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BOLUM I

Nano-Tarim Uygulamalar: Rasyonel mi?

Berna BAS!

Konvansiyonel tarim uygulamalarindan olan asir1 su  ve
agrokimyasallarin kullanim1 insan, ¢evre ve halk saglik sorunlarina
neden olmustur (Okey-Onyesolu & ark., 2021). Konvansiyonel
tarim uygulamalarimin yikict etkilerinden kurtulmanin yolu
stirdiiriilebilir tarimdan gecger. Siirdiiriilebilir tarimin yolu da akilli
tarim uygulamalarindan gecer. Siirdiiriilebilir tarimi1  “insan
saghgni, ekosistemi, dogal kaynaklari ve biyogesitliligi koruyan,
iklim degisiminin olumsuz etkilerini azaltan ve gida giivenligini
saglayan tarimsal uygulamalart iceren holistik bir yaklasimdir”
seklinde tanimlayabiliriz. En gelismis {ilkelerde de, en fakir
tilkelerde de insan yasami beslenmeye ve dolaysiyla tarima baghdir.
Boylece tarim sektorii biitiin diinya toplumlarinin yasamlarini ve
bolgesel ekonomilerin = siirdiiriilmesini  saglayan zorunlu bir
iretimdir. Diinya niifusunun 2050 yilina kadar yaklasik 10 milyara
ulagacagi1 tahmin edilmektedir (Devaney, Henchion & Regan, 2017).
Bu biiytikliikte popiilasyonun gida taleplerini karsilamak ve ayrica
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kiiresel iklim degisiminin tarimdaki biyofiziksel etkilerinin yol
acacagl Uretim-fiyat degisimini kontrol etmek, ancak inovatif tarim
teknolojilerinin  konvansiyonel sisteme adapte edilmesiyle
gergeklestirilebilir.  Kiiresel iklim krizlerinin tarimsal verim
kapsaminda beklenen iiretim-tiiketim-fiyat sonuglarina ve beslenme
yetersizligine varacak seviyelerde olasi yikici etkilerine karsi erken
tedbirlerin bugiinden alinmasi gerekir (Nelson & ark., 2009).
Nanobilimin ¢ok yonlii 6zelliklere sahip olmasindan dolay1 bu tarz
sorunlarin tstesinden gelmek i¢in bilim insanlari nanoteknolojik
¢Oziim arayislarina yoOnelmislerdir. Tarimda nanoteknolojik
uygulamalar tarimsal girdileri etkin bir sekilde kullanarak tarim/gida
tiriinlerinin kalite ve kantite artisin1 saglayabilecek bir potansiyele
sahip olabilir. Nanoformiilasyonlarin tarimda nano-giibre, nano-
pestisit, nanoremediyasyon, nano-temele dayali sensorlerle hastalik
ve stres tayini, tarimsal sulamada nanofiltrasyonla atik sularin tekrar
kullanim1 gibi bazi alanlarda arastirma-gelistirme c¢aligsmalari
bulunmaktadir. Gelistirilen nano-temele dayali sensorlerle hastalik
risk tahminleri, bitki saglig1 ve topragin durumu degerlendirilecek
ve aliacak erken tedbirlerle iirlin verimi artirilabilecektir (Malik &
ark., 2023). Nanokapsiilasyonla hedefe yonelik olarak {iretilen
kimyasal giibre, pestisit gibi girdilerin kullanildigr tarim
sistemlerinde konvansiyonel yontemlere gore kaynak kullanim
etkinligi artirildig1 i¢in daha verimli sonuclar alinmaktadir (Kumar
& ark., 2021; Upadhyay & ark., 2023). Nanokapsiiller toplam hacim
icinde daha fazla yiizey alani yaratarak daha ¢ok aktif maddenin ama
konvansiyonele gore daha az miktarda aktif maddenin islevine
olanak saglamaktadir.

Diinya genelinde dogal su kaynaklarindan yillik 4,250 km? su

cekilmekte olup bunun yaklasik % 71,7 orani ile tarim sektorii en
biiylik su tiiketicisidir (Peydayesh & Mezzenga, 2024). Kiiresel
iklim degisimi tarimda su kitligina neden olacag: i¢in alternatif su
kaynaklarina ihtiyag¢ vardir. Tarimsal atik sularin, drenaj sularinin ve
tarima uygun olmayan ¢esitli su kaynaklarmin tarimsal kullanimina
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yonelik olarak nanofiltrasyonla geri-doniistiiriilebilir su-kaynak
arastirmalar1 da tarimda su tasarrufu saglayacak ve yeni su kaynak
yonetiminde yeni stratejilerin gelistirilmesine katki sunacaktir. Bu
amacla yagmursuyu, elektrik liretim tesislerinde olusan sogutma
suyu, hidrolik kirilma atiksuyu, proses atiksuyu ve evsel atiksu gibi
cesitli konvansiyonel olmayan su kaynaklari miktar ve kalite
acisindan degerlendirilmektedir (Chen & ark., 2021). Sunulan
derlemede nanoteknolojinin tarimsal uygulamalardaki potansiyeli
rasyonel bir yaklasimla ele alinmistir.

2. NANOTEKNOLOJININ TARIMSAL PERSPEKTIFi

Nanomiihendislik teknolojileri nano-tarima entegre edilebilir mi?
Acik arazide yapilan ciftgilikte bitkiler siirekli biyotik ve abiyotik
faktorlere maruz kalmaktadirlar. Bu sorunlari ¢ézmek ve iiriin
verimini artirmak amactyla yogun olarak pestisit, giibre gibi
kimyasal girdi kullanimi1 konvansiyonel tarim uygulamalari arasinda
yer almaktadir. Nano-programlamayla tarimsal verimlilik artisi,
toprak 1slahi, su kullanim etkinligi, biyotik/abiyotik faktorlerin
teshisi/tayini, proaktif uygulamalar, stabil olmayan ¢evresel sartlara
uyarlanabilecek sekilde kalite ve kantite degerleri artirilmis ayni
zamanda cevre dostu ve halk sagligi sorunu yaratmayan bir tarim
sistemi gelistirilebilir. Nano-iiriinlerin tarimda en yaygin kullanim
alanlar1 nanogiibreler, nanopestisitler, nanosensorler ve nano su
filtreleridir. Ele alinan konuyla ilgili literatiir taramasiyla ¢esitli ar-
ge arastirma sonuglar1 ve derleme makaleler asagida 6rneklenerek
degerlendirilmistir.

