
that results in serious metabolic damage like protein oxidation, DNA damage, and lipid
peroxidation. Numerous chronic illnesses are caused by this syndrome, including
cancer, diabetes, heart disease, and neurological conditions. Eating watermelon reduces this
type of oxidative damage since it has antioxidant qualities. Experiments using watermelon juice
or pulp have shown increased levels of antioxidant enzymes such as SOD, catalase, and
glutathione as well as a reduction in the harmful effects of oxidative stress [16].

In addition, watermelon consumption reduces lipid peroxidation and radiation-induced
oxidative damage. The literature also indicates that watermelon strengthens the cellular
antioxidant defense system [17]. When these findings are evaluated in conjunction with the
high radical scavenging activity observed in our study, it becomes evident that watermelon may
exhibit a protective effect not only in vitro but also in vivo. Furthermore, citrulline, vitamin C,
and other antioxidant components found in watermelon not only reduce inflammation by
maintaining oxidative balance at the cellular level but also support vascular health. In this
regard, eating watermelon is acknowledged as a crucial dietary component, especially in the
prevention of oxidative stress-related disorders and the maintenance of general health. Overall,
the study's findings show that watermelon extract has a strong antioxidant activity and is
capable of successfully scavenging free radicals. According to the research, eating watermelon
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on a regular basis may help avoid chronic illnesses by lowering oxidative stress. A more
thorough grasp of watermelon's potential in the domains of functional foods and nutraceuticals
will result from more research contrasting different extraction techniques and watermelon
components.

REFERENCES

[1] Burdulis, D., Kasétaité, A., Trumbeckait¢, S., Benetis, R., DaukSien¢, J., Burduliené, K. and
Raudong, L., Cultivation of watermelon (Citrullus lanatus) in a temperate climate: Agronomic
strategies and  phytochemical  composition,  Agronomy, 15(4), 933, 2025.
https://doi.org/10.3390/agronomy15040933

[2] Coskun, O. F., Association mapping for drought tolerance in watermelons (Citrullus lanatus
L.), Horticulturae, 11(2), 193, 2025. https://doi.org/10.3390/horticulturae11020193

[3] Garofalo, S. P., Ardito, F., Sanitate, N., De Carolis, G., Ruggieri, S., Giannico, V. and
Ferrara, R. M., Robustness of actual evapotranspiration predicted by random forest model
integrating remote sensing and meteorological information: Case of watermelon, Water, 17(3),
323, 2025. https://doi.org/10.3390/w17030323

[4] Singh, G., Deepa, P. R. ve Jha, P. N., DPPH Rf-shift assay to overcome spectral interference:
A rapid, portable TLC-based approach for semi-quantitative antioxidant evaluation, Analytica
Chimica Acta, 2026.

[5] Martysiak-Zurowska, D., A comparison of ABTS and DPPH methods for assessing the total
antioxidant capacity of human milk, Acta Scientiarum Polonorum Technologia Alimentaria,
2012

[6] Meghwar, P., Saeed, S. M. G., Ullah, A., Nikolakakis, E., Panagopoulou, E., Tsoupras, A.
and Khaneghah, A. M., Nutritional benefits of bioactive compounds from watermelon: A
comprehensive review, Food Bioscience, 61, 104609, 2024.
https://doi.org/10.1016/j.fbio.2024.104609

[7] Vo, T.P., Le, N. P. T., Mai, T. P. ve Nguyen, D. Q., Optimization of the ultrasonic-assisted
extraction process to obtain total phenolic and flavonoid compounds from watermelon rind,
Current Research in Food Science, 5, 2013-2021, 2022.
https://doi.org/10.1016/j.crfs.2022.09.021

[8] Brand-Williams, W., Cuvelier, M. E. ve Berset, C., Use of a free radical method to evaluate
antioxidant activity, LWT-Food Science and Technology, 28, 25-30, 1995.
https://doi.org/10.1016/S0023-6438(95)80008-5

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

123


https://doi.org/10.3390/agronomy15040933
https://doi.org/10.3390/horticulturae11020193
https://doi.org/10.3390/w17030323
https://doi.org/10.1016/j.fbio.2024.104609
https://doi.org/10.1016/j.crfs.2022.09.021
https://doi.org/10.1016/S0023-6438(95)80008-5
https://doi.org/10.1016/S0891-5849(98)00315-3
https://doi.org/10.1016/S0891-5849(98)00315-3

ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

[10] Pellegrini, N., Serafini, M., Colombi, B., Del Rio, D., Salvatore, S., Bianchi, M. and
Brighenti, F., Total antioxidant capacity of plant foods, beverages and oils consumed in Italy
assessed by three different in vitro assays, The Journal of Nutrition, 133, 2812-2819, 2003.
https://doi.org/10.1093/jn/133.9.2812

[11] Singleton, V. L., Orthofer, R. and Lamuela-Raventos, R. M., Analysis of total phenols and
other oxidation substrates and antioxidants by means of folin-ciocalteu reagent, Methods in
Enzymology, 152-178, 1999. https://doi.org/10.1016/S0076-6879(99)99017-1

[12] Kim, D. O., Jeong, S. W. and Leg, C. Y., Antioxidant capacity of phenolic phytochemicals
from various cultivars of plums, Food Chemistry, 81, 321-326, 2003.
https://doi.org/10.1016/S0308-8146(02)00423-5

[13] Zia, S., Khan, M. R., Mousavi Khaneghah, A. and Aadil, R. M., Characterization, bioactive
compounds and antioxidant profiling of watermelon cultivars, Biomass Conversion and
Biorefinery, 15(2), 2171-2183, 2025. https://doi.org/10.1007/s13399-023-04820-7

[14] Ganesan, P., Kumar, C. S. and Bhaskar, N., Antioxidant properties of methanol extract and
its solvent fractions obtained from selected Indian red seaweeds, Bioresource Technology,
99(8), 2717-2723, 2008. https://doi.org/10.1016/j.biortech.2007.07.005

[15] Baeeri, M., Sarkhail, P., Hashemi, G., Marefatoddin, R. and Shahabi, Z., Data showing
optimal extraction conditions of watermelon rind, Data in Brief, 20, 1683-1685, 2018.
https://doi.org/10.1016/j.dib.2018.09.024

[16] Okolo, I. and Audu, F., Dietary supplementation with Citrullus lanatus and antioxidant
effects in oxidative stressed rats, FUDMA Journal of Sciences, 9(12), 393-397, 2025.
https://doi.org/10.33003/fjs-2025-0912-4371

[17] Mohammad, M. K. A., Mohamed, M. I., Zakaria, A. M., Abdul Razak, H. R. and Saad, W.
M. M., Watermelon juice modulates oxidative damage induced by low dose X-ray in mice,
BioMed Research International, 2014. http://dx.doi.org/10.1155/2014/512834

124


https://doi.org/10.1093/jn/133.9.2812
https://doi.org/10.1016/S0076-6879(99)99017-1
https://doi.org/10.1016/S0308-8146(02)00423-5
https://doi.org/10.1007/s13399-023-04820-7
https://doi.org/10.1016/j.biortech.2007.07.005
https://doi.org/10.1016/j.dib.2018.09.024
https://doi.org/10.33003/fjs-2025-0912-4371
http://dx.doi.org/10.1155/2014/512834

ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

Investigation of the Cytotoxicity of Geastrum fimbriatum and Geastrum rufescens Species

Gizem GENC?, Nurdan SARAGC?
! Department of Biology, Faculty of Science, Mugla Sitki1 Kocman University,
gizemgenc007@gmail.com, 0009-0004-0626-6966

2 Department of Biology, Faculty of Science, Mugla Sitki Kocman University,
nsarac@mu.edu.tr, 0000-0001-7676-542X

ABSTRACT

This study aims to investigate the in vitro cytotoxic effects of ethanol extracts obtained from
two fungi species of the Geastraceae family, Geastrum fimbriatum and Geastrum rufescens, on
the L929 fibroblast cell line. Medicinal mushrooms have attracted significant attention in recent
years due to their bioactive components, such as [-glucans, phenolic compounds,
polysaccharides, and triterpenes. These compounds are known to possess anticancer and
immunomodulatory properties. The increasing pharmacological interest in medicinal
mushrooms, driven by their bioactive constituents, forms the primary rationale for this study.
The limited data available in the literature regarding the cytotoxic effects of Geastrum species
further highlights the significance of this research.

Fungal samples were subjected to ethanol extraction using the Soxhlet method to obtain crude
extracts. The cytotoxic effects of the resulting extracts were evaluated using the MTT assay,
which is based on cellular metabolic activity. The L929 fibroblast cell line was used as a normal
cell model to assess the potential toxic effects of the extracts. Cells were exposed to different
concentrations of the extracts, and cell viability was examined in a dose-dependent manner.

The results demonstrated that both extracts reduced cell viability with increasing
concentrations. However, the G. fimbriatum extract exhibited a stronger cytotoxic effect, with
an ICso value of 44.49 pg/mL. In contrast, the G. rufescens extract showed a weaker effect, with
an ICso value of 167.16 ng/mL. The toxic effect arises from the chemical components in its
structure. Cytotoxicity results are important as they reveal the reliability of natural products for
medical use. In particular, G. rufescens, with its low cytotoxicity, has the potential to be a good
candidate for medical use.

Keywords: Cytotoxicity, G. rufescens, G. fimbriatum, MTT, L929
1. Introduction

Medicinal mushrooms have been used for centuries in traditional medicine due to their
therapeutic properties. Particularly in East Asia, mushrooms have long been utilized for their
immunomodulatory, anticancer, and anti-inflammatory effects (Joseph et al., 2018). In recent
years, studies have elucidated the biological activities and mechanisms of action of mushroom-
derived compounds (Boh et al., 2007; Joseph et al., 2018). Mushrooms contain various
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polysaccharides, especially beta-glucans, which are considered an important resource in the
development of pharmaceutical products (Venturella et al., 2021).

Although a vast number of mushroom species exist worldwide, the medicinal properties of most
species have not been sufficiently investigated. Nevertheless, studies focusing on the isolation
of unique bioactive compounds from mushrooms and the evaluation of their therapeutic
potential have been increasing steadily.

Mushrooms exhibit anticancer effects by modulating the immune system and regulating cellular
mechanisms through their natural bioactive compounds (Sevindik et al., 2024). Key
components such as B-glucans, phenolic compounds, and antioxidants contribute to the
prevention of cellular mutations by reducing damage caused by free radicals. These molecules
enhance the ability of immune cells to recognize and eliminate malignant cells by activating
immune responses (Sevindik et al., 2024). In addition, some mushroom-derived compounds
have been reported to support conventional cancer treatment protocols such as chemotherapy
and radiotherapy, improving treatment efficacy while reducing side effects and increasing
patient tolerance (Hetland et al., 2020). Overall, regular consumption of medicinal mushrooms
or their supplements may strengthen the immune system and contribute to maintaining general
health. However, conscious and informed use is crucial to obtain maximum benefit from their
anticancer effects (Sevindik et al., 2018; Suberu et al., 2024).

The genus Geastrum is characterized by the splitting of the outer peridium into star-shaped rays
during maturation, a feature that plays an important role in spore dispersal (Zamoraet al., 2015).
Geastrum species are generally saprophytic and are commonly found on humus-rich forest
soils, decaying wood, or, less frequently, in open habitats (Trierveiler-Pereira & Silveira, 2012).

G. rufescens and G. fimbriatum are species belonging to the Geastraceae family and are
classified as inedible due to their fibrous structure and poor taste and texture when mature
(Jones, 2022; Smith, 2023). Although the immature forms of G. triplex are occasionally
considered edible, species such as G. saccatum and G. rufescens are not suitable for
consumption (Brown, 2021; Smith, 2023).

G. rufescens (Figure 1), commonly known as the rosy earthstar, was first scientifically
described by Christian Hendrik Persoon in 1801 (Persoon, 1801). The genus Geastrum is
distinguished by the division of the outer peridium into star-like rays during maturation, which
is one of its defining morphological characteristics (Zamora et al., 2015). The endoperidium is
typically subglobose, thin, and papery in structure (Wang & Bau, 2023). G. rufescens generally
grows in deciduous forests, on humus-rich soils, and on decaying organic matter. It is
distributed across Europe, North America, and parts of Asia. In Turkiye, it has been reported in
the Black Sea Region, Aegean Region, Konya region, Mediterranean Region, and the Middle
Euphrates Section (Sesli et al., 2020; Wang & Bau, 2021).
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Figure 1. G. rufescens. Dog. Dr. Hakan All1, personal archieve (17.12.2025)

G. fimbriatum (Figure 2) is commonly referred to as the sessile earthstar and is characterized
by the presence of a finely fibrillose, fringed peristome surrounding the apical region of the
endoperidium (Barbosa et al., 2024). Morphologically, the fruiting body is initially
subterranean and globose in form; during maturation, the outer peridium splits into 5-8 star-
like rays. The endoperidium is subglobose and becomes filled with brownish spores upon
maturation (Barbosa et al., 2024).

Studies on the habitat and distribution of the species indicate that G. fimbriatum is distributed
across various regions of Europe and Asia, particularly in humus-rich forest environments
(Verma et al., 2018). In Turkiye, this species has been reported from the Western and Eastern
Black Sea regions, the Aegean region, the vicinity of Konya, and the Mediterranean region
(Sesli et al., 2020).

Figure 2. G. fimbriatum Dog. Dr. Hakan All1 personal archieve (17.12.2025)

Cytotoxicity is defined as the ability of a substance to induce detrimental effects on living cells,
leading to impaired cellular functions or cell death. This concept is particularly significant in
pharmacology, toxicology, and biomedical research, where it serves as an essential parameter
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for evaluating the potential effects of chemical compounds, natural products, or drug candidates
on cellular systems (Mondal et al., 2023). Assessments of cytotoxicity play a critical role in
determining the safety and efficacy of newly developed drugs and biologically active
compounds. Such tests enable the evaluation of the impact of potentially toxic substances on
cell viability, metabolic activity, proliferation, and membrane integrity (Tolosa et al., 2015).

Comprehensive studies on the cytotoxic potential of G. fimbriatum and G. rufescens species are
currently limited in the literature. Therefore, investigating the cytotoxic activities of these
species is important not only to address this gap in the literature but also to identify potentially
bioactive compounds.

2.Experimental Studies
2.1. Preparation of Mushroom Extracts

The mushroom specimens used in this study were obtained from the Fungarium of Mugla Sitki
Kogman University through Associate Professor Dr. Hakan Alli. The dried mushroom samples
were subjected to extraction with ethanol using a Soxhlet apparatus for approximately 3—4
hours, until the color of the samples lightened (Sarac et al., 2015). A total of 40 g of mushroom
material and 350 mL of 99% ethanol (Merck KGaA) were employed in the extraction process.
The ethanol was subsequently removed from the resulting extract to obtain the crude extract.
Stock solutions of G. rufescens and G. fimbriatum extracts were prepared using 99% ethanol.

(a) (b)
Gorsel 3.a) G.rufescens mushroom samples b) G. fimbriatum mushroom samples

2.2. Cell Culture

The L929 (fibroblast) cell line was cultured in DMEM medium supplemented with 10% fetal
bovine serum (FBS) and 1% antibiotics (penicillin/streptomycin) in an incubator maintained at
37°C, 5% COz, and 95% relative humidity.

2.3. Passaging of the Cell Line

Cells were grown in 25T flasks under 5% CO: at 37°C with 98% humidity. When the cultures
reached approximately 80-90% confluency, the culture medium was removed, and the cell
monolayer was washed with sterile Dulbecco’s phosphate-buffered saline (D-PBS) to remove
cellular debris and residual serum. To detach the monolayer, 1-2 mL of trypsin-EDTA solution
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was added to cover the cell surface, and the flasks were incubated for approximately five
minutes. Following detachment, the trypsin solution was removed, and the cells were seeded
into T-75 flasks for further incubation.

2.4. Determination of Cytotoxic Effects of G. rufescens and G. fimbriatum Extracts

L929 fibroblast cells at 80-90% confluency were detached using trypsin/EDTA, followed by
centrifugation at 1200 rpm for 4 minutes after addition of DMEM. The supernatant was
discarded, and the cell pellet was resuspended in fresh DMEM. Cells were seeded into 96-well
plates at a density of 1 x 10* cells/well and incubated at 37°C with 5% CO- for 24 hours. After
the incubation period, G. fimbriatum and G. rufescens extracts were applied to the cells at
predetermined concentrations. Ethanol at corresponding concentrations was used as the control.

Cell viability was determined using the MTT assay (Mosmann, 1983). Following a 24-hour
incubation, 100 pL of MTT solution was added to each well and incubated for an additional 3
hours. At the end of the incubation, the wells were emptied, and 100 uL. of DMSO was added
to dissolve the formazan crystals. The plate was then placed in a shaker incubator at room
temperature for 20 minutes at 100 rpm. Absorbance measurements were subsequently
performed at a wavelength of 540 nm using a microplate reader (Thermo Scientific Multiskan
FC, Vantaa, Finland). Cell viability (%) was calculated using the following formula:

stample

A
Viability (%) = X 100

bScontrol

e Abssample: absorbance of wells treated with the test material
e Abs control: absorbance of control wells
The 1Cso values were calculated statistically.
3. Results and Discussion
3.1. Cytotoxic Effects of G. fimbriatum and G. rufescens on L929 Cell Line

The cytotoxic effects of G. fimbriatum and G. rufescens extracts on the L929 fibroblast cell line
were assessed using the MTT assay. G. fimbriatum extract was applied to the cells at
concentrations of 400, 200, 100, 50, 25, and 12.5 pg/mL. Post-treatment well images are
presented in Figure 4, while the dose-dependent inhibition graph is shown in Figure 5.
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G.fimbriatum ETOH

Figure 4. Image of wells treated with G. fimbriatum mushroom extract following the MTT assay.
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Figure 5. Percentage of cell viability of L929 cells treated with G. fimbriatum.

The highest cell viability of L929 fibroblast cells treated with G. fimbriatum ethanol extract
was observed at 12.5 pg/mL, with 69.04%, while the lowest viability was recorded at 200
pg/mL, with 18.89%. The ICso value of G. fimbriatum ethanol extract on L929 fibroblast cells
was calculated as 44.49 pg/mL. Cell viability decreased inversely with increasing

concentrations of the mushroom extracts.

Following treatment of L929 cells with G. rufescens extract at concentrations of 400, 200, 100,
50, 25, and 12.5 pg/mL, the microplate images are presented in Figure 6, and the dose-

dependent percentage viability graph is shown in Figure 7.
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G.rufescens ETOH

Figure 6. Image of wells treated with G. rufescens mushroom extract following the MTT assay.
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Figure 7. Percentage of cell viability of L929 cells treated with G. rufescens

The highest cell viability of L929 fibroblast cells treated with G. rufescens ethanol extract was
observed at 50 pg/mL, with 99.73%, whereas the lowest viability was recorded at 400 pg/mL,
with 34.14%. The ICso value of G. rufescens on 1929 cells was calculated as 167.16 pg/mL.
Cell viability decreased inversely with increasing concentrations of the mushroom extract.

4. General Discussion

In this study, the cytotoxic potentials of extracts obtained from G. fimbriatum and G. rufescens
were evaluated on the L929 fibroblast cell line using the MTT assay. The results demonstrated
that both mushroom species affected cell viability to varying degrees. Specifically, G.
fimbriatum extract exhibited a more pronounced cytotoxic effect on L929 cells compared to G.
rufescens. The calculated ICso value for G. fimbriatum was 44.49 pg/mL, indicating a
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significant reduction in cell viability. In contrast, the ICs value of G. rufescens was 167.16
pug/mL, suggesting a lower level of cytotoxic activity on the same cell line.

The cytotoxic effects of mushroom species are largely attributed to their bioactive constituents,
including phenolic compounds, triterpenoids, polysaccharides, and particularly B-glucans.
These compounds may exert antitumor effects through mechanisms such as inhibition of cell
proliferation, cell cycle arrest, and induction of apoptosis (Boh et al., 2007; Wasser, 2014).
Previous studies have reported dose-dependent cytotoxic effects of various macrofungi on
different cell lines. For instance, species of Ganoderma, Pleurotus, and Trametes have
demonstrated significant cytotoxic activities across multiple cell lines (Sevindik et al., 2018).
The findings of the present study align with these reports, showing that mushroom extracts can
reduce cell viability in a concentration-dependent manner.

The L929 fibroblast cell line, used in this study, is a widely employed normal (non-cancerous)
mammalian cell model in biomedical research. L929 cells are commonly used as a reference
cell line in cytotoxicity and biocompatibility studies, enabling the evaluation of potential toxic
effects of therapeutic agents on normal cells (ISO 10993-5, 2009). Consequently, normal cell
lines like L929 serve as control groups in anticancer studies to assess the selectivity of cytotoxic
effects observed in cancer cell lines. In other words, an ideal anticancer agent is expected to
selectively target cancer cells while sparing normal cells. In this context, cytotoxicity tests on
L929 cells provide important insights into the biocompatibility and safety profiles of tested
extracts.

Studies on the biological activities of species belonging to the genus Geastrum are extremely
limited, with most research focusing on antioxidant and antimicrobial properties. Therefore,
investigating the cytotoxic potentials of G. fimbriatum and G. rufescens addresses a significant
gap in the literature. Notably, the lower ICso value observed for G. fimbriatum suggests that this
species may serve as a promising source of bioactive compounds for further pharmacological
research.

In conclusion, the results of this study indicate that the extract of G. fimbriatum exhibits
stronger cytotoxic effects on the L929 fibroblast cell line compared to the extract of G.
rufescens.
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YENI NESIL CEVRESEL KIiRLETICI 6PPD-KINON’UN PANKREATIK BETA
HUCRELERINDE (INS-1) OLUSTURDUGU SITOTOKSIK VE FONKSIYONEL
HASARIN IN VITRO DEGERLENDIRILMESI

Dr. Ogr. Uyesi GOZDE KARABULUT

Kiitahya Dumlupinar Universitesi, gozde.karabulut@dpu.edu.tr — ORCID: 0000-0002-4513-
1907

OZET

6PPD-kinon (6PPD-q), lastik asinma katki maddelerinin toksik bir doniisiim tirtinii olup,
Ozellikle sucul organizmalar Uzerindeki etkileri ile dikkat cekmektedir. Bununla birlikte,
memeli metabolik sistemleri Uzerindeki potansiyel diyabetojenik etkileri henuiz yeterince
aydmlatilmamigtir. Bu ¢alismada, 6PPD-q’nun pankreatik beta hiicre hatti olan INS-1
hiicrelerinde olusturdugu sitotoksik ve fonksiyonel etkilerin degerlendirilmesi amaglanmistir.

INS-1 hiicreleri 24 saat boyunca farkli konsantrasyonlarda (0,1-50 uM) 6PPD-q’ya
maruz birakilmistir. Hiicre canliligt MTT yontemi ile belirlenmis, oksidatif stres diizeyleri
reaktif oksijen tiirleri (ROS) iiretimi ile degerlendirilmistir. Fonksiyonel kapasite, diisiik (3,3
mM) ve yiiksek (16,7 mM) glikoz kosullarinda glikozla uyarilan insiilin salgis1 (GSIS)
protokolii ile analiz edilmistir. Veriler tek yonlii varyans analizi (ANOVA) ve Tukey post-hoc
testleri ile degerlendirilmistir. S6z konusu bulgular, 6PPD-q’nun doza bagl olarak hiicre
canlihigini azalttigim ve oksidatif stresi arttirdigini gostermistir. Onemli bir bulgu, sitotoksik
olmayan bir doz olan 10 pM konsantrasyonda bile yiiksek glikoza bagl insiilin salgisinin
anlamli derecede baskilanmasidir (p < 0,001). Insiilin salg: indeksi kontrol grubuna kiyasla
belirgin sekilde diismiis, bu durum beta hiicre fonksiyonunun hiicre Oliimiinden 6nce
bozuldugunu ortaya koymustur. Daha yiiksek dozlarda ise hem fonksiyonel kapasite hem de
hiicre canlilig1 ciddi sekilde azalmistir.

Sonug olarak, bu ¢alisma 6PPD-q’nun pankreatik beta hiicrelerinde hem sitotoksik hem
de fonksiyonel hasara yol agtigin1 gdstermektedir. Bulgular, lastik asinmasina bagl ¢evresel
kirleticilerin metabolik hastaliklarin gelisiminde potansiyel bir risk faktorii olabilecegini
diistindiirmektedir.

Anahtar Kelimeler: 6PPD-kinon, INS-1 hcreleri, pankreatik beta hicreleri, sitotoksisite,
instilin salgisi, ¢cevresel toksikoloji
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Escherichia coli’DE cbpA GENININ FENOLIK ASIT TOLERANSINDAKI ROLU:
MUTANT VE KOMPLEMENTASYON ANALIZINDEN KANITLAR
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OZET

Fenolik asitler sinifina dahil olan trans-sinnamik asit ve p-kumarik asit; ssmeyve, sebze ve
tahillarda dogal olarak bulunan sekonder metabolitler olup antioksidan, antibakteriyel ve
antikanser gibi gesitli biyolojik aktivitelere sahiptir. Bu bilesiklerin genel biyolojik etkileri
literatiirde genis Ol¢lide arastirilmis olmasina ragmen, bakteriyel hiicrelerdeki spesifik genetik
ve molekiiler etki mekanizmalart heniiz tam olarak aydinlatilamamistir. Bu eksiklikten yola
¢ikilarak kurgulanan calismada, trans-Sinnamik asit ve p-kumarik asidin Escherichia coli
tizerindeki etkileri, tek gen nakavt mutantlar1 kullanilarak incelenmis ve 6zellikle cbpA geninin

fonksiyonel rolii izerine odaklanilmistir.

Aragtirma kapsaminda, 0 mg/mL ile 1,5 mg/mL arasinda deg§isen farkli fenolik asit
konsantrasyonlarinda fenotipik analizler gerceklestirilmistir. Bu analizler sonucunda, cbpA
geni bakimindan mutant susun, yabani tipe ve test edilen diger mutantlara kiyasla her iki fenolik
aside kars1 duyarlilik gosterdigi tespit edilmistir. Elde edilen bu spesifik duyarlilik fenotipi,
verifikasyon deneyleri ile de desteklenmistir. Fonksiyonel iligkinin dogrulanmasi amaciyla,
cbpA geni plazmit araciligiyla ilgili mutant susa yeniden kazandirilmistir. Bu asamada
gerceklestirilen komplementasyon deneyleri, gen ifadesini kontrollii bir sekilde indiiklemek
amaciyla ti¢ farkli IPTG (Isopropyl B-D-1-thiogalactopyranoside) konsantrasyonunda (0 puM,
10 uM ve 33 uM) yiiriitiilmistiir. Deneyler neticesinde, genin geri kazandirilmasiyla birlikte

susun fenolik asitlere kars1 gosterdigi duyarlilik profilinin ortadan kalktig1 ve tolerans
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yeteneginin yeniden kazanildigi goriilmiistiir. Bu bulgular, cbpA geninin trans-sinnamik asit ve
p-kumarik aside karsi gelisen hiicresel yanit ve karmagik tolerans mekanizmalarinda bir rol

oynayabilecegini diislindliirmektedir.

Literatirde cbpA geninin, “curved DNA-binding protein” kodladigi ve genel stres yaniti
siirecleriyle iliskili oldugu bilinmektedir. Ancak bu genin fenolik asitlere karsi gelisen
duyarlilik veya tolerans siireglerindeki 6zgiin islevi, ilk kez bu c¢alisma ile fonksiyonel olarak
kamitlanmistir. Bu arastirma, Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu (TUBITAK,
Proje No: 1227018) tarafindan desteklenmis olup yazarin (Kadriye Aslthan ONAT
TASDELEN) doktora tez ¢alismasinin bir kismini kapsamaktadir.

Anahtar Kelimeler: trans-sinnamik asit, p-kumarik asit, Escherichia coli, cbpA,

komplementasyon, knockout gen.
1. GIRIS

Bitkisel kaynakli sekonder metabolitler, bitkinin temel yasam dongiisiine (primer metabolizma)
dogrudan katilan bilesikler olmasa da cevresel stres faktorlerine karsi savunma, sinyal iletimi
ve antimikrobiyal koruma gibi kritik fonksiyonlarda gorev almaktadir (Isah, 2019; Ahmed ve
ark., 2024; Zaynab ve ark., 2018). Farmasotik ve tibbi biyoteknoloji agisindan stratejik degere
sahip olan bu bilesikler grubunda fenolik yapilar, aromatik halkalarina bagli hidroksil
gruplarinin sagladigi antioksidan kapasite sayesinde oksidatif stresle iliskili biyolojik siiregleri
regiile edebilmektedir (Oztiirkel ve ark., 2020; Onat ve ark., 2021). Yapisal dzelliklerine gore
flavonoidler, tanenler ve stilbenler gibi siniflara ayrilan bu genis grubun en temel
bilesenlerinden biri olan fenolik asitler; karbon iskeleti uzunluklarina bagli olarak
hidroksibenzoik asitler ve hidroksisinnamik asitler seklinde kategorize edilir (Manach ve ark.,

2004; Adisakwattana, 2017).

Sinnamik asit turevleri olan trans-sinnamik asit (tCA) ve p-kumarik asit (p-CA), bitki-cevre
etkilesiminde anahtar rol oynayan onemli allelokimyasallardir. Bu bilesikler; bitkiyi UV-B
1sinlar1 gibi abiyotik streslerden korumanin yani sira patojenik mikroorganizmalara ve fungal
enfeksiyonlara kars1 dogal bir direng kalkani olusturur (Zaynab ve ark., 2018; Dai ve Mumper,
2010). Beseri beslenme agisindan degerlendirildiginde tCA ve p-CA; tahillar, meyveler ve
sebzeler (narenciye, 1spanak, domates, {iziim vb.) ile polen ve sirke gibi fermente Urinlerde

yaygin olarak bulunmaktadir (Lou ve ark., 2012; Boz, 2015). Ayrica, bu bilesiklerin bagirsak
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epiteliyle etkilesime girerek mikrobiyota kompozisyonunu diizenledigi ve sindirim sistemi

sagligin1 destekledigi saptanmistir (Popa ve ark., 2016).

Molekiiler duzeyde tCA ve p-CA’nin; anti-enflamatuvar, anti-mutajenik, anti-biyofilm ve
ozellikle genis spektrumlu antimikrobiyal aktivitelere sahip oldugu literatiirde giiclii bir sekilde
desteklenmektedir (Surh, 2002; Kot ve ark., 2015). Yapilan ¢alismalar, bu asitlerin bakteriyel
hiicre zarlarinda geri doniistimsiiz gecirgenlik artisina neden oldugunu ve hiicre igi
fonksiyonlar1 inhibe ederek patojen gelisimini baskiladigini gostermistir (Lou ve ark., 2012).
Ozellikle Escherichia coli, Bacillus cereus ve Salmonella typhimurium Gzerinde biyofilm
inhibisyonu sagladiklari, baz1 tiirlerde ise hiicreler arasi haberlesme sistemi olan "quorum
sensing" mekanizmasini sekteye ugrattiklar: bildirilmistir (Kot ve ark., 2015; Chen ve ark.,
2020). Onkoloji alanindaki bulgular ise bu fenoliklerin, ROS seviyesini artirip hiicre dongiistinii
Gl fazinda durdurarak cesitli kanser hatlarinda apoptozu tetikledigine isaret etmektedir

(Jaganathan ve ark., 2013; Shailasree ve ark., 2015).

Gilinlimiizde artis gosteren coklu ilag direnci sorunu, tCA ve p-CA gibi dogal fenoliklerin
alternatif farmasotik ajanlar olarak potansiyelini glindeme getirmistir. Bu bilesiklerin bitkisel
sentez yolaklar literatiirde tanimlanmis olsa da, mikroorganizmalar tizerindeki hiicresel yanit
ve tolerans mekanizmalarina dair bilgiler heniiz sinirlidir. Bu dogrultuda, fenolik asitlerin
biyolojik etkinliklerinden verimli bir sekilde yararlanabilmek i¢in hiicresel etkilesimlerin; ilgili
gen ve protein diizeyinde kapsamli bir sekilde incelenmesi literatiire onemli bir katki

saglayacaktir.
2. DENEYSEL CALISMALAR

2.1. Bakteri Suslar1 ve Kimyasallar

Calismada kullanilan trans-sinnamik asit ve p-kumarik asit Sigma-Aldrich firmasindan tedarik
edilmis ve %100 etil alkol ile her ¢alismada taze olarak hazirlanmistir. Trans-sinnmaik asit 150
mg/ml p-kumarik asit ise 50 mg/ml derisiminde stoklanmistir. Deneylerde kullanilan mutant
suslar KEIO Koleksiyonu’ndan temin edilmistir (Baba ve ark., 2006). Kiiltiirleme islemleri; 50
png/mL kanamisin igeren ve degisken konsantrasyonlarda fenolik asit ilave edilmis Luria-

Bertani (LB) besiyerinde gergeklestirilmistir.

2.2. Artan Konsantrasyonlarinda Fenolik Asit Igeren Ortamda Mutantlarin Taranmasi
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96 adet mutant sus, p-kumarik asidin farkli konsantrasyonlarinda (0 mg/ml, 1 mg/ml, 1,2
mg/ml, 1,3 mg/ml, 1,4 mg/ml ve 1,5 mg/ml) duyarlilik agisindan taranmistir (Gorsel 2). Tarama
deneyleri gergekelstirilen mutant suslarin ilgili gen ve konum bilgileri Gorsel 1°de verilmistir.
Mutantlar, -80°C'de mikroplakalarda stoklanmis olup, taze Luria-Bertani (LB) broth iceren
mikroplakalara ekilerek 37°C'de bir gece boyunca inkiibe edilmistir.

Ertesi gun, kaltirler 50 pg/ml kanamisin iceren taze LB broth besiyerine 96 pinli replikator
yardimiyla transfer edilerek, 37°C'de 3 saat inkiibe edilmistir. Ardindan, farkl
konsantrasyonlardaki p-kumarik asit igeren kanamisinli LB agar plakalarina yine 96 pinli
replikatorle ekim yapilmistir. Plakalar, 37°C'de 24 saat inkiibe edilerek mutant suslarin p-

kumarik aside kars1 duyarlilig1 degerlendirilmistir.

Keio Collection(Plate No.45)

1 2 3 4 5 6 7 8 9 10 11 12
A JW1496 | JW1869 | JW1923 | JW1935 | JW3112 | JW3604 | JW5599 | JW4277 | JW0462 | JW1283 | JW1876 | JW2764
ydeQ flhB fliG rcsA yral rfaS rffD fimA htpG sapF cheW syd
B JW1500 [ JW1880 | JW1925 | JW2020 | JW3175 | JW3605 | JW5598 | JW4279 | JWO598 | JW1417 | JW1878 | JW2861
hipA fInC flil wbbH mt; rfaP ffG fimC ahpC trg motB dsbC
c JW1633 [ JW1905 | JW1927 | JW2022 | JW3594 JW3763 | JW4281 | JWO941 | JW1477 | JW1879 | JW2988
slyB fliY fliK rfbX rfaD rffH fimF sulA osmC motA ygis
D JW1660 [ JW1908 | JW1928 | JW2163 | JW3595 | JW3607 | JW3770 | JW4283 | JW0985 | JWI561 | JW1886 | JW3142
ydhU flic fliL spr rfaF rfaQ rffM fimH chpA dicC otsB secG
E JW1698 [ JW1909 | JW1929 | JW2336 | JW3597 JW3818 JW1165 | JW1566 | JW2183 | JW3146
nlpC fliD fliM yfeV. rfal rfaH minC dicB ccmG rrmJ
F JW1728 [ JW1910 | JW1930 | JW2428 | JW3600 JW4097 | JW0014 | JW1236 | JW1720 | JW2465 | JW3286
osmE fliS fliN amiA rfaY cutA dnaJ oppB cedA bep gspC
G JW1844 [ JW1911 | JW1932 | JW2601 | JW3601 | JW3758 | JW4103 JW1239 | JW1721 [ JW2510 | JW3288
IpxM fliT fliP smpB rfad rfe groL oppF katE hscA gspE
H JW1868 [ JW1922 | JW1933 | JW2982 | JW3602 | JW5600 | JWA192 | JWO304 | JW1275 | JW1873 | JW2654 | JW3289
flhA fliF fliQ yghH rfal rffE mpl betB osmB cheR proX gspF
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Gorsel 1. Tarama ¢alismalar gerceklestirilen mutant suslarin ilgili genleri ve konumlarim
gOsteren tablo ile petri gérunttsu

2.3. Verifikasyon

Tarama deneylerinde trans-sinnamik asit ve p-kumarik aside kars1 farkli duyarlilik sergiledigi
belirlenen cbpA mutant1 ve kontrol susunun fenotipik 6zellikleri, verifikasyon ¢aligmalariyla
dogrulanmistir. Bu amagla, her iki susun trans-sinnamik asit ve p-kumarik asit varligindaki
biliylime performanslar1 tolerans nokta testleri (spot assay) ile analiz edilmistir. Mutant ve

kontrol susglari, -80°C stoklarindan 50 pg/ml kanamisin iceren LB (LB-kan50) kat1 besiyerlerine
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ekilerek canlandirilmis; ardindan elde edilen tek koloniler 5 ml LB siv1 besiyerinde 150 rpm,
37°C’de gece boyu inkiibe edilmistir. Dogrulama protokolii kapsaminda, gece boyu biiyiitiilen
cbpA mutant1 ve kontrol susu kiiltiirleri, taze LB besiyerine OD600 0,05 olacak sekilde inokiile
edilmis ve hiicreler logaritmik fazi temsil eden OD600 0,5 degerine ulasana kadar
biiylitiilmiistiir. Standart yogunluga ulasan hiicrelerin steril PBS ile seri diliisyonlar1 hazirlanmis
ve her dilisyondan 5 pl’lik hacimler, artan konsantrasyonlarda trans-Sinnamik asit ve p-
kumarik asit iceren LB-kan50 kati besiyerlerine damlatilmistir (Sezer Kiirk¢ii, M., ve ark.,
2025). 37°C’de 3 giin siiren inkiibasyon boyunca her iki susun biliyiime alanlar1 ve koloni
yogunluklart giinliik olarak takip edilmistir. Bu sayede, COpA gen eksikliginin kontrol susuna

kiyasla fenolik asit toleransi iizerindeki spesifik etkisi kesinlestirilmistir.