2.1. Siirdiiriilebilir tarim icin nanoformiilasyonlar

Nano-giibreler: Bitkisel liriin yetistiriciliginde en énemli iki tarim

girdisi gilibreler ve pestisitlerdir. Bitki besin elementlerinin yavascga

kontrollii salimi daha 1yi bir bitki gelisimi saglamaktadir.

Nanogiibreler ii¢ smifa ayrilirlar; nanokompositler, nanokapl

giibreler, nanoskala besin maddeleri olmak iizere (Padhan & ark.,

2023). Nanokompositler nanodlcekli katki maddeleri igceren
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geleneksel giibreleri, nanokapli giibreler nanopartikiillerle (NP)
kapli veya yiiklii giibreleri, nanoskala besin partikiilleri ise
nanollcekte besin maddelerini  kapsamaktadir. Yapilan bir
caligmada konvansiyonel pratiklere gore; demir ve ¢inko yetersizligi
olan kalkerli toprakta NPK, Fe ve Zn ile hazirlanan polimerik
nanokomposit uygulamasi yapilan domateste en iyi gelisme ve besin
alimi gozlenmis ve yaprak analizlerinde bu 5 elementin
konsantrasyonu kontrole gore oldukga yiiksek bir orana ulasmistir
(Raiesi & ark., 2024). Diger bir ¢alisma da biyoatiklardan elde edilen
programlanabilir nanokompositle {irenin (N) 120 giin boyunca
yavasca salimmin fasulye bitkisinin gelisimiyle ilgili biyolojik
parametrelere etkisi arastirllmistir (Liu & ark., 2024). Otuz giin
icinde kontrole kiyasla nano-giibrenin fasulye tarafindan yavag alimi
sonucu kok uzunlugu % 1000, yaprak uzunlugu % 257, yaprak
genisligi % 400 ve bitki boyu % 1400 seviyelerine kadar olaganiistii
artis gosterdigi bildirilmistir. Misir-bugday lizerinde bir ¢alismada
da bitki gelisimi, iirlin verimi ve rizosferin biyolojik aktivitesi
dikkate alinarak uygulama yapilmis ve nano-N/nano-Zn besin
elementleri klasik yontemdeki NPK giibreleriyle birlikte kullanildig:
zaman hem toprak mikrobiyal yapisi ve gesitliligi artirdigi hem de
onerilen N gereksiniminin % 25 kadar azaltildigi bulunmustur
(Upadhyay & ark., 2024). Saksilarda bugdayla ilgili bir arasgtirmada
nanobiyokdmiir ve nano-Cu karigimi uygulandigi zaman tek olarak
uygulanan nano-Cu sonucuna gore, killi tinli toprak kalitesi, Cu
alimi ve {iriin verimliligi daha fazla artmistir (Rashid & ark., 2023).
Benzer sekilde kislik bugdayda nanokarbon (NC) ve nanocalcium
carbonate (NCC)’1in kompoze giibreyle (nano uygulama goérmeyen)
birlikte uygulanmasi sonucunda toprakta mevcut olan P, K, organik
madde ve N igeriginin ylikselerek daha i1yi bir seviyeye geldigi
gozlenmistir (Gao & ark., 2023). Ilgili calismada asidik topraklarda,
pozitif yiliklii NC ve NCC ’nin asit iyonlarini adsorbe ederek toprak
besinlerini korumada kalic1 bir etkiye sahip oldugu ve bu nedenle
kompoze giibreyle NC ve NCC’nin toprak besin icerigini korumada
ve glibre kullanimim iyilestirmede olumlu etkilere sahip oldugu
7 —



rapor edilmistir. Nano-giibreler topragin yogunlugu, por hacmi, pH,
su tutma kapasitesi, elektrik iletkenligi, organik karbon igerigi gibi
fiziko-kimyasal Ozelliklerini degistirmektedir (Sah & ark., 2024).
Boylece besin elementleri nanopartikiillerin elektrik yiik 6zellikleri
sayesinde daha fazla tutulmakta, besin elementlerinin sulamayla
topragin derinlerine inmesi Onlenmekte, yavas bir sekilde
kullanildig: i¢in daha konsantre hale gegmekte, topragin su tutma
kapasitesi artarak fazla giibre ve su kullanimi engellenerek bitkinin
besin elementlerini/suyu daha verimli kullanmas1 saglanmaktadir.
Incelenen biitin  calismalarda nano-materyale ait  uygun
konsantrasyon i¢in bir standart bulunmamakta olup genellikle
arastirmacilar tarafindan belirlenmektedir.