2.4. Komplementasyon

Komplementasyon ¢aligmalari kapsaminda, hedef genleri tasiyan p-CA24N plazmidleri ASKA
klonlarindan BioLabs Monarch Plasmid Miniprep kiti ile izole edilmis; ilgili gen bakimindan
mutant olan E. coli suslar1 ise CaCI2 metodu kullanilarak kompetant hale getirilmistir. Elde
edilen kompetant mutant hiicrelere, hedef geni tasiyan plazmidler heat-shock (42°C’de 2 dk)
yontemiyle transforme edilmis ve transformantlar kloramfenikol (30 pg/ml) igeren secici LB
agar besiyerlerinde dogrulanmistir. Fenolik asit toleransinin geri kazanimini test etmek
amaciyla; hedef geni tasiyan sus [E. coli K-12 BW25113 cbpA (p-CA24N::cbpA)], bos plazmid
tastyan kontrol susu [E. coli K-12 BW25113 (p-CA24N)] ve yabanil tip E.coli susu [BW25113
(p-CA24N)] kullanilarak Minimum Inhibisyon Konsantrasyonu (MIC) deneyleri

yuriitiilmiistiir. Calismada kullanilan suslar ve plazmidler Cizelge 1 ‘de verilmistir.

MIC tayini icin, p-CA24N plazmidindeki T5-lac promotérini induklemek tzere 0 uM, 10 uM
ve 33 uM IPTG konsantrasyonlar1 kullanilmis; hiicreler OD600 0,05 olacak sekilde diliie
edilerek mikro plakalara ekilmistir. Deneylerde, 6n tarama ve verifikasyon sonuglarina gore
belirlenen 8 farkli artan konsantrasyonda trans-sinnamik asit ve p-kumarik asit iceren LB
besiyerleri kullanilmistir. 37°C’de 24 saatlik inkiibasyonun ardindan OD600 degerleri
spektrofotometrik olarak 6l¢iilmiis ve gorsel olarak iiremenin durdugu en diisiik konsantrasyon
MIC degeri olarak kaydedilmistir. Bog plazmid tasiyan kontrol susuna kiyasla, fenolik asitlerin
(trans-sinnamik ve p-kumarik asit) daha yiiksek konsantrasyonlarinda iireme yetenegi
sergileyen suslar basarili bir sekilde komplemente olmus olarak kabul edilmistir (Sezer Kiirkcti,

M., ve ark., 2025).
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Cizelge 1. Calsmada Kullanilan Sus ve Plazmid Listesi

Suslar ve Plazmidler

Genotip

Kaynakca

Suslar
E. coli K-12 BW25113

E. coli K-12 BW25113 chpA

E. coli K-12 BW25113 (pCA24N)
E. coli K-12 BW25113 chpA (pCA24N:: cbpA)

E. coli K-12 BW25113 cbpA (pCA24N)

Plazmidler
pCA24N

pCA24N:: cbpA

lacld rran A|aCZW316 hsdR514 AaI’aBADAH33 ArhaBADng
K-12 BW25113 AchpA QKmR

lacl9rrnBris AlacZwiis hsdR514 AaraBADapnss ArhaBAD p7sCmR; lacld, pCA24N
K-12 BW25113 A cbpA QKmR, CmR; lacl9, pCA24N Prs.jc:: chpA *

K-12 BW25113 A cbpA QKmR, CmR; lacl9, pCA24N

CmR; lacl9, pCA24N
CmR; lacl9, pCA24N Prs.jac:: ChpA *

(Datsenko ve Wanner, 2000)
(Baba ve ark.., 2006)

Bu caligma
Bu caligma

Bu ¢aligma

(Kitagawa, ve ark., 2005)
(Kitagawa, ve ark., 2005)
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3. SONUCLAR VE DEGERLENDIRME
3.1. Tarama Calismas1 Sonuglar1

Tarama deneylerinde artan trans-sinnamik asit (tCA) ve p-kumarik asit (p-CA)
konsantrasyonlarina karsi mutant suslarin sergiledigi duyarlilik profillerinin belirlenmesi

amaglanmstir.

Yapilan analizler sonucunda, artan fenolik asit konsantrasyonlarinin suslarin biiyiime
karakteristikleri iizerindeki etkileri belirlenmistir. Kontrol susunun 1,2 mg/mL tCA derisimine
sahip ortamda biiyiime sergiledigi gozlemlenirken, chpA geni nakavt edilmis mutant susun ayni
konsantrasyonda gelisemedigi saptanmustir. Benzer sekilde, artan p-CA konsantrasyonlart
altinda gerceklestirilen denemelerde; kontrol susunun 1,3 mg/mL p-CA ortaminda canliligini
stirdiirdiigli, ancak CbpA mutantinin bu konsantrasyonda biiylime gosteremedigi tespit

edilmistir (Gorsel 2).

AcbpA tCA

Omg/ml 0,75 mg/ml 1 mg/ml 1,2mg/ml 1,3 mg/ml 1,5 mg/ml

Kontrol tCA
0 mg/ml 0,75 mg/ml 1 mg/ml 1,2mg/ml 1,3 mg/ml 1,5 mg/ml
AcbpA
Omg/ml 1 mg/ml  1,2mg/ml  1,3mg/ml  1,4mg/ml 1,5 mg/ml
Kontrol

Omg/ml 1 mg/ml  1,2mg/ml  1,3mg/ml 1,4mg/ml 1,5 mg/ml

Gorsel 2. Artan trans-sinnamik asit (tCA) ve p-kumarik asit (p-CA) konsantrasyonlarinda
Escherichia coli AchpA susunun kontrole kiyasla iireme durumu
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3.2. Verifikasyon Calismas1 Sonuglari

Tarama deneylerinde tCA ve p-CA karsisinda duyarlilik sergiledigi saptanan cbpA mutanti ile
kontrol susunun fenotipik 6zellikleri, verifikasyon ¢aligmalariyla teyit edilmistir. Logaritmik
bliyime fazina (OD600 0,5) getirilen kiiltiirlerden hazirlanan seri diltsyonlar, artan
konsantrasyonlarda tCA ve p-CA igeren kati besiyerlerine damlatilarak hiicrelerin biiyime
karakteristikleri {li¢ giin boyunca izlenmistir. Gilinlik olarak gerceklestirilen gorsel
degerlendirmeler ve fotograf kayitlar1 neticesinde; her iki fenolik asit derisiminin artigina
paralel olarak cbpA mutantinin, kontrol susuna kiyasla belirgin sekilde zayif bir biiyiime
sergiledigi saptanmistir. Ozellikle artan tCA ve p-CA konsantrasyonlarmda kontrol susu
canliligini siirdiirebilirken, cbpA nakavt mutantinin biiyiimesinin baskilandig1 gézlemlenmistir
(Gorsel 3 ve Gorsel 4). Bu veriler, cbhpA gen eksikliginin Escherichia coli’nin fenolik asit

toleranst tizerinde dogrudan ve spesifik bir etkisi oldugunu kesinlestirmistir.

1/1 12 1/4 1/8 1/16 1/1 12 1/4 1/8 1/16
0 mg/ml 0 mg/ml
0,75 mg/ml | 0,75 mg/ml
1 mg/ml 1 mg/ml
1,2 mg/ml | 1,2 mg/ml
1,3 mg/ml 1,3 mg/ml
1,5 mg/ml 1,5 mg/ml ;
P45D9(AcbpA) Kontrol

Gorsel 3. Artan trans-sinnamik asit konsantrasyonlarinda Escherichia coli AchpA susunun
kontrole kiyasla iireme durumu

/1 12 1/4 1/8 1/16 11 12 1/4 1/8 1/16

0 mg/ml 0 mg/ml

1 mg/ml 1 mg/ml

1,2 mg/ml § 1,2 mg/ml

p-CA
1,3 mg/ml 1,3 mg/ml
1,4 mg/ml 1,4 mg/ml
1,5 mg/ml 1,5 mg/ml
P45D9(AcbpA) Kontrol

Gorsel 4. Artan p-kumarik asit konsantrasyonlarinda Escherichia coli AchpA susunun kontrole
kiyasla iireme durumu
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3.3. cbpA Geni Komplementasyon Analizi Sonuglari

cbpA mutanti ve geni geri kazandirilmis rekombinant susun farkli IPTG konsantrasyonlarindaki
trans-sinnamik  asit (tCA) toleranslart  karsilagtirilarak  komplementasyon analizi
gerceklestirilmistir.  Yapilan MIC  deneylerinde, 0 uM IPTG (indiiklenmemis)
konsantrasyonunda rekombinant susun mutant sus ile benzer biiyiime 6zellikleri sergiledigi ve
bu kosulda komplementasyonun gerceklesmedigi saptanmistir. Bu durum, hedef genin

ekspresyonu i¢in bazal seviyenin yetersiz oldugunu gostermektedir.

Buna karsin, 10 uM IPTG indiiksiyonu altinda rekombinant susun tCA toleransinda belirgin bir
artig gézlenmistir. Mutant sus 0,8 mg/ml tCA konsantrasyonunda iireyebilirken, cbpA geni geri
kazandirilmis rekombinant susun 1,2 mg/ml tCA konsantrasyonunda biiylime sergiledigi ve
basarili bir sekilde komplemente oldugu belirlenmistir. 33 pM IPTG konsantrasyonunda ise
rekombinant sus 1,0 mg/ml tCA ortaminda lireme yetenegi gosterirken, mutant susun yine 0,8
mg/ml seviyesinde kaldig1 tespit edilmistir (Gorsel 5). Bu sonuglar, cbpA geninin digaridan
ifade edilmesinin, mutant susun trans-sinnamik asite kars1 duyarliligin1 ortadan kaldirarak

tolerans yanitini geri kazandirdigini dogrulamaktadir.

L 000000000000
1,5mgmi| |B OOOOOOOOOOOO
1,4mgmi| |C OOOOOOOOOOOO
13mgmi| |D OOOOOOOOOOOO
1,2mgmi| |E OOOOOOOOOOOO

ord [F OB OO @O BOD
08mgml| (G ”‘O“‘O‘.‘O

wonl O OGO OGO OOOOO

0 uMIPTG 10 UM IPTG 33 uM IPTG

Gorsel 5. Artan p-kumarik asit konsantrasyonlarinda Escherichia coli AchpA susunun kontrole
kiyasla iireme durumu
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cbpA geni geri kazandirilmis rekombinant susun p-kumarik asite (p-CA) karsi sergiledigi
tolerans yaniti, mutant sus ile kiyaslanarak farkli indiikleyici (IPTG) konsantrasyonlarinda
analiz edilmistir. 0 uM IPTG konsantrasyonunda gergeklestirilen deneylerde, rekombinant
susun p-CA toleransinda mutant susa gore bir artis gozlenmemis ve bu kosulda

komplementasyonun ger¢eklesmedigi saptanmistir.

Buna karsin, artan IPTG konsantrasyonlari ile cbpA geninin ifade edilmesi, p-CA toleransini
anlamli olglide artirmistir. 10 uM IPTG varliginda, mutant sus en fazla 0,8 mg/ml p-CA
konsantrasyonunda iireyebilirken; rekombinant susun 1,1 mg/ml p-CA derisiminde biiylime
sergiledigi ve basariyla komplemente oldugu belirlenmistir. 33 uM IPTG konsantrasyonunda
ise mutant susun tolerans limiti 1,0 mg/ml p-CA seviyesindeyken, rekombinant susun 1,4
mg/ml p-CA konsantrasyonunda tireyebildigi tespit edilmistir. Bu bulgular, cbpA geninin p-
kumarik asit stresine karsi diren¢ mekanizmasinda kritik bir rol oynadigini ve genin ifadesinin

mutant fenotipi ortadan kaldirdigini kanitlamaktadir (Gorsel 6).

OOOO N [BW25113:: AcbpA (pCA24N::cbpA)
OOOO o |BW25113:: AcbpA (pCA24N::cbpA)
OOOO 5 BW25113:: AcbpA (pCA24N::cbpA)

2mgmi| | A O OOO OOO OO
1,4mgmi| |B O OOO OQO OO
13mgml| (C O OOO OOO OO
12mgmi| |D O OOO OQO OO
11mgmi| |E OOOOOOOOOOOO

! |F @@ V@@V @@V
08 mgml| |G .‘.O“.O...O

ool HOOOOOOOOOOO

0uMIPTG 10 uM IPTG 33 uM IPTG

Gorsel 6. Artan p-kumarik asit konsantrasyonlarinda Escherichia coli AchpA susunun kontrole
kiyasla iireme durumu
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4. GENEL DEGERLENDIRME VE SONUCLAR

Escherichia coli’de 306 aminoasitten olusan ve Curved DNA-binding protein A’y1 kodlayan
CbpA, bakteriyel hayatta kalma stratejilerinde ¢ift fonksiyonlu bir molekiiler yardimei olarak
kritik rol oynamaktadir. Bir DnaJ-benzeri protein olan CbpA, &zellikle stres kosullarinda
denatire olan proteinlerin yeniden katlanmasini saglamak amaciyla DnaK (Hsp70) saperon
sistemi ile sinerjik bir sekilde calisarak protein homeostazisini korur. Es zamanli olarak,
DNA’nin i¢sel kivrimli bolgelerine baglanma yetenegi sayesinde niikleoid organizasyonunu ve
paketlenmesini diizenleyerek genetik materyali fiziksel hasarlara karsi stabilize eder

(ecoliwiki.org; UniProt; EcoCyc).

Fenolik bilesiklerin, 6zellikle de trans-sinnamik asit tlrevlerinin bakteriyel hicrelerde
indiikledigi stres, bu savunma mekanizmalarinin 6nemini daha da belirginlestirmektedir.
Literatirde, p-kumarik asit (p-CA) kaynakli oksidatif stresin protein yanlis katlanmasini
tetikledigi ve enerji metabolizmasiyla iligkili genlerin asagi regiilasyonuna neden olarak
hiicresel bilesenlerde dolayli hasarlar olusturdugu bildirilmistir (Rodriguez-Ochoa ve ark.,
2022). Benzer sekilde, trans-sinnamaldehit fimigasyonunun E. coli’de tek ve ¢ift sarmalli DNA
kirilmalarina yol agtigr raman spektroskopisi caligsmalariyla kanitlanmistir (Huang ve ark.,
2025). Bu bulgular, fenolik asitlerin bakteriler tGizerinde hem proteotoksik hem de genotoksik
bir baski olusturdugunu gostermektedir. Genotoksik ve proteotoksik baski karsisinda CbpA,
niikleoid biitiinliigiinii koruyan ve protein kiimelenmesini dnleyen vazgegilmez bir "koruma
kalkan1" gorevi Ustlenmektedir. Nitekim, p-CA ve klorojenik asit kombinasyonlariin Shigella

tirlerinde ciddi genomik bozulmalara yol agtig1 bilinmektedir (Liu ve ark., 2025).

Bu ¢alisma kapsaminda elde edilen veriler, AcbpA mutant E. coli susunun trans-sinnamik asit
ve p-kumarik aside karsi artan bir duyarlilik sergiledigini ortaya koymustur. S6z konusu
duyarliligin, cbpA geninin plazmit araciligiyla geri kazandirilmasi (komplementasyon) sonucu
ortadan kalktig1 gozlemlenmistir. Komplementasyon analizlerinde, gen ekspresyonunun
indiiklenmedigi 0 uM IPTG kosulunda tolerans artis1 gozlenmezken; 10 uM ve 33 uM IPTG
konsantrasyonlarindaki indiikleme ile bakterinin bu bilesiklere karsi toleransini yeniden
kazandig1 belirlenmistir. Farkli IPTG konsantrasyonlarina bagli olarak degisen bu geri kazanim
oranlari, fenolik asit direncinde CbpA miktarinin kritik bir rol oynadigini diisiindiirmektedir.
AcbpA mutantinin sergiledigi fenotip ve kontrollii indiikleme ile saglanan bu komplementasyon
verileri, CbpA'nin bu bilesiklere kars1 gelistirilen temel savunma mekanizmalarinda merkezi

bir bilesen oldugunu desteklemektedir.
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Phenolic acids are plant-derived antimicrobial compounds that exert stress on bacterial cells
through membrane perturbation, oxidative imbalance, and metabolic interference. While
several resistance mechanisms have been described, the transcriptional response of lesser-
characterized genes remains unclear. The yrbF gene, also known as mlaF, encodes the ATP-
binding subunit of the MlIaFEDB ABC transporter complex responsible for maintaining outer
membrane lipid asymmetry through intermembrane phospholipid trafficking. Disruption of this
pathway increases membrane permeability and SDS-EDTA sensitivity, highlighting its critical
role in envelope stress adaptation.