Nano-pestisitler: iki tip nanopestisit ¢esidi bulunmaktadir; birinci
grup Cu, Ti, Ag gibi metal-bazli nanopestisitler ikinci grup
aktif/etken maddenin Kkil, polimerler, zein gibi malzemelerden
iretilen  nanotagyicilar  i¢inde  kapsiillenerek  kullanildigi
nanopestisitlerdir (Wang & ark., 2022). Bir ¢alismada iki sentetik
fungisit boscalid ve pyraclostrobin birlikte nanokomposit formda
hem in vitro denemelerde hem arazide domates yapraklar tizerinde
Botrytis cinerea’ya karsi1 etkisi arastirtlmistir (Liu & ark., 2024).
Denemede nano-fungisitler ve nano muamele yapilmayan kontrol
grubu fungisitlerin B. cinerea iizerindeki etkileri kiyaslanmustir.
Elde edilen sonuglara gére nano-fungisitlerin ticari olarak Onerilen
dozundan daha az miktarlariyla ve daha uzun siireli etkileriyle
kontrol grubundan daha iyi bir fungal baskiya neden oldugu
bildirilmistir. Ayrica nano-fungisitlerin HepG2 hiicre hattinda in
vitro sitotoksik etkileri de, kontrol olarak kullanilan ticari fungisitten
daha diisiik diizeyde kalmistir. Arastiricilarin yontemine gore arazi
denemelerinin sonuclar1 6 giinliik, sitotoksisite denemeleri ise 24
saatlik bir caligmadan elde edilmistir. Genis spektrumlu bir fungisit
olan thifluzamide (TF)’nin bakterisidal etkisi geltikte in vitro ve
serada denenmistir (Yang & ark., 2024). Fungisitin daha verimli
kullaniminm1 saglamak amaciyla pektinle kapsiillenmis demir bazli
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MOF’a (Pectin-Coated Iron-Based Metal-Organic Framework) dayali
bir nano-dagitim sistemi gelistirilmistir. Ticari TF soliisyonuna
nazaran nano-TF daha iyi bir bakterisidal etki gostermis hatta TF
solisyonunun tohumun govde ve kok {lizerindeki gelismeyi
engelleyici etkisini de ortadan kaldirarak fide gelisimini de tesvik
ettigi bildirilmistir. (Yin & ark., 2024). Bitki koruma’da Verticillium
solgunlugu gibi toprak kokenli hastaliklarla miicadele etmek
olduk¢a zordur. Onemli bir bitki elisitorii olan salisilik asitin (SA)
ticari formuyla 6 g¢esit nanomateryalin (mesoporous silica
nanosphere (MSN), mesoporous Fe3O4 nanosphere (FezO4), carbon
qguantum dot (CQD), polylactic acid-glycolic acid copolymer
(PLGA), star polycation (SPc) ve hydrophilic ve lipophilic diblock
polymer (HLDP)) Verticillium dahliae’ye etkisi arastirilmustir.
Hastalik kontroliinde bunlardan en etkilisi HLDP-SA nano-
koruyucu olmustur (Yin & ark., 2024). Analiz sonuglarina gore;
HLDP-SA nano-koruyucu ekzojen maddeleri V. dahliae ’ye
taginmasini ve dagitimini hizlandirmakta, patojenin metabolizmasini
engelleyerek ve patojenisitesini zayiflatarak dogrudan ¢ok yiiksek
bir fungisidal aktivite gostermektedir. Sclerotinia sclerotiorum’un
model olarak kullanildig1 farkli bir c¢alismada hastaligin akill
sinerjik kontrolii amaciyla sentetik fungisit olan prochloraz (Pro)
icin hazirlanan nanokomposit “poli-dopamin nanopestisit” ler
kullanilmistir (Lu & ark., 2024). Pro’yu tasiyan nano-yapinin bitki
yaprak ylizeyindeki yagl bilesenlerle hidrojen baglar1 olusturacag,
nano preparatlarin 1slanabilirligini artiracagi, yagmur suyunun
asindirmasiyla olusan fungisit kaybinin azalacagi ve bdoylece
fungisitlerin ~ kullanim  oranin1  1iyilestirecegi  bildirilmistir.
Aragtiricilar S. sclerotiorum’un infeksiyon sonrasi oksalik asit
tireterek mikro gevrenin pH’sin1 diisiirerek viriilensligini artirdiginm
ancak asidik ortama tepki olarak da nano-poly-dopamine serbest
hale gecerek H iyonlarim1 kullandigini rapor etmislerdir. Boylece
nano-kompositin sinerjik antifungal etikisiyle fungusun infektiyoz
ozelligi zayiflatilmaktadir (Lu & ark., 2024).
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Benzer sekilde yapilan gesitli denemelerde Hibiscus ¢igek oOziitii
kullanilarak sentezlenen kobalt oksit nanopartikiilleriyle c¢eltik
yapraklarinda Xanthomonas oryzae pv. oryzae’nin gelismesi ve
biyofilm olusturmas: Onlenmis, Arabidopsis’te kloroplastlarin
fotosentez etkinligi artmis (Ogunyemi & ark., 2023), bakir oksit
nano-partikiilleri  antibakteriyel, antifungal ve antioksidan
aktivitesiyle hiinnapta cesitli patojenlerin aktivitesini Onlemis
(Manzoor & ark., 2023), sarimsak ugucu yagi nano-emiilsiyon
olarak kullanildigi zaman unlu bit Planococcus citri’ye etki ederken
predatorii Cryptolaemus montrouzieri’ye herhangi bir toksik etki
gostermemis (Modafferi & ark., 2024), kisnis ve ¢emenotu ugucu
yaglar1  bakiroksit  nano-partikiiller iginde  Colletotrichum
nymphaeae’un gelisimini % 100’e yakin oranda engellemistir
(Weisany & ark., 2024).

Yukarda ele alinan nano-giibreler ve nano-pestisitler, mevcut olan
cesitli polimerlerle kimyasal islemlere maruz birakilarak fiziksel
yapist ve kimyasal ozellikleri degistirilmis yeni nanoboyuta sahip
malzemeler iginde kapsiillenerek veya nano-katki maddesi ilavesi
seklinde iiretilmektedir. Elde edilen bu nano-kapsiil veya nano-
tasiyict  veya nano-filming veya nano-katki materyallerinin
nanofitotoksik etkileriyle ilgili arastirmalar ihmal edilmektedir.
Edinilen sonuglar kisa siireli akut toksik etkiyle ilgilidir ve genelde
kabul edilebilir diizeyde diisiik toksisite sonuclari rapor edilmistir.
Ancak nano-agrokimyasallar tarimsal pratikler arasinda yerini aldigi
zaman uzun siireli ve slirekli kullanimlarda bitkilerde, toprakta,
mikroorganizmalarda, ¢esitli canli organizmalarda ve insan
dokularinda-hiicrelerinde nasil metabolize olacagi veya birikecegi
veya farklt molekiiler sekillere doniisecegi konusunda yeterli
deneysel arastirma bulunmamaktadir. Uzun siireli kullanilan nano-
materyal kalintilarinin  kronik  etkilerinin takibinin mutlaka
yapilmasi 6nemli bir konudur.

Nano-sensdrler: Nanoteknolojik yaklagimla gelistirilen
nanobiyosensorler ile cesitli dis faktorler biiylik bir duyarlilikla
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algilanabilmektedir. Nanobiyosensorlerle arazide/serada veya
bitkinin bulundugu yerde gercek zamanli olarak veriler toplanarak
yorumlanmakta ve ©n tedbirlerle bitkiler i¢in uygun koruma
yontemleri  gelistirilmektedir. Nanobiyosensorler i  6geden
meydana gelmektedir; biyolojik prob yani tanima elementi (antibadi,
pepti, enzim gibi), doniistiiriici ve detektordiir (Naresh & Lee,
2021). Toprak ve bitkilerin fizyolojisini etkileyen 1s1, nem, mineral
icerigi, pH, biyotik/abiyotik faktorler vb. kosullarin yerinde
tanilanmasina olanak saglamaktadir (Nadporozhskaya & ark., 2022).
Doniistiiriici ¢esidine gore optikal, elektrokimyasal, kalorimetrik,
piezoelektrik biyosensdrler; biyolojik tanima element ¢esidine gore
immiinosensorler, enzimatik sensorle, aptasensorler gibi birgok
nanobiyosensor tipleri gelistirilmistir (Mondal & ark., 2022).