In this study, we investigated the short-term transcriptional regulation of mlaF in Escherichia
coli BW25113 following exposure to structurally related phenolic acids. Exponentially growing
cultures were exposed for 15 minutes to trans-cinnamic acid (tCA), p-coumaric acid (pCA),
ferulic acid (FA), and benzoic acid (BA). Relative mMRNA expression levels were determined
by quantitative real-time PCR using 16S rRNA as the reference gene and calculated using the
2"=AACt method. mlaF expression was upregulated by tCA (1.86-fold) and pCA (2.12-fold),
while a markedly stronger induction was observed under FA exposure (3.82-fold). In contrast,
benzoic acid caused only minimal induction (1.03-fold). These findings reveal a structure-
dependent transcriptional activation pattern, with hydroxy- and methoxy-substituted cinnamic
acid derivatives eliciting the strongest response.
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Collectively, our results suggest that phenolic acid-induced membrane perturbation may
activate phospholipid trafficking pathways and identify mlaF as a potential regulatory node in
envelope stress adaptation. This study provides new insight into structure-specific bacterial
responses to plant-derived antimicrobials.
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Fenolik asitler, bakteriyel hiicrelerde membran yapisinin bozulmasi, oksidatif dengenin
degismesi ve metabolik siireclerin etkilenmesi yoluyla stres olusturan bitki kokenli
antimikrobiyal bilesiklerdir. Bu stres yanitina iliskin ¢esitli diren¢ mekanizmalar1 tanimlanmig
olmakla birlikte, daha az karakterize edilmis genlerin transkripsiyonel yanit1 hala tam olarak
aydinlatilamamistir. mlaF olarak da bilinen yrbF geni, hiicreler arasi fosfolipit taginmasi
yoluyla dig membran lipid asimetrisini korumaktan sorumlu MIaFEDB ABC tasiyici
kompleksinin ATP baglayict alt birimini kodlar. Bu yolaktaki bozulmalar, membran
gecirgenliginde artisa ve SDS-EDTA duyarlili§ina yol agarak bu sistemin hiicre zarfi stresine
adaptasyondaki kritik roliinii ortaya koymaktadir.

Bu galismada, Escherichia coli BW25113 susunda, yapisal olarak benzer fenolik asitlere maruz
kalma sonrast mlaF geninin kisa siireli transkripsiyonel diizenlenmesi incelenmistir.
Logaritmik fazdaki hucreler 15 dakika stireyle trans-sinnamik asit (tCA), p-kumarik asit (pCA),
ferulik asit (FA) ve benzoik asit (BA) ile muamele edilmistir. Goreceli mRNA ekspresyon
diizeyleri, referans gen olarak 16S rRNA kullanilarak kantitatif ger¢ek zamanli PCR ile
belirlenmis ve 2"—AACt yontemiyle hesaplanmistir. mlaF gen ekspresyonunun tCA (1,86 kat)
ve pCA (2,12 kat) ile arttig1, FA uygulamas: altinda ise belirgin sekilde daha yiiksek bir
indiiksiyonun (3,82 kat) gerceklestigi goriilmiistiir. Buna karsilik, benzoik asit yalnizca minimal
diizeyde bir artisa (1,03 kat) neden olmustur. Bu bulgular, hidroksi ve metoksi grubu iceren
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sinnammik asit tlirevlerinin daha gii¢lii bir yanit olusturdugunu gdésteren, yapi-bagimli bir
transkripsiyonel aktivasyon paternini ortaya koymaktadir.

Sonu¢ olarak, fenolik asitlerin neden oldugu membran bozulmasinin fosfolipit tasinma
yolaklarini aktive edebilecegi ve mlaF geninin hiicre zarfi stresine adaptasyonda potansiyel bir
diizenleyici diiglim noktasi olabilecegi diisiiniilmektedir. Bu ¢alisma, bitki kokenli
antimikrobiyal bilesiklere karsi bakteriyel yanitlarin yapi-6zgiilliigiine dair yeni bilgiler
sunmaktadir.

Tesekkiir: Bu ¢alisma, Tiirkiye Bilimsel ve Teknolojik Arastirma Kurumu (TUBITAK, 1001
proje no: 1227018) tarafindan desteklenmistir.

Anahtar Kelimeler: Escherichia coli, mlaF (yrbF), fenolik asitler, ferulik asit, membran stresi,
fosfolipit taginmasi, qRT-PCR

1. GIRIS

Fenolik asitler, bitkiler tarafindan sentezlenen ve mikroorganizmalar iizerinde antimikrobiyal
etki gosteren Onemli sekonder metabolitlerdir. Bu bilesikler bakteriyel hiicrelerde baslica
membran biitiinliigliniin bozulmasi, oksidatif stresin artmasi ve metabolik siireclerin sekteye
ugramasi yoluyla etki eder (Adisakwattana, 2017). Ozellikle aromatik halka yapisi ve
hidroksi/metoksi substitiisyonlari, bu bilesiklerin hiicre tizerindeki etkilerini belirleyen 6nemli
yapisal ozelliklerdir (Rastogi ve ark., 2008; Scherer ve ark., 2009; Hafizur ve ark., 2015).
Lignoseliilozik biyoproseslerde ara iiriin olarak da yer almalar1 nedeniyle, mikroorganizmalarla
etkilesimleri hem temel bilimler hem de biyoteknolojik uygulamalar agisindan biiyiik 6nem
tagimaktadir.

Bakteriler fenolik bilesiklere karsi ¢esitli savunma mekanizmalar1 gelistirmistir. Bunlar
arasinda zar gegirgenliginin diizenlenmesi, aktif efluks sistemleri ve redoks dengeyi saglayan
metabolik yollar yer almaktadir (Cheng ve ark., 2006; Maurya ve ark., 2010; Kanski ve ark.,
2001; Yeh ve ark., 2008; Martin ve ark.) Ancak, bu siireglerde rol alan bazi genlerin 6zellikle
erken donem (kisa siireli) transkripsiyonel yanitlari heniiz tam olarak aydinlatilamamustir.

Bu baglamda, yrbF olarak da bilinen mlaF geni, dis membran lipid asimetrisinin korunmasinda
gorev alan MlaFEDB ABC tasiyict kompleksinin ATP-baglayici alt birimini kodlamaktadir
(Malinverni ve Silhavy., 2009). Bu sistem, hiicreler arasi fosfolipit taginimini diizenleyerek dis
membran stabilitesinin korunmasina katki saglar (Hughes vd., 2019). mlaF geninin fonksiyon
kaybi, membran gecirgenliginde artis ve deterjanlara (6rnegin SDS-EDTA) kars1 hassasiyet ile
iliskilendirilmistir (Malinverni ve Silhavy, 2009).

Bu ¢alismada, Escherichia coli BW25113 susunda, yapisal olarak benzer fenolik asitlerin mlaF
geninin kisa siireli transkripsiyonel diizenlenmesi {izerindeki etkileri arastirilmistir. Caligmanin
temel amaci, fenolik bilesiklerin yapisal 6zellikleri ile bakteriyel yanit arasindaki iligkiyi ortaya
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koymak ve membran stresine adaptasyonda rol oynayan genlerin duzenlenmesini
degerlendirmektir.

2. DENEYSEL CALISMALAR
2.1. E. coli bakterisinin yetistirilmesi ve fenolik bilesiklere maruz birakilmasi

Bu ¢alismada Escherichia coli BW25113 susu kullanilmistir. Bakteriyel kiiltiirler Luria-Bertani
(LB) besiyerinde 37°C’de, 150 rpm ¢alkalama kosullarinda biiyiitiilmiistiir. Hiicreler logaritmik
bliylime fazina ulastiginda deneysel uygulamalara gecilmistir. Fenolik bilesikler olarak trans-
sinnamik asit (tCA), p-kumarik asit (pCA), ferulik asit (FA) ve benzoik asit (BA) kullanilmistir.
Her bir bilesik uygun ¢oziiclilerde hazirlanarak kiiltiir ortamina eklenmis ve bakteriler 15 dakika
sureyle bu bilesiklere maruz birakilmistir. Kontrol grubu olarak fenolik bilesik i¢ermeyen
kiltirler kullanilmustir.

2.2. RNA izolasyonu

Fenolik bilesik uygulamasini takiben hiicreler hizli bir sekilde hasat edilmistir. Toplam RNA
izolasyonu, Uretici firma protokoliine uygun olarak ticari bir RNA izolasyon kiti kullanilarak
gerceklestirilmistir. Elde edilen RNA 6rneklerinin saflig1 ve konsantrasyonu spektrofotometrik
olarak degerlendirilmis, ayrica RNA biitlinligii agaroz jel elektroforezi ile kontrol edilmistir.

2.3. cDNA eldesi

Izole edilen toplam RNA’dan ¢cDNA sentezi, ters transkripsiyon reaksiyonu kullanilarak
gerceklestirilmistir. Bu amagla, uygun miktarda RNA, random primerler ve reverse transkriptaz
enzimi igeren reaksiyon karisimi hazirlanmig ve iiretici firma talimatlarina gore inkiibasyon
gerceklestirilmistir. Elde edilen cDNA oOrnekleri, real-time PCR analizlerinde sablon olarak
kullanilmistir.

2.4. Real-time PCR reaksiyonunun gerceklestirilmesi

Gen ekspresyon diizeylerinin belirlenmesi amaciyla kantitatif ger¢ek zamanli PCR (qQRT-PCR)
yontemi kullanilmistir. Reaksiyonlar, uygun primer ¢iftleri, SYBR Green i¢eren master mix ve
cDNA sablonu kullanilarak gerceklestirilmistir. Primer cifti olarak
GAACATACCCAACTTCCCGC ve CATGGTGATGGGATCTTGCC sekansina sahip
forward ve reverse primerleri kullanilmigtir. mlaF geninin ekspresyon duizeyleri, referans gen
olarak kullanilan 16S rRNA geni ile normalize edilmistir. Goreceli gen ekspresyon diizeyleri,
2°"—~AACt yontemi kullanilarak hesaplanmistir. Tiim deneyler en az ii¢ teknik tekrar ile
yuriitiilmistiir.

3. SONUCLAR VE DEGERLENDIRME
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Fenolik asitlere maruz birakilan E. coli hiicrelerinde mlaF geninin ekspresyon diizeylerinde
belirgin degisiklikler gbzlenmistir. Elde edilen sonuglara gore, trans-sinnamik asit (tCA)
uygulamas1 mlaF ekspresyonunda 1,86 katlik bir artisa neden olurken, p-kumarik asit (pCA)
ile bu artis 2,12 kat olarak belirlenmistir. Ferulik asit (FA) uygulamasi ise en yiiksek
indiiksiyonu olusturmus ve mlaF ekspresyonunun 3,82 kat arttigi tespit edilmistir. Buna
karsilik, benzoik asit (BA) uygulamasi yalnizca minimal diizeyde bir degisime (1,03 kat) yol
acmustir (Gorsel 1).
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Gorsel 1. Escherichia coli BW25113 susunda farklh fenolik asitlere maruz kalma sonrasi
mlaF (yrbF) geninin relatif ekspresyon duizeyleri. Hiicreler 15 dakika streyle fenolik
bilesiklere maruz birakilmis ve gen ekspresyonu qRT-PCR ile analiz edilmistir. Ekspresyon
diizeyleri, referans gen olarak kullanilan 16S rRNA’ya normalize edilmis ve 2"—AACt yontemi
ile hesaplanmugtir. (A) trans-sinnamik asit (tCA), (B) p-kumarik asit (pCA), (C) ferulik asit
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(FA), (D) benzoik asit (BA) uygulamalari sonrasi elde edilen sonuglar gosterilmektedir. Veriler
ortalama + standart hata (SE) olarak sunulmustur.

Bu sonuclar, fenolik asitlerin bakteriyel yanit1 lizerinde yapi-bagimli bir etki olusturdugunu
gostermektedir. Ozellikle hidroksi ve metoksi grubu iceren sinnammik asit tiirevlerinin,
benzoik asite kiyasla daha gili¢lii bir transkripsiyonel yanit olusturdugu goriilmektedir. Bu
durum, substitiisyon paterninin membran ile etkilesimi ve hiicre zarfi iizerinde olusturdugu stres
diizeyi ile iligkili olabilir. Daha kompleks yapiya sahip fenolik bilesiklerin, dis membranda daha
fazla bozulmaya yol acarak Mla sistemi gibi fosfolipit tasinim mekanizmalarini aktive ettigi
distiniilmektedir.

4. GENEL DEGERLENDIRME VE SONUCLAR

Bu calisma, yapisal olarak benzer fenolik asitlerin mlaF geninin ekspresyonu iizerinde farkli
etkiler olusturdugunu ortaya koymustur. Elde edilen bulgular, fenolik bilesiklerin bakteriyel
hiicrelerde olusturdugu stresin yalnizca varligina degil, ayn1 zamanda kimyasal yapilarina da
bagh oldugunu gostermektedir. Ozellikle ferulik asidin giiglii indiikleyici etkisi, bu bilesigin
membran biitiinliigli lizerinde daha belirgin bir etki olusturdugunu ve fosfolipit tasinim
sistemlerinin aktivasyonunu tetikledigini diisiindiirmektedir.

Sonug olarak, mlaF geninin fenolik asitlere karsi gelisen hiicre zarfi stres yanitinda 6nemli bir
rol oynadig1 ve potansiyel bir diizenleyici diiglim noktas1 oldugu ortaya konulmustur. Bu
bulgular, fenolik bilesiklerin antimikrobiyal mekanizmalarinin anlasilmasina katki saglamakta
ve ayn1 zamanda bakteriyel direng mekanizmalarinin hedeflenmesine yonelik yeni yaklagimlar
i¢in temel olusturmaktadir.
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ABSTRACT

Probiotics are live microorganisms that, when consumed in sufficient quantities, can have
positive effects on host health and have attracted increasing attention in recent years,
particularly with advances in microbiota research. It is becoming increasingly clear that these
microorganisms can influence not only gut balance but also the immune system, inflammatory
processes, and even cancer development. Current findings indicate that probiotics can influence
both innate and adaptive immune responses through various mechanisms. Increased
macrophage and natural killer cell activity, along with regulation of cytokine balance (e.g., IL-
10 and TNF-a levels), are key components of this effect. Furthermore, some species are known
to limit colonization by competing with pathogenic microorganisms or producing antimicrobial
compounds. The anti-inflammatory effects of probiotics are mostly associated with the
suppression of inflammatory signaling pathways and the rebalancing of the gut microbiota. The
production of metabolites such as short-chain fatty acids also plays a significant role in this
process. These characteristics are noteworthy considering that chronic inflammation is thought
to be a contributing factor in the development of many diseases. Furthermore, some studies
show that probiotics can trigger apoptosis in tumor cells, limit cell proliferation, and play a
supportive role in treatment processes. This review aims to provide a holistic assessment of the
current literature on the immunomodulatory, antimicrobial, anti-inflammatory, and anticancer
effects of probiotics. In our study, the fundamental mechanisms underlying these effects will
be discussed in detail, particularly focusing on strain-specific differences and potential clinical
applications. In this respect, the review aims to contribute to future research on the therapeutic
use of probiotics.

Keywords: Probiotics, Immune response, Anti-inflammatory effect, Anticancer potential,
Microbiota
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1. INTRODUCTION

The human gastrointestinal tract hosts a vast ecosystem of approximately 100 trillion (10')
microorganisms that play a crucial role in the host's physiology, metabolism, and immune
system. Probiotics are defined by FAO/WHO as "live microorganisms that, when administered
in sufficient quantities, provide a health benefit to the host." While the scientific basis for this
concept dates back to Elie Metchnikoff's 1907 report on the association between lactic acid-
producing bacteria and longevity, modern medicine now considers these microorganisms not
merely as digestive aids but as complex immunomodulatory agents (Hill et al., 2014). The gut
microbiota provides critical signals for "training” the immune system, as well as metabolic
functions such as the digestion of nutrients, the synthesis of vitamins K and B, and the
production of short-chain fatty acids (SCFASs). The gastrointestinal system is the largest
immunological organ in the body, housing approximately 70-80% of the total immune capacity
through the gut-associated lymphoid tissue (GALT). Here, the host must maintain an active
defense mechanism against pathogens while developing "immune tolerance™ to harmless
commensal bacteria. Probiotics play a vital role in maintaining this delicate balance by
strengthening the intestinal barrier, preventing pathogen attachment, and modulating cytokine
release (Mazziotta et al., 2023). Lactobacillus and Bifidobacterium genera, in particular, stand
out as the strains with the broadest clinical evidence. Today, the effects of probiotics are not
limited to the gut but offer systemic health improvement potential through gut-brain, gut-lung,
and gut-liver axes. This article aims to analyze the molecular mechanisms of these interactions
and their place in disease management in light of current literature (Adejumo et al., 2023).

2. Intestinal Barrier Function and Metabolically Related Fatty Liver Disease (MAFLD)

The intestinal epithelium acts as both a physical and chemical barrier between antigens within
the lumen and host tissue, forming the body's first line of defense. The structural integrity of
this barrier is maintained by tight junction proteins (ZO-1, occludin, claudin) between epithelial
cells. In cases of dysbiosis (microbial imbalance), the expression of these proteins decreases,
leading to the development of the "leaky gut" phenomenon. Increased intestinal permeability
initiates gut-liver axis dysfunction, allowing bacterial components (especially
lipopolysaccharides - LPS) to pass into the portal circulation and triggering chronic subclinical
inflammation in the liver (De Heer 2024). Molecular analyses in patients with metabolic fatty
liver disease (MAFLD) and type 2 diabetes have shown increased synthesis of zonulin, a protein
that regulates the intestinal barrier, and elevated levels of Gram-negative bacteria
(Bacteroidetes) compared to Gram-positive bacteria. Increased endotoxemia stimulates Toll-
like receptors (TLR4, TLR9) on Kupffer cells in the liver, leading to overproduction of pro-
inflammatory cytokines (IL-6, TNF-a) and ultimately liver damage with fibrosis (Fasano 2020).
A randomized clinical trial cited in the literature investigated the use of rifaximin (antibiotic)
in combination with multi-species probiotics (Lactobacillus, Bifidobacterium, and
Saccharomyces Boulardii) and prebiotics (inulin, pectin) for a period of 6 months. The study
results demonstrated that this combined treatment significantly reduced serum zonulin and IL-
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6 levels, stabilized the intestinal barrier, and normalized liver enzymes (ALT, AST), reducing
the steatosis stage from severe (S3) to moderate (S2). These data highlight the potential of
microbiota modulation as a pharmacological strategy in the treatment of MAFLD (Didyk et al.,
2024).

3. Short-Chain Fatty Acids (SCFAs): The Power of Microbial Metabolites

Short-chain fatty acids (SCFAS), produced by the anaerobic fermentation of dietary fiber by the
gut microbiota and probiotics, consist primarily of acetate, propionate, and butyrate and exert
multifaceted effects on host health. These small 2-4 carbon molecules are central to energy
metabolism in the colon. Butyrate, in particular, is the primary energy source for colonocytes
and accelerates the assembly of tight junction proteins by activating the AMP-activated protein
kinase (AMPK) pathway in epithelial cells, thus physically strengthening intestinal barrier
integrity (Czachajda et al., 2024). The immunomodulatory effects of SCFAs occur through
signaling via G-protein coupled receptors (GPR41, GPR43, GPR109A). These molecules exert
an anti-inflammatory effect on macrophages and dendritic cells, increasing IL-10 production
while suppressing the NF-xB signaling pathway and reducing the synthesis of pro-
inflammatory mediators such as TNF-a and IL-6. Furthermore, acetate has been found to
alleviate neutrophilic inflammation by increasing anexi Al synthesis and showing a negative
correlation with pro-inflammatory interferon-gamma (IFN-y) (Adejumo et al., 2023).
Metabolically, propionate has the potential to suppress cholesterol synthesis (via HMG-CoA
reductase inhibition) by entering the hepatic portal circulation. SCFAs also regulate satiety
signals (leptin, GLP-1, PYY), positively affecting appetite control and insulin sensitivity.
Clinical studies show significantly lower fecal and serum SCFA levels in patients with IBD,
obesity, and type 2 diabetes. This situation reinforces the importance of probiotic and high-fiber
dietary supplementation in the management of metabolic diseases (Didyk et al., 2024).

4. T-Cell Immunity and Therapeutic Potential

T cells are considered the conductors of the adaptive immune system and can be directly
modulated by probiotics at both developmental and functional stages. Naive T cells, after
encountering antigens presented by dendritic cells, differentiate into Thl (cellular response),
Th2 (humoral response), Th17 (inflammatory), or Treg (regulatory) subgroups depending on
the cytokine environment (Liu et al., 2025). For a healthy immune system, the balance between
Th17 cells, which cause tissue damage, and Treg cells, which limit the immune response, is
vital. In diseases such as IBD, rheumatoid arthritis, and multiple sclerosis, this balance appears
to be disrupted in favor of Th17. There is strong mechanistic evidence that probiotics correct
this balance (De Heer 2024). For example, the Lactobacillus rhamnosus GG (LGG) strain has
been shown to reduce inflammatory damage in bone tissue by decreasing RORyt expression
and increasing Foxp3+ Treg cells in osteoporosis models. Furthermore, perinatal
supplementation of the mother with L. acidophilus and B. bifidum has been found to support
thymus development in newborns and strengthen the immune system early in life by
accelerating CD4+/CD8+ T cell maturation. In the oncological field, the I3A (indol-3-aldehyde)
molecule produced by L. reuteri has been observed to enhance the effectiveness of immune
checkpoint inhibitors (anti-PD-1) by increasing the cytotoxic activity (IFN-y production) of
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CD8+ T cells in the tumor microenvironment. Strains such as B. pseudolongum have been
reported to provide long-term antitumor protection by promoting the conversion of CD8+ T
cells into memory cells via L-arginine metabolism. These findings demonstrate that probiotics
are powerful adjuvants in both chronic inflammatory diseases and cancer immunotherapy
(Mazziotta et al., 2023).

5. Oncological Processes and Probiotics

The high cytotoxicity and side effects of chemotherapeutic agents used in cancer treatments
have increased interest in natural and safe adjuvant therapies such as probiotics. Probiotics
exhibit antitumor effects in various cancer types, especially colorectal cancer (CRC), through
mechanisms such as cell cycle arrest, triggering apoptosis, and strengthening immune
surveillance. At the molecular level, probiotics inhibit the proliferation of cancer cells through
genetic programming. For example, the p8 protein derived from L. rhamnosus suppresses the
cyclin B1/CDK1 complex by increasing p21 expression and arrests the cell cycle in the G2/M
phase. Similarly, L. plantarum provides inhibition on the cell cycle through p53 activation,
while L. paracasei does so via the mTOR/4EBP1 signaling pathway. The ability of probiotics
to trigger apoptosis is associated with the downregulation of survival genes Bcl-2 and Bcl-xL
and the inactivation of the NF-kB signaling pathway. Furthermore, metabolites such as
ferrichrome and butyrate produced by these microorganisms prevent DNA damage by
scavenging reactive oxygen species (ROS) and trigger programmed cell death in cancer cells
(Chung et al., 2020). Current research focuses on the critical role of probiotics in enhancing the
efficacy of immune checkpoint inhibitors (ICBs). I3A (indole-3-aldehyde) secreted by L.
reuteri or butyrate from Roseburia intestinalis directly stimulate the cytotoxic activity (IFNy
and Granzyme B production) of CD8+ T cells in the tumor microenvironment, thereby
suppressing tumor growth. Additionally, strains such as B. pseudolongum have been observed
to provide long-term antitumor protection by promoting the differentiation of CD8+ T cells into
memory cells. Biotechnological advancements have paved the way for the use of engineered
probiotics as "smart drug delivery vehicles.” For example, genetically modified E. coli Nissle
1917 can be engineered to produce L-arginine within tumors, thereby enhancing T cell
infiltration and activity. These synthetic biology approaches demonstrate that probiotics can be
used to direct CAR-T cell therapies targeting tumors or to deliver immune-stimulating
nanobodies directly to the tumor core. This data confirms the potential for probiotics to become
an integral part of modern oncological strategies (Liu et al., 2025).

6. Effects on Cholesterol Metabolism

The hypocholesterolemic effects of probiotics have attracted significant attention in recent
years as a "natural and safe alternative” in cardiovascular protection strategies. This effect
occurs not through a single pathway, but through the synergy of a number of complex
biochemical mechanisms. The best-characterized mechanism is the Bile Salt Hydrolase (BSH)
enzyme activity possessed by some probiotics (particularly L. plantarum and Bifidobacterium
strains). The BSH enzyme deconjugates bile salts conjugated with glycine or taurine, converting
them into secondary bile acids with low water solubility. Since these acids cannot be reabsorbed
from the small intestine, they are excreted in the feces. The body is forced to use serum
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cholesterol as a raw material to replenish the lost bile salt pool; this "compensatory synthesis"
process leads to a significant decrease in serum total cholesterol and LDL levels (Cavdar et al.,
2025). Another mechanism is the direct incorporation of cholesterol into the cell membranes of
probiotics or their assimilation within the lumen. Strains with high hydrophobicity have been
shown to inhibit cholesterol absorption by integrating it into phospholipid tails. Furthermore,
some probiotics, due to the cholesterol reductase enzyme they structurally possess, have been
found to convert cholesterol into coprostanol, an unabsorbable form, facilitating its excretion
in the feces. SCFAS, such as propionate produced by the fermentation of prebiotics, also balance
systemic cholesterol levels by inhibiting cholesterol biosynthesis in the liver. While clinical
meta-analyses report that probiotic consumption can lead to an average decrease of 8.40 mg/dl
in serum cholesterol and 6.63 mg/dl in LDL, it is emphasized that this effect is highly strain-
specific and varies depending on the dose and duration of administration (Czachajda et al.,
2024).

7. Clinical Application, Safety, and Industrial Challenges

Although probiotics are generally considered "safe" (GRAS/QPS), the inability to generalize
strain-specific efficacy in clinical applications is one of the biggest challenges. The anti-
inflammatory effect of one strain may not be present in another strain of the same genus. In
addition, the use of probiotics in severely immunocompromised individuals, premature infants,
or critically ill patients with vascular catheters may, albeit rarely, carry risks of sepsis,
bacteremia, or probiotic-derived infections. Another concern is the potential of probiotics to
transfer antibiotic resistance genes to pathogenic bacteria (mutagenesis); this requires rigorous
research, especially regarding the safety of genetically modified strains (Adejumo et al., 2023).
Industrial-scale probiotic production faces significant technical obstacles in terms of preserving
the viability and physiological properties of microorganisms. Bioreactor conditions, freezing,
and lyophilization (freeze-drying) stages in the production process can damage cell viability.
To prevent this damage, cryoprotectants are being used and microencapsulation technologies
that enhance cell stability are being developed (Hill et al., 2014). Microencapsulation increases
the resistance of the probiotic to stomach acid and bile salts, ensuring it reaches the target
region, the intestines, alive. Current regulations vary worldwide; in Europe (EFSA), probiotics
are considered "functional foods," while in the US (FDA), they may fall into the category of
dietary supplements or medicinal products depending on their intended use. In the future,
"personalized probiotic therapies” based on the host's microbiota composition and genetic
makeup, and genetically engineered "smart probiotics,” will be an integral part of precision
medicine practices (Mazziotta et al., 2023).

CONCLUSION

The findings discussed in this review reveal that probiotics are not only microorganisms that
balance the gut microbiota, but also important regulators exhibiting multifaceted biological
effects. Their influence on different components of the immune system, their role in controlling
inflammatory processes, and their potential to intervene in various disease mechanisms have
made these microorganisms clinically noteworthy. The current literature shows that probiotics
are effective primarily through key mechanisms such as maintaining intestinal barrier integrity,
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producing metabolites like short-chain fatty acids, and balancing the immune response.
Furthermore, they appear to play an active role in processes such as regulating T cell responses
and maintaining the balance between pro-inflammatory and anti-inflammatory cytokines.
These effects offer significant advantages in the prevention and management of diseases
associated with chronic inflammation. From an oncological perspective, probiotics appear to
be potential supportive agents through mechanisms such as suppressing the cell cycle,
triggering apoptosis, and influencing the tumor microenvironment. Furthermore, findings
regarding the enhancement of the effectiveness of immunotherapies suggest that research in
this area will intensify in the future. However, the fact that the effects of probiotics are largely
strain-specific, that clinical outcomes are not always consistent, and that standard usage
protocols are not yet clearly defined are significant limitations. Moreover, safety, especially in
immunocompromised individuals, needs to be carefully considered. Maintaining viability and
stability in industrial production processes is also a separate technical challenge. In future
studies, it is important to focus on clinical trials with larger sample groups, to more clearly
elucidate the mechanisms of action of probiotics, and to standardize their dosages and durations.
In addition, the development of approaches specific to the individual's microbiota and the use
of genetically engineered next-generation probiotics will be decisive in the development of this
field. In conclusion, probiotics offer an increasingly important area of research due to their
effects on the immune system, inflammation, and disease processes. For this potential to be
effectively reflected in clinical applications, existing knowledge needs to be supported by
further studies.
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ABSTRACT

In recent years, the disadvantages of non-biodegradable synthetic particularly accumulation in
nature, have led to a significant increase in interest in biodegradable polymers. It has been
reported that the PLA-PEG block copolymers obtained via copolymerization combine the
advantageous properties of both individual polymers. A review of the literature reveals
substantial data on the cytotoxicity of drug delivery systems prepared from physically or
covalently assembled PLA-PEG and PLA-PEG-PLA block copolymers; however, limited
information is available regarding the cytotoxic effects of PLA-PEG and/or PLA-PEG-PLA
alone. Based on this knowledge, the anticancer activities of a synthesized PLA-PEG-PLA
block copolymer, designed as a drug carrier system with an optimized molecular weight, were
compared with those of a commercial block copolymer.

The block copolymer was synthesized via cationic ring-opening polymerization using HO-
PEG-OH. Different characterization techniques were carried out to determine the chemical
structure and composition of the synthesized block copolymer. The results demonstrated that
the synthesized copolymer exhibited physicochemical properties comparable to those of the
commercial polymer. Biocompatibility was evaluated using the murine fibroblast cell line
L929. The anticancer activities of the synthesized and commercial polymers at different
concentrations were assessed in Caco-2 cells (human epithelial colorectal adenocarcinoma) and
MCF-7 cells (human breast cancer cell line). Anticancer activity results revealed that the
synthesis and commercial polymer exhibited similar anticancer activity and biocompatibility.
These results demonstrated that the synthesized polymer exhibited properties comparable to
those of the commercial polymer and were consistent with the initial objectives of the study.

Anahtar Kelimeler : Anticancer, biocompatibility, PLA-PEG-PLA block copolymer

This work was supported by the Scientific Research Projects Coordination Unit of Hitit
University under Project No. FEF19001.19.008.
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MICROBIAL DIVERSITY AND FUNCTIONAL ANALYSIS IN TAIWAN HIGH-
MOUNTAIN HOT SPRINGS

Prof. Dr. Li-Wei Chen, Dr. Mei-Hui Lin, Hao-Ting Wu, Yi-Chen Huang
Department of Environmental Microbiology, Faculty of Life Sciences, National Taiwan
University, Taiwan

ABSTRACT

High-mountain hot springs in Taiwan provide extreme ecological niches where temperature,
mineral composition, and fluctuating geochemical conditions shape distinctive microbial
communities. This study investigates microbial diversity and functional potential in selected
hot spring systems located in alpine regions of Taiwan, with attention to how microbial
assemblages adapt to thermal stress and nutrient limitation. Using culture-independent
molecular methods, community profiling, and functional annotation, the research reveals that
these ecosystems harbor diverse bacteria and archaea with specialized metabolic strategies.
Thermophilic lineages dominate the high-temperature zones, while microhabitats with reduced
thermal intensity support broader taxonomic variation and greater functional complexity. The
findings indicate that microbial composition is strongly influenced by environmental gradients,
particularly temperature, pH, and sulfur availability. Functional analysis suggests active roles
in sulfur cycling, organic matter turnover, and stress tolerance, highlighting the ecological
importance of these communities in sustaining geochemical processes within hot spring
habitats. The study also underscores the biotechnological relevance of thermophilic
microorganisms, which may yield enzymes with industrial applications in food processing,
bioenergy, and environmental remediation. Beyond their applied value, these microbial systems
offer insight into life adaptation under extreme conditions and contribute to broader discussions
of microbial resilience in mountainous geothermal environments. The research emphasizes the
need for conservation-oriented management of Taiwan’s hot spring ecosystems, as human
disturbance and tourism pressure may threaten microbial biodiversity before its ecological and
scientific potential is fully understood. Overall, the study provides a comprehensive view of
microbial diversity and ecosystem function in one of Taiwan’s most distinctive natural
environments.

Key words: microbial diversity, hot springs, thermophiles, functional analysis, Taiwan
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PHYTOREMEDIATION POTENTIAL OF TAIWANESE NATIVE PLANTS FOR
INDUSTRIAL WASTEWATER TREATMENT

Assoc. Prof. Dr. Chun-Yen Wang, Shu-Fen Tsai
Institute of Environmental Science and Engineering, National Cheng Kung University,
Taiwan

ABSTRACT

Industrial wastewater continues to pose a significant environmental challenge in Taiwan,
particularly in regions where manufacturing activities generate complex mixtures of heavy
metals, dyes, and organic pollutants. This study examines the phytoremediation potential of
selected native Taiwanese plants as sustainable agents for wastewater treatment. Native species
were evaluated for their ability to tolerate contaminated conditions, accumulate pollutants in
plant tissues, and support rhizosphere processes that promote contaminant reduction. The
research shows that several plant species native to wetland and riparian habitats exhibit strong
resilience under polluted conditions and can contribute to the stabilization, uptake, and
transformation of harmful substances. In addition to direct absorption of contaminants, the
plants stimulate microbial activity in the root zone, improving the breakdown of organic
compounds and the immobilization of metals. The findings suggest that phytoremediation can
function as a low-cost, ecologically compatible complement to conventional treatment
technologies, especially in smaller industrial zones where infrastructure investments may be
limited. The study further highlights the importance of species selection, seasonal growth
patterns, and site-specific environmental conditions in determining treatment efficiency.
Because native plants are already adapted to local climate and soil characteristics, they offer
practical advantages over introduced species. This research supports the integration of
ecological restoration principles into wastewater management and argues for broader use of
phytotechnology in Taiwan’s industrial landscapes. The results provide a useful basis for
designing sustainable treatment systems that combine environmental protection with landscape
recovery and biodiversity conservation.

Key words: phytoremediation, native plants, industrial wastewater, Taiwan, environmental
restoration
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GENETIC ADAPTATION MECHANISMS OF ETHIOPIAN COFFEE ARABICA
VARIETIES TO DROUGHT STRESS

Dr. Alemayehu Tadesse, Meron Getachew, Prof. Dr. Solomon Abate
Department of Plant Biology, Faculty of Natural Sciences, Addis Ababa University, Ethiopia

ABSTRACT

Arabica coffee is one of Ethiopia’s most important biological and economic resources, yet its
long-term sustainability is increasingly threatened by drought stress associated with climate
variability. This study explores the genetic adaptation mechanisms that enable Ethiopian coffee
Arabica varieties to survive under water-limited conditions. By comparing drought-tolerant and
drought-sensitive landraces, the research identifies physiological and molecular traits
associated with resilience. The analysis shows that adapted varieties maintain stronger stomatal
regulation, better leaf water retention, and more stable photosynthetic activity during periods
of limited moisture. At the molecular level, stress-responsive genes involved in osmotic
adjustment, antioxidant defense, and root development are more actively expressed in tolerant
plants. These responses suggest that adaptation in Ethiopian coffee is not based on a single
mechanism but on a coordinated set of physiological and genetic traits shaped by long-term
exposure to diverse highland environments. The study also highlights the value of Ethiopia’s
traditional coffee genetic resources as a reservoir of climate resilience for future breeding
programs. Because many local varieties have evolved within complex agro-ecological systems,
they provide important models for understanding natural adaptation to drought. The findings
support conservation of coffee genetic diversity and encourage breeding strategies that preserve
locally adapted traits while improving productivity. In a broader sense, the research
demonstrates how indigenous crop diversity can contribute to food security and climate
adaptation in vulnerable agricultural regions. The results offer both scientific and practical
relevance for sustainable coffee production under changing environmental conditions.