Yapilan bir denemede Pseudomonas syringae ile infekteli bitki
DNA’smin 1 ng icinde patojen DNA’s1 qPCR ile saptanirken,
AUNP-dayali DNA biosensorle klasik PCR yonteminden 10.000 kat
daha hassas bir sekilde infekteli bitki yaprak DNA’sinin 1
nanograminda pikogram seviyesinde patojenin varligi tespit
edilmistir (Lau & ark., 2017). Nanosensorler heniliz gozle goriiliir
simptom gelismeden Once patojenin tespit edilmesiyle koruyucu
bitki koruma tedbirlerinin alinmasina olanak saglayacaktir. Cesitli
amaclara yonelik gelistirilen nanosensorler bitkilerden ¢ikan gaz,
elektrik, fitohormon, kimyasal, mekanik vb. sinyalleri algilayarak
ornegin pestisit kalintilarini, hiicrenin igerigini kisa siirede tayin
edebilmektedir (Kumar & ark., 2024). Benzer sekilde topragin pH,
151, nem, besin icerigi, mikrobiyal etkilesimleri gibi toprak sagligini
biiylik bir duyarhilikla 6lciilebilmektedir (Kumar & ark., 2024).
Boylece erken tani/teshisle tam zamaninda ve yerinde daha az
miktarlarla agro-kimyasal girdi kullanilacak veya ¢esitli kiiltiirel
onlemlerle iiriin kayiplart ve fazla kimyasal kullanimi da
onlenecektir.

Nanofiltrasyonla su artimi: Iklim degisimiyle birlikte artan
kuraklik ve su kithgr sadece tarimda sulama igin degil ayrica
11—



ekonomik  kalkinma ve halk saghigi  agisindan da
degerlendirilmelidir. Avrupa’da kullanilan tarim suyunun yaklasik
% 40 kadar kism1 bitkiler tarafindan absorbe edilmekte, geri kalan
kisim ise atik olmaktadir (Forner Sevilla, 2022). Tarimsal sulamada
kullanilan suyun iki 6nemli kaynagi vardir; yeralt1 sular1 ve yeriistii
ylizey sulart. Yeralti sulari hidrolik dongiinlin bir parcasidir ve
yagislar, okyanuslar, irmaklar, goller, batakliklar, yapay golciiklerden
kaynaklanirlar (Monroe & ark., 2007) yeriistii sular1 ise okyanuslar,
denizler, goller, akarsulardan olusur ve yeriistii su kaynaklarindan
sizan ya da yagmur yoluyla yenilenen sulardir (Dooge & ark., 2009).
Kiiresel 1sinma nedeniyle kullanilabilir su kaynaklarinin hizla
azalmasma karsin Ozellikle tarimda kullanilabilir alternatif su
kaynaklarina yonelik arayiglar baglamistir. Olas1 alternatif su
kaynaklar1 evsel atik sulari, endiistriyel atik sulari, yagmur sulari
gibi cesitli atik sular geri-doniisiimle kazanilarak tarimsal amach
kalitede suya doniistiiriilebilir. Yeni gelistirilen nanomalzemeler atik
ve kirli sularin filtrasyon sistemlerini eski yontemlerden daha
verimli hale getirmektedir.

Misir’da sulama amach kalitesi diisiik onlarca kuyu sular1 tizerinde
nanofiltrasyonla yapilan su-aritma arastirmalarinda nano-filtre
teknigiyle kuyularin yaklasitk % 90’ninin su kalitesi tarimsal
amaclara uygun seviyelere yiikseltilmistir (Elmenshawy & ark.,
2024). Arastiricilar  nano-fitrasyon  sistemlerin  ters osmoz
proseslerine gore enerji tiiketiminin daha diisiik olmas1 ve tarimsal
amaclara uygun Xkalite parametreleriyle su eldesinin miimkiin
oldugunu rapor etmislerdir.

Domates bitkilerinin sulanmasinda nanofiltrasyon ve ters osmoz
filtrasyon diizenegi birlikte kullanildigi zaman atik jeotermal
sulardan istenilen kalite arinmis su elde edilmistir (Jarma & ark.,
2022). Domates bitkilerinin sulanmasinda kullanilan iiriin suyunun
kalite analizinin sonuglar1 teorik hesaplamalarla 1yi bir sekilde
ortiistigli bildirilmistir.
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Bunun yanisira nanokil, nanozeolit, hidrojel gibi nano-porlu
malzemelerin toprak uygulamalar1 kurak donemlerde veya su
yetersizliginde topragin su tutma kapasitesini artirmaktadir (Sekhon,
2014). Porlu yapidaki nanomateryal ile suyun adsorbsiyon kapasitesi
arasinda korelasyon, nano-porlar i¢inde suyun yogunlasma basinci,
geri donlistimlii olmasi yani oda sicakliginda rejenerasyonu ve suyun
stabilitesiyle iliskilendirilmektedir (Furukawa & ark., 2014). Bu ii¢
kriter, art arda en az 5 adsorpsiyon-desorpsiyon doniisiimii altinda
bile tutulan suyun adsorpsiyon kapasitesiyle porlarin sisme etkisine
yatkinligin olmamasini saglamaktadir (Szalaj & ark., 2019; Souza &
ark., 2021; Ridhi, Saini & Tripathi, 2024). Bu nanomalzemeler
sayesinde suyun asirt kullanimi Onlenebilecek belki kurak tarim
bolgelerine de adapte edilebilecektir.