Key words: Arabica coffee, drought stress, genetic adaptation, Ethiopia, crop resilience
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BIODIVERSITY CONSERVATION STRATEGIES FOR ETHIOPIAN HIGHLAND
FROG SPECIES

Assoc. Prof. Dr. Firew Bekele, Tigist Demissie
Department of Zoological Sciences, Faculty of Natural and Computational Sciences,
University of Gondar, Ethiopia

ABSTRACT

Ethiopian highland frog species represent an essential component of montane biodiversity, yet
many populations are increasingly threatened by habitat loss, climate change, agricultural
expansion, and disease. This study examines conservation strategies designed to support the
survival of endemic frog species in Ethiopian highland ecosystems. Through field surveys,
habitat assessments, and species distribution analysis, the research identifies the ecological
conditions most critical for frog persistence. Moisture availability, stream integrity, vegetation
cover, and elevation emerge as key determinants of population stability. The study also reveals
that land-use change and habitat fragmentation have reduced connectivity between breeding
sites, increasing isolation and vulnerability. In addition, environmental pressures associated
with warming temperatures appear to be shifting suitable habitat ranges upward, placing further
stress on already restricted populations. Conservation strategies proposed in the study include
habitat restoration, protection of breeding wetlands, community-based monitoring, and stronger
integration of amphibian conservation into regional land management planning. The findings
emphasize that effective protection of highland frogs requires not only biological knowledge
but also collaboration with local communities and policy institutions. Because amphibians
function as sensitive indicators of ecosystem health, their conservation has broader implications
for water resources, biodiversity integrity, and climate adaptation in Ethiopia’s highland
landscapes. The study concludes that proactive conservation planning is essential to prevent
further decline of these ecologically valuable species and to preserve the unique biological
heritage of Ethiopian mountain systems.

Key words: amphibian conservation, Ethiopian highlands, habitat loss, biodiversity, climate
change
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MOLECULAR IDENTIFICATION OF IRANIAN PISTACHIO PATHOGENS AND
RESISTANCE GENES

Dr. Reza Jalali, Fatemeh Karimi, Prof. Dr. Mohammad Hosseini
Department of Plant Pathology, Faculty of Agriculture, University of Tehran, Iran

ABSTRACT

Pistachio cultivation is a major agricultural activity in Iran, but its productivity is increasingly
affected by fungal and bacterial pathogens that reduce yield and compromise tree health. This
study focuses on the molecular identification of major pistachio pathogens and the
characterization of resistance genes associated with host defense responses. Samples collected
from orchards in different pistachio-growing regions were analyzed using molecular
diagnostics to determine pathogen identity and prevalence. The results show that several
pathogenic species are consistently associated with leaf spots, branch dieback, and fruit
deterioration, indicating a complex disease profile rather than a single causal agent. Molecular
screening of host material also reveals the presence of defense-related genes linked to pathogen
recognition, signal transduction, and stress response. These findings suggest that resistance in
pistachio is influenced by a combination of genetic factors and environmental conditions. The
study highlights the importance of accurate pathogen detection for effective disease
management, particularly in orchards where symptoms may overlap and visual diagnosis alone
is unreliable. It also emphasizes the value of resistance gene analysis in breeding programs
aimed at developing more resilient cultivars. By combining pathogen identification with host
molecular profiling, the research contributes to improved understanding of pistachio disease
ecology and provides a foundation for integrated management strategies. The findings are
relevant not only for Iranian agriculture but also for other pistachio-producing regions facing
similar phytosanitary challenges. The study ultimately supports the use of molecular tools as a
practical framework for enhancing crop protection and sustaining long-term orchard
productivity.

Key words: pistachio, molecular identification, plant pathogens, resistance genes, Iran
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PHYTOCHEMICAL SCREENING OF MEDICINAL HERBS FROM IRANIAN
ZAGROS MOUNTAINS

Assoc. Prof. Dr. Sara Mahmoudi, Ali Rezaei
Department of Pharmacognosy, Faculty of Pharmacy, Shiraz University of Medical Sciences,
Iran

ABSTRACT

The Zagros Mountains contain a rich diversity of medicinal herbs that have long been used in
traditional healing systems, yet many of these species remain insufficiently studied at the
phytochemical level. This research investigates selected medicinal herbs from the Iranian
Zagros region in order to identify their major bioactive constituents and assess their potential
therapeutic relevance. Using extraction and screening methods, the study evaluates the presence
of phenolics, flavonoids, terpenoids, alkaloids, and other secondary metabolites known for
pharmacological activity. The results indicate that several species contain high concentrations
of compounds associated with antioxidant, anti-inflammatory, and antimicrobial properties.
Variation in chemical composition appears to be influenced by altitude, habitat type, and
seasonal collection time, suggesting that ecological conditions play an important role in
metabolite production. The study also highlights the significance of traditional knowledge in
guiding plant selection, as local communities often identify species with strong medicinal value
based on long-standing empirical use. These findings support the idea that the Zagros flora
represents an important reservoir for natural product research and future drug discovery. At the
same time, they underscore the need for sustainable harvesting practices, since increasing
demand for herbal remedies may place pressure on wild populations. The research contributes
to the documentation of Iran’s medicinal plant heritage and provides a scientific basis for further
pharmacological and conservation studies. Overall, the study shows that phytochemical
screening can serve as a bridge between ethnobotanical tradition and modern biomedical
research.

Key words: medicinal herbs, phytochemistry, Zagros Mountains, bioactive compounds, Iran
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ENDANGERED BIRD POPULATION DYNAMICS IN GEORGIAN CAUCASUS
MOUNTAIN ECOSYSTEMS

Dr. Giorgi Tsivtsivadze, Nino Chikhradze, Lasha Kapanadze
Department of Biology, Faculty of Natural Sciences, Ivane Javakhishvili Thilisi State
University, Georgia

ABSTRACT

The Caucasus mountain ecosystems of Georgia support a unique avian fauna, including several
endangered bird species whose populations are increasingly influenced by habitat change and
human activity. This study examines population dynamics, habitat use, and conservation
pressures affecting endangered birds in selected mountain regions of Georgia. Through field
observations, nesting surveys, and habitat assessment, the research identifies key factors
shaping population stability. The findings show that breeding success is closely linked to intact
forest cover, limited disturbance, and access to high-altitude feeding areas. In contrast, grazing
pressure, tourism expansion, and forest degradation contribute to habitat fragmentation and
reduced reproductive success. Seasonal movement patterns also indicate that these birds depend
on a network of connected habitats rather than isolated protected areas. The study suggests that
population trends are sensitive to both environmental variability and land-use change, making
long-term conservation planning essential. Conservation strategies proposed include the
protection of nesting zones, improved monitoring of population trends, and integration of bird
conservation into mountain land management policies. The research also emphasizes the role
of local communities in protecting biodiversity through sustainable land use. Because
endangered birds are important indicators of ecosystem integrity, their decline reflects broader
ecological risks in the Caucasus region. The study concludes that effective conservation must
combine scientific monitoring with practical habitat protection and regional cooperation. These
findings contribute to the broader understanding of mountain biodiversity conservation in
Georgia and the Caucasus.

Key words: endangered birds, population dynamics, Caucasus Mountains, biodiversity
conservation, Georgia
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FUNGAL DIVERSITY SURVEY IN GEORGIAN BLACK SEA COASTAL FORESTS

Prof. Dr. Mariam Lomtadze, Irakli Beridze
Institute of Botany, Faculty of Natural Sciences and Medicine, Batumi Shota Rustaveli State
University, Georgia

ABSTRACT

Georgian Black Sea coastal forests represent biologically rich but ecologically sensitive
ecosystems where fungal communities play a crucial role in nutrient cycling, decomposition,
and plant health. This study surveys fungal diversity in selected coastal forest areas along
Georgia’s Black Sea region, aiming to document species composition and evaluate ecological
functions. Field sampling and laboratory identification reveal a broad spectrum of fungal taxa
associated with leaf litter, soil, decaying wood, and living plant tissues. The results indicate that
fungal diversity is strongly influenced by humidity, forest structure, and plant community
composition. Saprotrophic fungi dominate decomposer functions, while mycorrhizal species
contribute to forest productivity and tree resilience. The study also identifies fungal taxa that
may serve as indicators of environmental change, particularly in areas affected by tourism,
fragmentation, and altered microclimates. Because coastal forests are under increasing pressure
from land conversion and human disturbance, documenting fungal diversity is important for
understanding ecosystem stability and hidden biodiversity. The findings suggest that fungal
communities are not only functionally essential but also highly responsive to local
environmental conditions. The research contributes to baseline biodiversity knowledge and
supports future conservation planning in Georgia’s coastal regions. It also demonstrates that
fungi should be considered integral components of forest management rather than secondary or
overlooked organisms. Overall, the study provides a foundation for ecological monitoring and
highlights the need to preserve fungal habitats as part of broader forest conservation efforts.

Key words: fungal diversity, coastal forests, Black Sea, forest ecology, Georgia
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GENETIC DIVERSITY ASSESSMENT OF GEORGIAN WINE GRAPE CULTIVARS

Assoc. Prof. Dr. Tamar Gelashvili, Koba Kervalishvili
Department of Horticulture, Faculty of Agriculture, Georgian Technical University, Georgia

ABSTRACT

Georgia is recognized as one of the world’s oldest centers of viticulture, and its traditional wine
grape cultivars represent an important part of both agricultural heritage and genetic resources.
This study assesses the genetic diversity of selected Georgian wine grape cultivars in order to
better understand their relationships, conservation value, and potential for future breeding.
Molecular marker analysis reveals substantial variation among cultivars, confirming that
Georgian vineyards contain a rich and differentiated genetic pool. Some cultivars show close
genetic relationships, likely reflecting historical propagation and regional selection, while
others appear to preserve distinct lineages associated with local adaptation. The study also
suggests that traditional cultivars may possess traits linked to climate tolerance, disease
resistance, and wine quality, making them valuable for both conservation and agricultural
innovation. Because modern viticulture increasingly favors a limited number of commercial
varieties, the preservation of local grape diversity is essential to maintain resilience and cultural
identity. The findings support the importance of in situ and ex situ conservation programs and
highlight the need for continued molecular characterization of indigenous cultivars. They also
reinforce the role of Georgia as a key center of grape domestication and genetic heritage. By
documenting and comparing the diversity of traditional cultivars, the study provides useful
information for breeders, growers, and policy makers seeking to strengthen sustainable
viticulture. Overall, the research demonstrates that genetic diversity is not only a biological
resource but also a foundation for the continuity of Georgian wine culture.

Key words: grape cultivars, genetic diversity, viticulture, molecular markers, Georgia
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ENZYMATIC SYNTHESIS OF NOVEL GLYCOLIPIDS FOR BIOMEDICAL
APPLICATIONS USING ENGINEERED LIPASES

Prof. Dr. Lim Wei Ming, Department of Biotechnology, Faculty of Science, University of
Malaya, Malaysia
Dr. Tan Soo Ling, Department of Biotechnology, Faculty of Science, University of Malaya,
Malaysia
Chen Yi Xuan, Department of Biotechnology, Faculty of Science, University of Malaya,
Malaysia

ABSTRACT

This study explores the enzymatic synthesis of novel glycolipids using engineered lipases and
evaluates their potential biomedical applications. Glycolipids are increasingly recognized as
functional biomolecules with promising roles in drug delivery, membrane interaction,
antimicrobial activity, and biocompatible material design. In this research, a series of lipase
variants were engineered to improve regioselectivity, catalytic stability, and substrate tolerance
in non-aqueous synthesis systems. Using sugar donors and long-chain fatty acid derivatives,
the optimized enzymes successfully produced several glycolipid structures under mild reaction
conditions. Structural verification and purity assessment confirmed the formation of target
compounds with favorable physicochemical properties. Comparative analysis showed that
engineered lipases exhibited stronger catalytic efficiency than the wild-type enzyme and
maintained activity over prolonged reaction periods. The resulting glycolipids demonstrated
improved emulsifying behavior, enhanced surface activity, and good compatibility with
biological environments. Preliminary bioassays indicated potential applications in
antimicrobial formulations and controlled-release systems, suggesting that these molecules may
serve as useful candidates for future pharmaceutical and biomedical development. The study
also highlights the advantages of biocatalysis over conventional chemical synthesis, including
reduced solvent use, lower energy demand, and fewer unwanted by-products. Overall, the
findings support the use of protein engineering as an effective strategy for designing sustainable
catalytic platforms for the production of value-added biomolecules. This work contributes to
the growing field of enzyme-mediated lipid chemistry and provides a foundation for further
optimization of glycolipid synthesis for therapeutic and diagnostic applications.

Keywords: glycolipids, engineered lipases, biocatalysis, biomedical applications, enzyme
engineering
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MITOCHONDRIAL DYSFUNCTION AND OXIDATIVE STRESS BIOMARKERS IN
NEURODEGENERATIVE DISEASE MODELS

Assoc. Prof. Dr. Rajesh Kumar, Department of Biochemistry, Faculty of Medicine,
University of Delhi, India
Ng Hui Fen, Department of Biochemistry, Faculty of Medicine, University of Delhi, India
Dr. Amirul Al-Ashraf, Department of Biochemistry, Faculty of Medicine, University of
Delhi, India

ABSTRACT

This study investigates the relationship between mitochondrial dysfunction and oxidative stress
biomarkers in experimental models of neurodegenerative disease. Mitochondrial impairment is
widely regarded as a central mechanism in the progression of disorders such as Alzheimer’s
disease, Parkinson’s disease, and amyotrophic lateral sclerosis. In this research, biochemical
and cellular markers associated with mitochondrial respiration, membrane potential, reactive
oxygen species formation, and antioxidant defense were evaluated in disease-relevant models.
The findings indicate that mitochondrial damage is accompanied by elevated oxidative stress,
disrupted ATP production, and altered expression of enzymes responsible for maintaining
cellular redox balance. Several biomarkers, including lipid peroxidation products, protein
carbonyls, and glutathione-related indices, showed consistent association with neuronal injury
and functional decline. The study also observed that oxidative stress can amplify mitochondrial
defects, creating a self-reinforcing cycle that accelerates neurodegeneration. These results
underline the importance of early detection of mitochondrial and oxidative abnormalities for
disease monitoring and therapeutic intervention. In addition, the data suggest that targeting
mitochondrial quality control, antioxidant defense systems, and energy metabolism may offer
promising strategies for neuroprotection. The present work contributes to a deeper
understanding of disease mechanisms and supports the development of biomarker-based
approaches for diagnosis and treatment evaluation in neurodegenerative conditions.

Keywords: mitochondrial dysfunction, oxidative stress, neurodegenerative disease,
biomarkers, neuronal injury
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BIOCHEMICAL CHARACTERIZATION OF DATE PALM PHOSPHATASES
UNDER DROUGHT STRESS CONDITIONS

Dr. Ahmed El-Sayed, Department of Biochemistry, Faculty of Agriculture, Cairo University,

Egypt
Fatima Mahmoud, Department of Biochemistry, Faculty of Agriculture, Cairo University,

Egypt

ABSTRACT

This research examines the biochemical characteristics of phosphatase enzymes extracted from
date palm tissues exposed to drought stress conditions. Date palm is a highly drought-tolerant
crop, and its adaptive responses provide an important model for understanding enzymatic
regulation under environmental stress. The study focused on enzyme activity, pH and
temperature sensitivity, substrate preference, and stress-related stability in samples obtained
from plants subjected to varying water availability. The results showed that drought stress
significantly altered phosphatase activity, reflecting changes in phosphorus metabolism and
cellular signaling pathways. Certain phosphatase isoforms demonstrated increased stability
under dehydration, suggesting a protective role in maintaining metabolic balance during water
limitation. The analysis also indicated that enzyme activity was closely linked to osmotic
adjustment, membrane integrity, and stress-induced phosphate recycling. These findings
support the view that phosphatases contribute to drought adaptation by regulating nutrient
mobilization and intracellular homeostasis. Understanding these biochemical responses may
help improve crop resilience through breeding or biotechnological approaches. The study
provides useful insights into plant stress physiology and highlights the broader agricultural
significance of enzyme-level adaptations in arid-region species. Overall, the results contribute
to the characterization of molecular mechanisms underlying drought tolerance in date palm and
may inform future strategies for sustainable crop production in water-scarce environments.

Keywords: date palm, phosphatase, drought stress, enzyme characterization, plant physiology
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METABOLIC PATHWAY ANALYSIS OF ANTIBIOTIC-PRODUCING
ENDOPHYTES FROM EGYPTIAN DESERT PLANTS

Prof. Dr. Nadia Karim,

Department of Microbiology, Faculty of Science, Ain Shams University, Egypt
Omar Hassan,

Department of Microbiology, Faculty of Science, Ain Shams University, Egypt
Layla Abdel,

Department of Microbiology, Faculty of Science, Ain Shams University, Egypt

ABSTRACT

This study investigates the metabolic pathways of antibiotic-producing endophytic
microorganisms isolated from medicinal plants native to Egyptian desert ecosystems.
Endophytes associated with harsh and nutrient-limited environments are known to produce
bioactive metabolites with strong antimicrobial potential. In this research, selected isolates were
screened for antimicrobial activity, and their metabolic profiles were analyzed to identify key
biosynthetic pathways involved in secondary metabolite production. The findings indicate that
several isolates possessed distinct enzymatic and metabolic capabilities linked to polyketide,
non-ribosomal peptide, and hybrid metabolite synthesis. These pathways were associated with
the production of compounds showing inhibitory effects against clinically relevant bacterial
strains. The study also suggests that desert plant endophytes activate specialized metabolic
routes as survival strategies in stressful ecological conditions, which may explain their capacity
to generate structurally diverse antibiotics. Comparative analysis revealed that isolates with
stronger bioactivity also exhibited broader metabolic flexibility and enhanced resistance to
environmental stress. These results emphasize the value of desert biodiversity as a source of
novel microbial resources for drug discovery. The work contributes to the understanding of
endophyte metabolism and supports the development of natural product-based strategies for
addressing antibiotic resistance. Future research may focus on purification, structural
elucidation, and biosynthetic gene cluster analysis to advance the pharmaceutical potential of
these microorganisms.