3. TARTISMA VE SONUC

Yasamin her alanina adapte edilebilen ve bir¢ok yenilikleri insan
yasaminin konforuna sunan nanoteknoloji doniistiiriicii bir giice
sahiptir. Tarimsal pratiklerin iretimden-sofraya kadar her
asamasinda  uygulanir  olabilen  nanoteknolojik  yenilikler
strdiirtilebilir tarimda 6nemli bir potansiyele sahiptir. Pestisit, giibre
gibi agrokimyasallar1 hedefe ulastiran nano-tasiyici sistemlerde
kullanilan  polimerler prosediir geregi bir dizi kimyasal
uygulamalardan sonra metal iyonlarina sahip olabilmektedirler. Elde
edilen bu nano-tasiyict malzemeler arazi uygulamalarinda aktif
maddeyi hedefe ulastirdiktan sonra atik olarak bitki yilizeyinde
kalacak veya topraga diisecektir veya nano-giibrenin etken maddesi
kullanildiktan sonra tasityici tabaka maddesi toprakta siirekli
kalacaktir. Gerek depo iiriinlerine gerekse market-manav
reyonlarindaki iirlinlere raf omriinii uzatma, biyotik/abiyotik vb.
faktorlere karst koruma amagli yapilacak nanokapli veya
nanokomposit uygulamalardan sonra nanomateryal kalintilar bitki
izerinde (yani meyve, sebze, salata bitkileri, baharat bitkileri, tahil
ve birgoklar1) kalacaktir. Nanouygulama goéren bitkiler mutlaka
besin zincirinde yer alacaktir. Bu nedenle ¢evre ve halk sagligi igin
--13—



nano-fitotoksikolojik ve nanotoksikolojik aragtirmalarin mutlaka
yapilmasi gereklidir. Bazi deneysel ¢alisma sonuglarina gore yapilan
sitotoksikolojik analizlerde kabul edilir diizeyde diisiik toksisite
rapor edilmistir (Zulfigar & ark., 2019; Fadzil & ark., 2022; Liu &
ark., 2024). Ancak elde edilen bu bulgular deneyden hemen sonra
akut toksisiteyle ilgilidir. Nano-materyal muamelesi goren iiriinlerin
uzun siireli oral alimlarda metal iyonlarmin insan doku ve
hiicrelerinde birikim yapma ve kronik hastaliklara neden olabilme
olasiligr heniiz bilinmeyen bir konudur. Benzer sekilde nano-
pestisitlerden veya nano-giibrelerden kalan kalintilarin bitkilerde ve
toprakta birikimi, toprak ve yesil aksam mikrobiyomuna nasil etki
edecegi de yeterli seviyede bilinmemektedir.

Yasam agacinda yer alan biitiin canli organizmalarin besin
maddelerinde bulunan molekiiller element seviyesinde ayristirilarak
degerlendirildigi zaman, bu elementlerin hepsinin periyodik
cetvelde yer alan elementler oldugu goriiliir. IUPAC (2006)’ya gore
periyodik cetvelde toplam 118 element bulunmaktadir. Yani tim
canli organizmalarin besin maddeleri i¢inde tiiketilen element ¢esidi
en fazla 118 ile siurli olmasi gerekir. Referans kaynaklara gore
degismekle beraber insan i¢in bunlardan yaklasik 29 adet element
hayati Oonem tagimaktadir (Pais & Jones, 1997). Diger canh
organizmalarda bu rakam da, element cesitleri de degisebilir. Ayni1
molekiil, c¢esitli izoformlara sahip olsa bile herhangi bir
organizmanin hiicresi bir molekiiliin farkli formlarinin hepsini
metabolize edemeyebilir. Ornegin insan viicudu cis-form yag
asitlerine evrimlestigi icin cis-form yag asitlerini kullanirken ayni
yag asidinin trans formunu metabolize edememekte ve cesitli
dokularda birikime neden olmaktadir (Oteng & Kersten, 2020). Bu
basit 6rnekteki gibi besin yoluyla aldigimiz elementler ugucu degilse
yani hiicrenin evrimlesmedigi bir element igerirse veya hiicrenin
metabolize edemedigi bir bilesikse hiicre i¢cin o madde yabanci
madde olarak algilanacaktir. Bundan sonra o maddenin iki kaderi
vardir, birincisi o element ya hiicreden veya viicuttan disar1 atilacak
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(insan i¢in idrar veya diskiyla, diger canlilarin eksport/bosaltim
sistemleriyle) veya hiicrede birikecek ya da farkli molekiiler
bilesikler meydana getirerek birikmeye baslayacaktir. Bu durumda
toksik etki gelismesi miimkiindiir yani doza bagl olarak akut veya
kronik etki beklentisi ihtimal dahilindedir. Nanotitanyum
uygulamasi yapilan tohum raporlarina gére tohum g¢imlenmesiyle
ilgili biyolojik parametreler olumlu sonu¢ vermektedir (Mathew,
Sunny & Shanmugam, 2021). Ancak titanyum hem bitki hem insan
hiicreleri i¢in yabanci bir element olup oldukca toksik olarak kabul
gormektedir (Li & Tang, 2024). Insan hiicreleri tarafindan
TiO2NP’lerin biyolojik pargalanmasi diisiik seviye de olup soluma
veya cilt temasiyla insanlarda ve hayvanlarda biyokimyasal
hasarlara neden oldugu i¢in tibbi alanda kullanimi sinirli diizeydedir.
Konuyu bu perspektiften degerlendirdigimiz zaman nano-kapsiil
malzeme bilimi ¢alisanlar yani tarimda bir biyofilming maddesi
gelistirirken tercih ettikleri kimyasallar1 bu c¢ergevede ele almalari
gerekir.

Bugiin i¢in konvansiyonel tarimi tamamlayici ideal bir uygulama
gibi gorlinen nano-formiilasyonlarin uzun vadede konvansiyonel
tarimin  hasarlarina benzer halk sagligit ve ekolojik tahribat
olasiliklarinin ¢ok 1y1 analiz edilmesi gerekir. Gliniimiizden yaklasik
30 yi1l once bilim camiasi tarafindan gen transferleriyle istenilen
ozelliklere  sahip yeni GDO  (Genetigi  Degistirilmis
Organizmalar)’lu {iriin eldesi, cagin yeni bilim dali olarak 6nemli bir
yenilik seklinde tanitilmistir. Ancak giiniimiizde sanayilesmis bir¢cok
ilkeler GDO iriinlerini iilkelerine almamak i¢in yasal
diizenlemelerle kota uygulamaktadir (EC, 2024). GDO’lu {irlinlerin
icerdigi element/molekiil analizleri bu vizyonla degerlendirilmedigi
icin allerji, toksik etki, kanser riskleri gibi saglikla ilgili siipheler
halen devam etmektedir. Tarimda nano-formiilasyonlar heniiz
baslangi¢ asamasinda olup GDO 06rnegindeki sonuglardan 6nemli
derslerin ¢ikarilmasi gerekir.
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BOLUM II

Bitkilerde non-coding RNA (ncRNA) Cesitleri ve
Islevleri

Berna BAS!