Keywords: endophytes, antibiotic production, metabolic pathways, Egyptian desert plants,
natural products
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INVESTIGATION OF LIPID PEROXIDATION PRODUCTS IN
CARDIOVASCULAR DISEASE PATIENTS

Assoc. Prof. Dr. Elnur Hasanov,

Faculty of Medicine, Baku State University, Azerbaijan
Dr. Aysel Mammadova,

Faculty of Medicine, Baku State University, Azerbaijan

ABSTRACT

This study investigates lipid peroxidation products as biochemical indicators in patients with
cardiovascular disease. Oxidative stress has been widely implicated in the development and
progression of atherosclerosis, myocardial injury, and endothelial dysfunction. In this work,
biomarkers associated with lipid oxidation were analyzed in clinical samples to evaluate their
diagnostic and pathological relevance. The results demonstrated elevated levels of lipid
peroxidation products in cardiovascular patients compared with healthy controls, indicating
increased oxidative damage to cell membranes and circulating lipids. These changes were
accompanied by reduced antioxidant capacity, suggesting an imbalance between reactive
oxygen species production and protective defense mechanisms. The findings also showed that
oxidative stress markers were more pronounced in patients with advanced clinical symptoms,
supporting their possible use as indicators of disease severity. The study highlights the role of
lipid peroxidation not only as a consequence of cardiovascular pathology but also as a
contributing factor to inflammatory and degenerative processes. These results underline the
importance of oxidative biomarkers in risk assessment, early diagnosis, and treatment
monitoring. The data further suggest that antioxidant-targeted interventions may support
cardiovascular protection. Overall, the study contributes to a better biochemical understanding
of cardiovascular disease and supports the inclusion of lipid peroxidation markers in future
diagnostic and prognostic strategies.

Keywords: lipid peroxidation, cardiovascular disease, oxidative stress, biomarkers, antioxidant
defense
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PROTEOMIC PROFILING OF STRESS-INDUCED CHANGES IN AZERBAIJANI
GRAPE CULTIVARS

Leyla Ibrahimova, Institute of Molecular Biology and Biotechnologies, Azerbaijan National
Academy of Sciences, Azerbaijan

Kamal Gurbanov, Institute of Molecular Biology and Biotechnologies, Azerbaijan National
Academy of Sciences, Azerbaijan

Dr. Nigar Aliyeva, Institute of Molecular Biology and Biotechnologies, Azerbaijan National
Academy of Sciences, Azerbaijan

ABSTRACT

This research examines proteomic changes in Azerbaijani grape cultivars exposed to
environmental stress conditions. Grapevine productivity and fruit quality are strongly
influenced by temperature fluctuations, water deficit, and other climatic pressures, making
molecular-level stress analysis essential for crop improvement. In this study, comparative
proteomic profiling was performed to identify proteins associated with stress response, cellular
protection, and metabolic regulation. The results showed significant changes in proteins linked
to photosynthesis, carbohydrate metabolism, antioxidant defense, and signal transduction.
Stress-tolerant cultivars displayed stronger activation of protective proteins and more stable
expression patterns under adverse conditions. These findings suggest that proteomic adaptation
plays a central role in maintaining vine resilience and supporting fruit development under
environmental stress. The study also identified cultivar-specific protein signatures that may
serve as useful biomarkers for breeding programs aimed at improving stress tolerance and
agronomic performance. By connecting protein expression patterns with physiological
responses, the research provides a clearer understanding of how grape cultivars respond to
changing climatic conditions. The findings may support future strategies for vineyard
management, cultivar selection, and molecular breeding in Azerbaijan and similar viticultural
regions. Overall, the study contributes to crop proteomics and offers practical insights for
sustaining grape production in challenging environments.

Keywords: proteomics, grape cultivars, stress response, Azerbaijan, plant resilience

181



ICSAS 3rd International Conference on Biology, Biochemistry and Molecular Biology
10 — 12 Nisan 2026 — IZMIR
ISBN NR: 978-625-5694-97-3

GLYCOGENOLYSIS REGULATION IN HIGH-ALTITUDE ADAPTED LIVESTOCK
FROM KAZAKHSTAN STEPPES

Prof. Dr. Aigerim Zhumaliyeva, Faculty of Veterinary Medicine, Kazakh National Agrarian
Research University, Kazakhstan
Nursultan Bektasov, Faculty of Veterinary Medicine, Kazakh National Agrarian Research
University, Kazakhstan

ABSTRACT

This study investigates the regulation of glycogenolysis in livestock adapted to high-altitude
environments in the Kazakhstan steppes. Animals living in elevated terrains are exposed to
hypoxia, cold stress, and energy-demanding physiological conditions, requiring efficient
metabolic adaptation to maintain performance and survival. The research focused on key
enzymatic and hormonal mechanisms controlling glycogen breakdown in muscle and liver
tissues. The findings indicate that high-altitude adapted livestock display more efficient
regulation of glycogenolysis, allowing better energy mobilization under stress. Differences in
enzyme activity suggested enhanced metabolic flexibility and improved capacity to sustain
glucose availability during periods of reduced oxygen supply. The study also showed that these
adaptive traits were associated with improved tolerance to environmental stress and more stable
physiological performance. Such mechanisms are important for maintaining growth,
reproduction, and productivity in challenging pasture systems. The research contributes to
understanding how livestock species adapt to extreme ecological conditions and may support
selective breeding programs aimed at improving resilience. In addition, the findings have
broader implications for animal physiology, metabolic regulation, and sustainable livestock
production in mountain regions. Overall, the study highlights the importance of glycogen
metabolism in supporting adaptation to high-altitude environments and provides a biochemical
basis for future research on animal performance under climatic stress.

Keywords: glycogenolysis, high-altitude adaptation, livestock physiology, Kazakhstan
steppes, metabolic regulation
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MICROBIAL ENZYME DISCOVERY FOR BIOFUEL PRODUCTION FROM
KAZAKH WHEAT RESIDUES

Dr. Dana Tulegenova, Department of Biotechnology, Faculty of Biology, Al-Farabi Kazakh
National University, Kazakhstan
Assoc. Prof. Dr. Yerzhan Mukhammedov, Department of Biotechnology, Faculty of Biology,
Al-Farabi Kazakh National University, Kazakhstan
Aidana Kassenova, Department of Biotechnology, Faculty of Biology, Al-Farabi Kazakh
National University, Kazakhstan

ABSTRACT

This study explores the discovery of microbial enzymes from Kazakhstan wheat residues and
their potential application in biofuel production. Agricultural by-products such as wheat straw
and husks represent an abundant lignocellulosic resource, but efficient conversion requires
enzymatic systems capable of breaking down complex biomass. In this research, microbial
isolates obtained from residue-rich environments were screened for cellulase, hemicellulase,
and related hydrolytic enzyme activities. The results showed that several strains produced
enzyme complexes with strong biomass-degrading potential. These enzymes demonstrated
effective action under conditions relevant to industrial biofuel processing, suggesting their
suitability for pretreatment and saccharification steps. The study further indicates that microbial
adaptation to plant residue environments may contribute to the production of robust enzymes
with high stability and catalytic efficiency. Such enzymes can improve the conversion of
agricultural waste into fermentable sugars, thereby supporting sustainable bioethanol and
bioproduct development. The findings underline the importance of regional microbial resources
in advancing renewable energy technologies. By linking waste valorization with enzyme
discovery, the research offers a practical pathway for reducing dependence on fossil fuels while
adding value to agricultural residues. Overall, this work contributes to biotechnology,
bioenergy, and circular economy research, and it supports future development of indigenous
enzyme-based systems for biomass conversion in Kazakhstan.

Keywords: microbial enzymes, biofuel production, wheat residues, biomass conversion,
biotechnology
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CRISPR-CAS9 MEDIATED GENE EDITING FOR DROUGHT RESISTANCE IN
ROMANIAN WHEAT VARIETIES

Prof. Dr. Andrei Popescu, Dr. Maria lonescu, loana Vasilescu
Faculty of Agriculture, University of Agronomic Sciences and Veterinary Medicine of
Bucharest, Romania

ABSTRACT

This study explores the potential of CRISPR-Cas9 gene editing to improve drought resistance
in Romanian wheat varieties, with a focus on traits associated with water-use efficiency, root
architecture, and stress-responsive gene regulation. As climate variability increasingly affects
cereal production in Eastern Europe, breeding strategies that combine precision biotechnology
with locally adapted germplasm have become essential. In this research, target genes associated
with abscisic acid signaling, stomatal regulation, and osmotic adjustment were selected based
on previous genomic and functional studies in wheat. Edited lines were generated using a tissue-
culture-based transformation approach and subsequently evaluated under controlled drought
conditions and comparative greenhouse trials. The results indicate that genome-edited lines
exhibited improved physiological performance under water deficit, including delayed wilting,
better chlorophyll retention, and enhanced root development. Molecular analyses confirmed
stable editing in the selected loci without visible detrimental effects on plant morphology or
grain quality. The study also emphasizes the importance of using indigenous wheat varieties as
genetic backgrounds because their adaptation to local soils and climates may support more
reliable field performance than exotic cultivars. In addition, the findings suggest that CRISPR-
based breeding can complement conventional selection methods by shortening breeding cycles
and increasing precision in trait improvement. The research contributes to the growing literature
on sustainable crop innovation and demonstrates the value of integrating modern molecular
tools into regional agricultural development strategies. It also highlights the need for future
field-scale validation, regulatory consideration, and public engagement regarding the use of
genome editing in food crops.

Key word: CRISPR-Cas9, drought resistance, wheat breeding, genome editing, Romania
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EPIGENETIC MODIFICATIONS ASSOCIATED WITH CANCER PROGRESSION
IN ROMANIAN POPULATIONS

Assoc. Prof. Dr. Radu Stanescu, Elena Dragomir, Mihai Popa
Faculty of Medicine, “Carol Davila” University of Medicine and Pharmacy, Romania

ABSTRACT

This research investigates epigenetic alterations associated with cancer progression in
Romanian populations, with particular attention to DNA methylation patterns, histone
modification profiles, and their relationship to tumor aggressiveness and clinical outcomes.
Epigenetic regulation has become a central area in oncology because it helps explain how gene
expression changes occur without alterations in DNA sequence. In this study, tissue and blood
samples were analyzed to identify molecular signatures linked to malignancy development
across major cancer types observed in Romanian patients. The findings show that abnormal
promoter methylation in tumor suppressor genes is strongly associated with disease
advancement, reduced treatment response, and poorer survival indicators. In parallel,
dysregulated histone marks appear to contribute to altered chromatin accessibility and
oncogenic transcriptional activity. The study also indicates that these epigenetic patterns vary
according to cancer stage and tissue type, suggesting the presence of disease-specific regulatory
mechanisms. A further important outcome of the research is the demonstration that some
epigenetic changes may serve as potential biomarkers for early detection, prognostic
assessment, and therapeutic monitoring. The study discusses the relevance of integrating
epigenomic profiling into clinical oncology in Romania, especially as personalized medicine
becomes increasingly important in cancer care. It also highlights the promise of epigenetic
therapies, including inhibitors targeting DNA methylation and chromatin remodeling pathways,
as future treatment options. Overall, the research contributes to a better understanding of cancer
biology in Romanian populations and supports the development of precision oncology
approaches grounded in molecular evidence.

Key word: epigenetics, cancer progression, DNA methylation, biomarkers, Romania
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NANOPARTICLE DELIVERY SYSTEMS FOR SIRNA THERAPEUTICS IN
EGYPTIAN LIVER CANCER MODELS
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Faculty of Pharmacy, Cairo University, Egypt

ABSTRACT

This study examines the design and therapeutic potential of nanoparticle-based delivery
systems for siRNA in Egyptian liver cancer models. RNA interference has emerged as a
promising strategy for silencing oncogenic pathways, but clinical translation is limited by the
instability of SIRNA molecules and their inefficient cellular uptake. To address these barriers,
the present research developed biocompatible nanoparticle carriers engineered to protect
siRNA from degradation and promote selective delivery to hepatocellular carcinoma cells. The
formulations were evaluated for particle size, surface charge, encapsulation efficiency, release
behavior, and cellular internalization. Biological testing demonstrated that the nanoparticle
systems improved siRNA stability in physiological conditions and enhanced uptake by cancer
cells compared with free siRNA. Functional assays further showed suppression of genes
implicated in tumor growth, proliferation, and survival, indicating that the delivery platform
effectively supported therapeutic gene silencing. The study also observed reduced cancer cell
viability and increased apoptotic activity following treatment, suggesting meaningful antitumor
potential. The results are particularly relevant to liver cancer, which remains a major health
concern in Egypt due to its high incidence and complex molecular profile. By combining
nanotechnology with molecular therapeutics, this research contributes to the development of
more targeted and less toxic treatment strategies. It also underlines the value of locally relevant
preclinical models for assessing translational therapies in liver cancer. Overall, the findings
support nanoparticle-mediated siRNA delivery as a promising approach for future precision
oncology applications in hepatocellular carcinoma.

Key word: siRNA therapeutics, nanoparticles, liver cancer, gene silencing, Egypt
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MITOCHONDRIAL DNA MUTATIONS LINKED TO METABOLIC DISORDERS IN
EGYPTIAN COHORTS
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Faculty of Medicine, Alexandria University, Egypt

ABSTRACT

This research investigates mitochondrial DNA mutations associated with metabolic disorders
in Egyptian cohorts, focusing on the relationship between mitochondrial genome variation and
clinical features such as insulin resistance, dyslipidemia, and impaired energy metabolism.
Mitochondria play a central role in cellular bioenergetics, and mutations in mitochondrial DNA
may disrupt oxidative phosphorylation, contributing to a range of metabolic diseases. In this
study, genetic samples from affected individuals were analyzed to identify pathogenic and
potentially pathogenic mitochondrial variants. The findings indicate that several mutations were
recurrently observed in patients with metabolic dysfunction and were associated with altered
clinical parameters relevant to disease severity. These variants appear to influence
mitochondrial efficiency and may contribute to increased oxidative stress, reduced ATP
production, and disturbance of lipid and glucose homeostasis. The study further suggests that
mitochondrial mutations may interact with environmental and lifestyle factors, thereby shaping
disease expression in the Egyptian population. A major implication of the research is that
mitochondrial genetic screening could improve the early identification of individuals at risk for
metabolic disorders. The results also support the use of mitochondrial DNA analysis as part of
broader personalized medicine strategies in metabolic disease management. By emphasizing
population-specific molecular data, the study contributes to a more nuanced understanding of
metabolic disease etiology in Egypt and highlights the need for future functional investigations
to clarify the biological consequences of the identified mutations.

Key word: mitochondrial DNA, metabolic disorders, genetic mutation, oxidative stress, Egypt
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TELOMERE LENGTH VARIATIONS AND AGING PROCESSES IN AZERBAIJANI
ELDERLY POPULATIONS
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Faculty of Biology, Baku State University, Azerbaijan

ABSTRACT

This study explores telomere length variations and their relationship to aging processes in
Azerbaijani elderly populations. Telomeres serve as protective chromosome end structures, and
their progressive shortening is widely considered a biomarker of biological aging and cellular
senescence. In this research, peripheral blood samples from older adults were evaluated to
assess telomere dynamics in relation to age, health status, lifestyle patterns, and chronic disease
burden. The findings indicate that shorter telomeres are associated with advanced biological
aging and are more frequently observed in individuals with cardiovascular risk factors, reduced
physical activity, and chronic inflammatory conditions. The study also suggests that
psychosocial stress and environmental exposures may contribute to accelerated telomere
attrition. These results support the view that telomere length is not only a genetic marker but
also a measurable indicator of cumulative life-course influences on health. The research further
discusses the potential value of telomere assessment in aging research, preventive medicine,
and geriatric risk profiling. In the Azerbaijani context, where demographic aging is becoming
increasingly important, such findings may help guide future public health strategies aimed at
promoting healthy longevity. Overall, the study contributes to molecular aging research by
linking telomere biology to population-specific patterns of aging and disease vulnerability.
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NON-CODING RNA REGULATION OF GENE EXPRESSION IN AZERBAIJANI
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ABSTRACT

This research investigates the role of non-coding RNA molecules in regulating gene expression
among Azerbaijani cardiovascular patients, with emphasis on microRNAs and long non-coding
RNAs implicated in vascular inflammation, myocardial remodeling, and atherosclerotic
progression. Non-coding RNAs have emerged as critical regulators of post-transcriptional
control, and their dysregulation is increasingly associated with cardiovascular disease
development and severity. In this study, patient-derived biological samples were analyzed to
identify expression patterns related to disease phenotypes. The results show that several non-
coding RNAs are significantly altered in patients with hypertension, coronary artery disease,
and heart failure, suggesting their involvement in disease-specific regulatory networks. These
molecules appear to influence inflammatory signaling, endothelial function, and apoptotic
pathways, thereby shaping cardiovascular pathology. The study also indicates that certain non-
coding RNAs may have value as diagnostic or prognostic biomarkers due to their association
with clinical indicators of disease progression. Beyond biomarker potential, the findings
support the idea that non-coding RNA-based therapeutic strategies may become important in
future cardiovascular medicine. The research contributes to a growing body of evidence
showing that gene regulation in cardiovascular disease is mediated by complex non-coding
mechanisms rather than protein-coding genes alone. By focusing on Azerbaijani patients, the
study provides population-relevant molecular data that can inform future translational and
precision-medicine approaches in cardiology.

Key word: non-coding RNA, cardiovascular disease, gene regulation, biomarkers, Azerbaijan
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GENOME-WIDE ASSOCIATION STUDIES FOR DIABETES SUSCEPTIBILITY IN
PAKISTANI POPULATIONS

Dr. Arif Khan, Sana Malik, Assoc. Prof. Dr. Bilal Ahmed, Hina Gul
Institute of Biomedical and Genetic Engineering, University of Engineering and Technology,
Pakistan

ABSTRACT

This study applies genome-wide association approaches to investigate genetic susceptibility to
diabetes in Pakistani populations, aiming to identify loci associated with disease risk and
metabolic dysfunction. Diabetes represents a major public health challenge in South Asia, and
population-specific genomic research is essential for understanding its genetic architecture. In
this work, case-control cohorts were analyzed using genome-wide marker data to detect variants
associated with type 2 diabetes and related metabolic traits. The results indicate that several loci
show significant association with insulin resistance, glucose dysregulation, and impaired beta-
cell function. These findings suggest that both common and population-enriched genetic
variants may contribute to diabetes vulnerability in Pakistan. The study also demonstrates that
genomic risk is shaped by interactions between hereditary background, obesity, diet, and
sedentary lifestyle patterns. By identifying risk-associated loci, the research contributes to the
development of more accurate genetic screening tools and supports future efforts in
personalized prevention. The findings further highlight the importance of conducting large-
scale genomic studies within underrepresented populations, as global reference data may not
fully capture local disease mechanisms. Overall, this work strengthens the evidence base for
precision medicine in diabetes research and offers new directions for functional validation, risk
prediction, and public health intervention in Pakistani communities.

Key word: genome-wide association study, diabetes susceptibility, Pakistani population,
genetic risk, precision medicine
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MICRORNA BIOMARKERS FOR BREAST CANCER EARLY DETECTION IN
PAKISTANI WOMEN

Prof. Dr. Faisal Rehman, Zainab Noor
Faculty of Life Sciences, University of the Punjab, Pakistan

ABSTRACT

This study examines the diagnostic potential of microRNA biomarkers for the early detection
of breast cancer in Pakistani women. Breast cancer remains one of the leading causes of cancer-
related morbidity and mortality among women in Pakistan, and delayed diagnosis continues to
limit treatment outcomes. In this research, circulating and tissue-derived microRNA profiles
were analyzed to identify expression signatures associated with malignant transformation. The
findings show that several microRNAs are differentially expressed in breast cancer patients
compared with healthy controls, indicating their value as candidate biomarkers for early
screening. These microRNAs are involved in pathways related to cell proliferation, apoptosis,
epithelial-to-mesenchymal transition, and tumor invasion. Their altered expression suggests a
regulatory role in tumor development and progression. The study also highlights that biomarker
panels may be more informative than single markers because they better capture the molecular
complexity of breast cancer. In addition, the results point to the potential clinical utility of non-
invasive sampling methods, particularly blood-based assays, for early disease detection. Such
approaches could be especially useful in Pakistan, where screening access remains uneven and
many patients present at advanced stages. By focusing on a local patient population, the
research contributes population-specific evidence for biomarker development and supports the
broader goal of precision oncology. Overall, the study indicates that microRNA-based testing
may improve early diagnosis, risk stratification, and future therapeutic planning for breast
cancer in Pakistani women.
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PROTEIN-PROTEIN INTERACTION NETWORKS IN PAKISTANI LUNG
CANCER PATHOGENESIS
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ABSTRACT

This study investigates protein-protein interaction networks involved in lung cancer
pathogenesis among Pakistani patients, with the aim of identifying key molecular hubs that may
contribute to tumor initiation and progression. Lung cancer is a highly complex disease
characterized by dysregulated signaling pathways, altered protein interactions, and multiple
layers of molecular control. In this research, interaction network analysis was conducted to map
the relationships among proteins associated with cell proliferation, apoptosis, DNA repair,
angiogenesis, and metastatic behavior. The findings reveal that several proteins occupy central
positions in the interaction network, suggesting that they may serve as regulatory hubs or
potential therapeutic targets. The analysis also indicates that network topology can help clarify
how oncogenic pathways become activated and maintained in lung cancer cells. By integrating
computational and molecular perspectives, the study demonstrates the value of systems biology
for understanding cancer mechanisms at a broader level than single-gene analysis allows. The
results further suggest that network-based biomarkers may improve the identification of
clinically relevant pathways and support the development of targeted therapies. In the Pakistani
context, where lung cancer remains a major health burden and molecular profiling is still limited
in many settings, such research is particularly important. Overall, the study contributes to the
growing field of network oncology by providing a biologically informed framework for
identifying critical interaction nodes in lung cancer pathogenesis and by supporting future
translational research on diagnostic and therapeutic innovation.
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PHYTOREMEDIATION POTENTIAL OF ROMANIAN DANUBE DELTA PLANTS
FOR HEAVY METAL POLLUTION

Prof. Dr. Andrei Popescu, Dr. Maria lonescu, loana Vasilescu
Faculty of Biology, University of Bucharest, Romania

ABSTRACT

This study examines the phytoremediation potential of native plant species from the Romanian
Danube Delta as a sustainable strategy for mitigating heavy metal pollution in wetland
ecosystems. The Delta represents one of Europe’s most ecologically sensitive regions, yet it is
increasingly exposed to contamination from industrial discharge, agricultural runoff, and river-
borne pollutants. The research focuses on the ability of selected halophytic and hydrophytic
plants to absorb, translocate, and stabilize metals such as cadmium, lead, zinc, and copper under
natural field conditions. Through comparative ecological assessment and laboratory analysis,
the study evaluates how plant morphology, root structure, and physiological tolerance
contribute to remediation efficiency. Results indicate that several native species show strong
accumulation capacity in their below-ground tissues, suggesting their potential for both
phytoextraction and phytostabilization. The findings also highlight the importance of plant-
microbe interactions in enhancing metal tolerance and rhizosphere activity. Beyond
remediation performance, the study considers ecological compatibility, seasonal resilience, and
habitat preservation, which are crucial in fragile wetland environments. The discussion
emphasizes that phytoremediation offers a low-cost, environmentally friendly, and
biodiversity-supporting alternative to conventional remediation methods. The research
contributes to the growing understanding of how native wetland vegetation can be integrated
into regional environmental restoration strategies while maintaining ecosystem integrity. It also
provides a scientific basis for future monitoring and conservation planning in the Danube Delta.

Key word: phytoremediation, Danube Delta, heavy metals, wetland plants, environmental
restoration
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MICROBIAL DIVERSITY IN CARPATHIAN CAVE ECOSYSTEMS AND THEIR
BIOTECHNOLOGICAL APPLICATIONS

Assoc. Prof. Dr. Radu Stanescu, Elena Dragomir, Victor Popa
Faculty of Biology, Babes-Bolyai University, Romania

ABSTRACT

This research explores the microbial diversity of Carpathian cave ecosystems and evaluates
their potential for biotechnology and environmental applications. Cave environments are
characterized by stable temperatures, low nutrient availability, and long-term isolation, which
create unique selective pressures for microbial adaptation. The study investigates bacterial and
fungal communities collected from subterranean rock surfaces, sediments, and drip waters, with
attention to species composition, metabolic versatility, and survival strategies. Findings show
that cave microbiomes contain organisms capable of producing enzymes, antimicrobial
metabolites, and stress-resistant biomolecules with possible industrial value. Particular
attention is given to microorganisms adapted to oligotrophic and mineral-rich conditions, as
these traits may support applications in bioremediation, bioactive compound discovery, and
novel enzyme production. The analysis also considers the ecological significance of microbial
communities in nutrient cycling and cave mineral formation. In addition to taxonomic diversity,
the research examines functional traits associated with biofilm formation, metal tolerance, and
secondary metabolite synthesis. The study argues that cave microbiota represent an
underexplored reservoir of biological innovation, especially for sectors seeking sustainable and
nature-based solutions. At the same time, it emphasizes the need to protect cave ecosystems
from uncontrolled bioprospecting and habitat disturbance. Overall, the findings highlight the
Carpathian caves as important natural laboratories for understanding microbial adaptation and
for developing future biotechnological resources.

Key word: cave microbiology, microbial diversity, biotechnology, Carpathian Mountains,
bioprospecting
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CORAL BLEACHING RESISTANCE MECHANISMS IN INDONESIAN RAJA
AMPAT MARINE PROTECTED AREAS

Dr. Sari Wijaya, Budi Santoso, Lina Pratiwi, Dewi Kusuma, | Made Setiawan
Faculty of Marine Science and Fisheries, University of Papua, Indonesia

ABSTRACT

This study investigates the mechanisms that support coral bleaching resistance in marine
protected areas of Raja Ampat, Indonesia, one of the world’s most biologically diverse reef
systems. Rising sea temperatures and environmental stress have intensified coral bleaching
events across tropical oceans, making it necessary to identify reefs with greater resilience and
the ecological factors that sustain them. The research examines coral physiology, symbiotic
relationships with zooxanthellae, water quality, habitat complexity, and local management
practices that may contribute to bleaching tolerance. Results indicate that coral communities in
well-protected sites show stronger recovery potential, greater symbiont stability, and healthier
reef-associated biodiversity than more disturbed locations. The study also emphasizes the role
of lower sedimentation, reduced fishing pressure, and effective conservation governance in
maintaining reef resilience. Environmental monitoring suggests that structural reef complexity
and high species diversity create microhabitats that buffer thermal stress. In addition, certain
coral genotypes appear more capable of surviving temperature fluctuations, indicating the
importance of genetic diversity in adaptation. The findings support the view that marine
protected areas can function as climate refuges when they are managed effectively and
supported by strong community involvement. This research contributes to coral reef
conservation by identifying ecological and governance factors that improve resistance to
bleaching, offering practical guidance for marine management in Indonesia and other tropical
regions facing climate change.

Key word: coral bleaching, Raja Ampat, marine protected areas, reef resilience, climate
adaptation
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GENETIC DIVERSITY ASSESSMENT OF SUMATRAN ORANGUTAN
POPULATIONS USING NON-INVASIVE SAMPLING

Assis. Prof. Dr. Nyoman Artawa
Faculty of Biology, Gadjah Mada University, Indonesia

ABSTRACT

This research assesses the genetic diversity of Sumatran orangutan populations through non-
invasive sampling methods, with the aim of supporting conservation planning for this
endangered primate. Habitat fragmentation, poaching, and forest degradation have placed
increasing pressure on orangutan populations in Sumatra, making genetic monitoring essential
for understanding population structure and long-term viability. The study uses fecal and hair
samples collected from different forest zones to examine levels of genetic variation, relatedness,
and dispersal patterns without disturbing the animals. The findings reveal clear population
differentiation among forest fragments, suggesting limited gene flow caused by habitat
isolation. Such fragmentation may reduce adaptive potential and increase vulnerability to
disease, environmental change, and inbreeding. The study also identifies the value of non-
invasive sampling as a practical and ethical tool for monitoring elusive and endangered species
in difficult terrain. By comparing genetic markers across regions, the research provides useful
information for identifying conservation units and planning wildlife corridors. The results
support habitat restoration, forest connectivity, and targeted protection of key populations as
priorities for orangutan conservation. More broadly, the study demonstrates how molecular
ecology can inform evidence-based management of threatened species in biodiversity-rich
tropical landscapes.

Key word: orangutan conservation, genetic diversity, non-invasive sampling, Sumatra,
molecular ecology
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PHYTOCHEMICAL ANALYSIS OF PERSIAN GULF MANGROVE SPECIES FOR
ANTICANCER ACTIVITY

Assoc. Prof. Dr. Reza Jalali, Fatemeh Karim, Mohammad Rezaei
Faculty of Pharmacy, Shiraz University of Medical Sciences, Iran

ABSTRACT

This study investigates the phytochemical composition and anticancer potential of mangrove
species from the Persian Gulf, focusing on their value as natural sources of bioactive
compounds. Mangrove ecosystems are known for producing chemically diverse secondary
metabolites that help plants survive in harsh coastal environments, and these compounds may
also possess pharmacological properties. The research examines plant extracts for flavonoids,
phenolics, terpenoids, and other metabolites with possible cytotoxic and antioxidant effects.
The study evaluates their activity against selected cancer cell lines and explores the relationship
between phytochemical richness and biological response. Results indicate that mangrove
extracts contain compounds capable of inhibiting cancer cell proliferation and promoting
oxidative stress regulation, suggesting promising therapeutic potential. The findings also
emphasize the importance of species-specific chemical profiles, as different mangrove plants
show varying levels of activity. In addition to laboratory evaluation, the study considers
ecological sustainability and the need to protect mangrove habitats while exploring their
biomedical use. The work contributes to natural product research by identifying coastal flora as
an underexplored source of anticancer agents. It also highlights the broader significance of
biodiversity conservation for future drug discovery efforts. The study supports further
phytochemical isolation, mechanism-based testing, and preclinical research to assess the
feasibility of developing plant-derived anticancer compounds from Persian Gulf mangrove
species.

Key word: mangrove plants, phytochemical analysis, anticancer activity, Persian Gulf, natural
products
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MICROPLASTIC INGESTION EFFECTS ON IRANIAN CASPIAN SEA FISH GUT
MICROBIOMES

Dr. Soraya Mahmoudi, Ali Hosseini
Faculty of Marine Sciences, University of Guilan, Iran

ABSTRACT

This study examines the effects of microplastic ingestion on the gut microbiomes of fish from
the Iranian sector of the Caspian Sea, addressing an emerging environmental and ecological
concern. Microplastics have become widespread in marine and freshwater systems, and their
presence in fish digestive tracts may alter microbial balance, nutrient absorption, and overall
physiological health. The research evaluates the composition of gut microbial communities in
fish exposed to contaminated habitats and compares them with individuals from less polluted
areas. Findings suggest that microplastic ingestion is associated with shifts in microbial
diversity, including changes in beneficial bacteria and a rise in stress-related microbial groups.
These alterations may influence digestion, immune function, and susceptibility to disease. The
study also considers the role of polymer type, particle size, and pollutant adsorption on the
severity of microbiome disruption. Beyond gut ecology, the research highlights the broader
implications for fish health, food safety, and aquatic ecosystem stability. It argues that
microplastics function not only as physical contaminants but also as carriers of chemical
substances and microbial assemblages that may further affect host organisms. The study
underscores the need for continuous monitoring of plastic pollution in the Caspian Sea and for
integrated management strategies to reduce coastal contamination. It contributes to
environmental microbiology by linking plastic pollution to host-microbe interactions in an
economically important fishery region.

Key word: microplastics, fish microbiome, Caspian Sea, aquatic pollution, gut health
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CUBAN BIO-DIVERSITY CONSERVATION STRATEGIES FOR ENDANGERED
AMPHIBIAN SPECIES

Prof. Dr. Carlos Rodriguez, Dr. Ana Morales, Luis Fernandez
Faculty of Biological Sciences, University of Havana, Cuba

ABSTRACT

This study explores biodiversity conservation strategies for endangered amphibian species in
Cuba, with a focus on habitat protection, population monitoring, and species recovery planning.
Cuban amphibians are highly vulnerable to habitat loss, climate variability, invasive species,
and restricted geographic distribution. The research examines conservation approaches that
combine ecological surveys, habitat assessment, and species-specific management measures.
Findings show that effective conservation depends on the protection of forested wetlands, the
restoration of breeding sites, and the control of environmental pressures in fragile habitats. The
study also emphasizes the importance of community involvement and national conservation
policy in safeguarding species with limited range. Amphibians are presented as important
indicators of ecosystem health, and their decline reflects broader environmental degradation.
The research argues that conservation strategies must be based on local ecological conditions
and supported by long-term monitoring. It also highlights the value of ex situ measures, such
as captive breeding and genetic management, in reinforcing wild populations when habitat
conditions are severely degraded. Overall, the study provides a framework for integrated
amphibian conservation in Cuba that links field ecology, habitat restoration, and public policy.
Its findings contribute to island biodiversity science and to the protection of one of the
Caribbean’s most distinctive amphibian faunas.

Key word: amphibian conservation, Cuba, biodiversity, habitat restoration, endangered species
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MOLECULAR EVOLUTION OF VIRUS-HOST INTERACTIONS IN CUBAN BAT
RESERVOIRS

Assoc. Prof. Dr. Maria Gonzalez, Pedro Alvarez, Sofia Ramirez
Faculty of Biology, University of Oriente, Cuba

ABSTRACT

This research examines the molecular evolution of virus-host interactions in Cuban bat
reservoirs, focusing on the ecological and evolutionary dynamics that shape pathogen
persistence. Bats are recognized as important reservoirs for a range of viruses, and their unique
immune systems allow them to coexist with pathogens that may pose risks to other species. The
study investigates viral genetic variation, host immune response, and the influence of ecological
conditions on virus maintenance within bat populations. Results suggest that coevolutionary
processes play a significant role in shaping virus-host relationships, with host adaptation and
viral mutation occurring in parallel. The study also indicates that bat colonies in stable
ecological settings may support long-term viral circulation without obvious signs of disease.
This makes them important subjects for understanding spillover risk and disease ecology. The
analysis highlights the value of molecular surveillance in identifying viral lineages and
monitoring ecological change in reservoir systems. It also underscores the importance of
protecting bat habitats, since environmental disturbance may alter host behavior and increase
contact with other species. The findings contribute to the broader field of zoonotic disease
research by clarifying how viral persistence is influenced by host biology, ecology, and
evolutionary pressure. The study supports future interdisciplinary monitoring of bat-virus
systems in the Caribbean and beyond.
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THERMOTOLERANT YEAST STRAINS FROM CUBAN HOT SPRINGS FOR
BIOETHANOL PRODUCTION

Dr. Javier Lopez, Yamilka Perez
Faculty of Microbiology and Biotechnology, University of Cienfuegos, Cuba

ABSTRACT

This study investigates thermotolerant yeast strains isolated from Cuban hot springs for their
potential use in bioethanol production. The search for efficient biofuel-producing
microorganisms is increasingly important because high temperatures during fermentation can
reduce productivity and increase production costs. The research evaluates yeast isolates for
growth stability, sugar utilization, ethanol tolerance, and fermentation performance under
elevated thermal conditions. Results show that certain strains maintain strong metabolic activity
at temperatures that typically inhibit conventional industrial yeasts. These isolates are able to
ferment a range of carbohydrate substrates efficiently, making them promising candidates for
second-generation bioethanol processes. The study also considers the ecological significance
of hot spring environments as reservoirs of extremophilic microorganisms with valuable
industrial traits. In addition to laboratory evaluation, the research discusses the potential for
using locally sourced microbial resources to support sustainable energy development in Cuba.
Thermotolerant yeasts may reduce cooling requirements, improve process resilience, and
enhance the economic feasibility of ethanol production in tropical climates. The findings
suggest that bioprospecting in geothermal habitats can contribute to renewable energy
innovation while expanding knowledge of microbial adaptation. The study recommends further
strain optimization, pilot-scale fermentation, and genomic analysis to support future industrial
application.

Key word: thermotolerant yeast, bioethanol, hot springs, Cuba, renewable energy
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