1. Giris
Insanlarda ncRNA molekiilleriyle ilgili bircok calismalar
bulunmaktadir, ancak bitki ncRNA arastirmalar1 heniiz baslangi¢
asamasinda olup son yillarda Onem kazanmaya baslamistir.
Eukaryotik ncRNA ’larin yaklasik %90 1 transkripsiyon gegirirler
ancak sadece %?2’s1i proteine doniisiirler (Rai & ark., 2019).
Bitkilerdeki esas islevleri, bitkilerin hayati fonksiyonlari i¢in elzem
olan temel fizyolojik gelisimsel olaylar1 diizenlemek ve
biyotik/abiyotik stres faktorlerine karsi bitkinin tepkilerini
ayarlamaktir. Niikleotid uzunluklar1 degisken olan bitkisel ncRNA
’lar temel islevlerine gore regiilator (diizenleyici) ncRNA ve
housekeeping ncRNA olarak iki ana sinifa ayrilir ve her bir sinifin
kendi iginde alt gruplari bulunmaktadir (Sekil 1). Housekeeping
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kelimesi onceleri “constitutive” seklinde kullanilan kelimenin anlam
benzerligi i¢inde kullanilmaktadir. Yani “stirekli olan, siirekli
bulunan” anlamda kullanilir, normal kosullarda hiicrenin zorunlu
hayati fonksiyonlarin1 yerine getirmesi icin siirekli ortamda
bulunmasi gereken gen iiriinlerini ya da siirekli ¢calisan genleri ifade
etmektedir. Regiilator kelimesi ise ¢evresel degiskenlerden
etkilenerek genlerin ya da gen transkriptlerinin ¢alisma diizeninde
ayarlamalar yaparak yeni ¢evreye adaptasyonu saglamak amaciyla
kullanilir. Kisaca, housekeeping genler siirekli ifade edilirken,
regiilator genlerin ise hiicre-i¢i ve hiicre-dis1 degiskenlere baglh
olarak ifade edilme diizeyleri de degismektedir. Bitki biyolojisinde
onemli diizenleyici roller iistlenen ncRNA’lar, protein sentez
sisteminde yer alan mRNA, rRNA ve tRNA molekiillerinden farkli
olarak transkripsiyon, post-transkripsiyon, translasyon ve epigenetik
diizeyde degisimler yapmaktadir (Yu & ark., 2019; Patra & ark.,
2023). ncRNA’lar substrat olarak DNA, RNA ve protein
molekiilleriyle komplementer olacak sekilde bag kurabilmektedir.
Sekil 1’de goriildiigii gibi kodlanan RNA molekiilleri mRNA ’lardir,
bunlarin bir kismi proteine donlismektedir, biiylik bir kismi ise
proteine doniismeden yan iiriin RNA transkript molekiilleri olarak
kalmaktadir. Bu transkript yan iiriinlerden fonksiyonel 6zellikleri
belirlemek teknik olarak kolay degildir. Biiylik bir RNA havuzuna
sahip olan riboniikleik asitler iginden yan iirlinler olan ncRNA
transkriptlerinin islevleri, yalnizca mutasyon analizleriyle tayin
edilebilmektedir-(Brosius & Raabe, 2016; Krzyszton & ark., 2018;
Thieffry & ark., 2020).

Klasik bilgilerimizde, DNA molekiilii iizerinde belli bir bolge,
sentezlenecek olan mRNA transkriptine kalip gorevi goriir ardindan
tRNA esliginde rRNA’da bu iic RNA molekiilii bir araya gelir ve
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protein liretim prosesini gerceklestirirler. Ancak bir RNA transkripti
¢ogu zaman protein liretmez. DNA’nin ise translasyona ugramayan
yani protein liretmeyen bazi bolgeleri 6nemsiz DNA anlamina gelen
“junk DNA” olarak da ifade edilebilmektedir (Doolittle, 2013).
ncRNA’larin ilk olustuklar1 baslangi¢c noktalari ve hedef genler
lizerindeki islem mekanizmalart normal RNA’dan farklidir. RNA
sekans analiz tekniklerindeki son gelismeler ile bir¢cok yeni
organizmalarin sekans sonug¢ bildirileri sayesinde yeni ncRNA
siniflar1 olugmaktadir. Dolayistyla Sekil 1°de verilen siniflama
goreceli olup yeni bilgilerin 15181inda zamanla degisebilecegi goz
onlinde bulundurulmalidir. Bitkisel ncRNA veri tabanlari ile ilgili
cesitli web siteleri bulunmaktadir ve bunlar diizenli olarak stirekli
giincellenmektedir Anonymous 2024.

Bitki-patojen patosistemlerinde ncRNA’larin  karakterize
edilmesi, biyotik bir strese tepki olarak bitki immiinitesindeki gen
diizenlenme mekanizmalarinin anlasilmasini  kolaylastiracaktir.
Ayn1 zamanda bitkinin biiyiime ve gelisim siirecindeki biyokimyasal
ve fizyolojik mekanizmalarin da abiyotik strese tepkilerin de
ayrintilarin1  ortaya c¢ikaracaktir. Sunulan derlemede, protein
kodlamayan ama fonksiyonel olan bu ncRNA’larin bitkinin
fizyolojik gelisimi ve biyotik/abiyotik stresteki gorevleri, yapisi ve

siiflandirilmasiyla ilgili son gelismeler sunulmustur.
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2. Bitki ncRNA ’larin Siniflandirilmasi ve Eylemleri

Bitki ncRNA’lar, kromozom DNA’larinin intergenik (genler-
arasi1 bolge), introgenik (genlerin intron bolgeleri), alternatif splayzla
atilan eksonik bolge ve antisense (kodlanan genlerin tamamlayicisi
kars1 kolon tizerindeki kodlanmayan DNA bolgesi) bolgelerinden
tiireyen ve bitkilerin gelisimini modiile eden molekiillerdir; biyotik
ve abiyotik stres tepkilerinde fonksiyonel olan ilgili genlerin
caligmasini transkripsiyon, translasyon, transkripsiyon/translasyon
sonras1 ve epigenetik seviyelerde degistirerek bitkinin gelisimini
diizenlemektedirler (Liu & ark., 2017; Yu & ark., 2019). ncRNA
cesitliligi oldukga fazla olup her biri farkli gorevler listlenmistir.
Molekiiler yapilarina gore ncRNA’lar dogrusal (lineer) ve dairesel
(circular) olmak {izere iki ana sinifa ayrilirlar (Liu & ark., 2017).
Dairesel olanlar kendi i¢inde 5 grupta incelenirken, dogrusal olan
ncRNA’lar ise biiyiikliiklerine gore kiigilk ncRNA (sncRNA) ve
uzun ncRNA (LncRNA)’lar olarak iki gruba ayrilirlar. LncRNAlar,
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protein kodlayan gen bolgeleriyle baglantili olup genom tizerindeki
lokasyonlarina gore alt-siniflara ayrilmaktadirlar (Wang & ark.,
2018). ncRNA’larin nasil tiiredigini anlamak i¢in 6nce bu yan iiriin
transkriptlerin ~ idretiminden  sorumlu  olan  transkripsiyon

mekanizmasinin yakindan ele alinmas1 gerekir.

3. ncRNA’larmm Uretiminden Sorumlu Olan Transkripsiyon
Sisteminin Isleyisi

Eukaryotik organizmalar niikleus genomunda kodlanan ve
kodlanmayan transkriptleri tiretmek i¢in RNA polimeraz enzimlerini
kullanirlar; konservatif yapida ve ¢oklu alt {initelerden olusan 3 ¢esit
RNA polimeraz enzimine sahiptir (RNA pol I, pol Il ve pol 1lI)
(Cramer, 2019). Her ii¢ RNA polimeraz enzimleri LncRNA iiretir,
pol II ise hem mRNA sentezler hem de bazi LncRNA tiirlerini
sentezler. Ancak bitkilerde ilave olarak RNA pol IV ve pol V
enzimleri de bulunmaktadir, bu enzimler transpoze olan elementleri
tantyan ve susturan LncRNA’larin  {iretimi i¢in gereklidir
(Wierzbicki, Blevins & Swiezewski, 2021).

RNA pol I: Protein sentezinde goérev alan rRNA’lar,
hiicrelerde en fazla bulunan LncRNA grubudur. RNA pol-I ardisik
olarak swrali genleri LncRNA’nin 6nciil molekiilii olarak
transkripsiyona ugratir ve rRNA olarak bir transkripsiyon tnitesi
meydana gelir (Wierzbicki, Blevins & Swiezewski, 2021). rRNA
molekiilii 18S, 5, 8S ve 258 alt iinitelerden meydana gelir, her bir alt
iinite bir LncRNA transkriptidir. Olgun bir rRNA, 58S alt iiniteye
ilaveten, biiyiik ve kiigiik alt iiniteleri bir araya getirecek olan
LncRNA’lart iceren proteinlerle baglantiya gecer. Pol I enzimi,
hiicrenin biiylimesi ve organizmanin gelisimini siki bir sekilde
kontrol eder (Wierzbicki, Blevins & Swiezewski, 2021).
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RNA pol II: RNA transkriptleri ¢ogunlukla son derece
degisken yapidadir. Hiicrede RNA pol II transkriptlerinin sadece %3
kadar kismi stabil RNA’lardan olusmaktadir (Warner, 1999) ve
RNA pol II enzimi protein kodlayan dnciil mRNA transkriptlerinin
sentezinden sorumludur, LncRNA’larin 6nemli bir simifin
olusturmaktadir. Pol II transkriptleri hem transkripsiyon hem de
transkripsiyon sonrasi aktiviteleri diizenlemektedir. Diizenleme
mekanizmalar genellikle transkripsiyon faktorlerini, promotere 6zel
faktorleri, medyator kompleksi ve RNA proses adimlarini yani
transkripsiyonun baslamasi, uzamasi, ilmek olusumu ve sonlanma
islemleri tizerinde etkili olan mekanizmalar1 kapsamaktadir
(Cramer, 2019). Coklu alt iinitelere sahip diger polimerazlar gibi
RNA pol II 12 alt iiniteden meydana gelmistir, bu alt {niteler
sayesinde kodlanan ve kodlanmayan transkripsiyona olanak
sunulmaktadir (Cramer, 2019). Pol II transkripsiyonun ara
basamaklarina yardim eden 6zel transkripsiyon faktorleriyle ¢alisir.
DNA iizerindeki promoter bolgeler 6zel transkripsiyon faktorlerinin
baglanacag1 sekans dizilerine sahiptir ve bu bolgeler hiicre-ici ve -
dis1 sinyallere adaptasyonu saglayan tepkileri iiretecek olan pol
II’nin ¢alismasimi diizenler (Wierzbicki, Blevins & Swiezewski,
2021). Pol 11 ile bir gen transkripsiyonu elongasyon faktérlerinin
yardimiyla mRNA’nin uzamasi saglanir (Antosz & ark., 2017).
Transkripsiyonun son agsamasinda komsu genlerin sentezine engel
olmak i¢in zincir sonlanma agsamasinda transkripsiyon giivenli bir
sekilde durdurulmasi gerekir, ancak bunun mekanizmas bitkilerde
heniiz tam bilinmemektedir. Pol II enziminin {riinleri olan mRNA
ve LncRNA her ikisi birden ko-transkripsiyonel ve transkripsiyon
sonrast modifikasyon proseslerine maruz kalirlar (Wierzbicki,
Blevins & Swiezewski, 2021). Bu modifikasyonlar transkripte bagli
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olarak degismekle beraber RNA capping, splayzing, poliadenilasyon
ve niikleer eksport iglemleridir. Pol II {iriinleri ayrica nonsense-
aracili bozunma (yani olgun bir mRNA olusumu i¢in prematiire
RNA ’nin terminasyon kodonlarinin uzaklastirilma islemi), RNA
uridilasyon ve RNA eksozom ile RNAI yollarini ilgilendiren kalite
kontrol asamalarina maruz kalirlar (Chekanova & ark., 2007; De
Almeida & ark., 2018).

RNA pol I11I: Pol III enzimi, mRNA iizerindeki kodonlar
amino asitlere doniistiren tRNA adaptor molekiillerini {iretirler
(Kessler & Maraia, 2021). Bitki hiicreleri, U3 kii¢iik niikleolar RNA
(snoRNA) ve telomeraz RNA {iretimi i¢in Pol II yerine Pol III’i
kullanacak sekilde maya ve omurgalilardan evrimsel olarak
farklilagmistir (Kiss, Marshallsay & Filipowicz, 1991; Fajkus & ark.,
2019).

RNA pol 1V: Bitkilere o6zeldir. Arabidopsis ’te yapilan
caligmalar sonucunda iki yeni transkripsiyon sistemi tanimlanmig
olup her ikisi de LncRNA’lar ilgilendirmektedir (Onodera & ark.,
2005). Pol IV siRNA onciillerini tiretmekte ve Arabidopsis’te
ciceklenme zamanini kontrol ederken, misir bitkisinde ise
kromozomlar arasi epigenetik interaksiyonlarda islevseldir (Erhard
& ark., 2009). Brassicaceae tiirlerinde, domates ve diger bitkiler de
sekstiel iiretim ve tohum gelisiminde rol oynamaktadir (Chow,
Chakraborty & Mosher, 2020).

RNA pol V: Bitkilere 6zeldir. LncRNA {iretimi ve Transpose
olan Element (TE) susturmada fonksiyoneldir (Matzke & Mosher,
2014). siRNA iiretimine dolayl1 olarak dahil olur (Lee & ark., 2012).
Pol V’in yiiksek oranda transkripsiyonu DNA metilasyonuyla
iliskilendirilmektedir (Tsuzuki & ark., 2020).
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4. Dogrusal ncRNA’larin Uretimi

Bu grupta yer alan alt smiflarin bir kismi asagida

orneklenmistir.

Transfer RNA’dan (tRNA) Tiireyen Fragmentler

Eukaryotik hiicrelerde rRNA’lardan sonra en fazla bulunan
RNA molekiilleri tRNA’lardir. Bunlar RNA pol III tarafindan
niikleusta tRNA Onciillerinden transkribe olurlar ve 5' lider bazlar ile
3' bazlarin kaldirilmasinin ardindan 3' u¢ bolgeye SSA (sitozin,
sitozin, adenin) eklenmesiyle olgun bir tRNA olusur. tRNA’dan
tireyen bu 5' ve 3' u¢ bolgelere ait fragmentler 13 - 20 niikleotit
uzunlugundadir (Alves & Nogueira, 2021). Olgun tRNA’nin
antikodon ilmegi 31 - 40 niikleotit uzunlugunda 5' veya 3' parcalar
iretirler. tRNA’dan tiireyen bu fragmentler transkripsiyonu inhibe
ederek, RNA’y1 parcalayarak ve translasyonu diizenleyerek gen
ifadesini modiile ederler. Arabidopsis ’te polen gelisimi (Martinez,
Choudury & Slotkin, 2017) ile anti-fungal savunmanin
diizenlenmesinde (Gu & ark., 2022) ve soya bitki kdokleriyle
simbiyontlarin interaksiyonlarinda tRNA fragmentleri islev
yapmaktadir (Ren & ark., 2019). Yine A. thaliana’da mekanik
yaralanma sonrast 4 farkli 16 niikleotit uzunlugunda tRNA’dan
tireyen fragmentler birikmekte, duyarli bugdayda Fusarium
graminearum Schwabe infeksiyon sonrasi tRNA fragmentlerinin
fazlaca birikimiyle konukc¢u savunmasi baskilanmaktadir (Sun &
ark., 2022). Dolaysiyla bu kiiciik tRNA-tiirevi fragmentler (stRNA)
post-transkripsiyon diizeyinde bitkinin biyolojik gelisimine ve hiicre
dongiisiine miidahale ederek, bitki patolojisinde bitki savunma
genlerinin transkripsiyon diizeyinde bazen negatif bazen pozitif
diizenleyici olarak islev yapmaktadir. Boylece stRNA’lar bitkinin
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biyolojik gelisimi ile hastalik savunma stratejisi anlayisimizi
gelistirmektedir.

Kiiciik Interfering RNA’lar (siRNA)

Hem bitkilerde hem de hayvanlarda bulunan siRNA’lar 21 -
24 niikleotit uzunlugundadir. siRNA’lar eksojen (viral RNA veya
transgenler gibi) ve endojen olabilir ve transpoze fragmentlerden,
Retro-elementlerden ve birde c¢ok tekrarli gen bolgelerinden
tiireyebilirler (Patil, Zhou & Rana, 2014). Tiiredikleri kokenlerine ve
prosesleyen enzime bagli olarak endojen siRNA’larin farkli alt
gruplart bulunmaktadir; cis-acting siRNA’lar (casiRNA) veya
heterokromatik siRNA’lar (hcsiRNA: 24 niikleotit uzunlugunda),
cis-natural antisense-transkript siRNA’lar (cis-NAT: 24 niikleotit
uzunlugunda), phased siRNA’lar (phasiRNA: 21-24 niikleotit),
repeated-associated siRNA’lar (rasiRNA: 24 niikleotit), long
siRNA’lar (IsiRNA: 30-40 niikleotit)’dir (Mallory & Vaucheret,
2006; Zhang & ark., 2012).

siRNA’larin iretilmesi RDR1-6 (6 RNA-Dependent RNA
polymerases) kompleksine baglidir, bu molekiil kompleksi tek
kolonlu RNA (ssRNA) kopyeler ve ardindan ¢ift kolonlu RNA
(dsRNA) sentezlenir (Voinnet, 2009). dsRNA molekiillerinden de
RNase Il Dicer-like (DCL 1-4) proteinleri yardimiyla kiigiik ikili
RNA’lar iiretilir.

siRNA alt gruplar1 i¢cinde en bol bulunan tiir ise hcsiRNA’dir.
Toplam siRNA’larin yaklasik %70’ hcsiRNA’dir ve RDR2 ve
DCL3 proteinlerine bagli olarak sentezlenirler. Bitkilerde iireme,
genom biitlinliigiiniin ve epigenetik modifikasyonun korunmasinda
gorev yaparlar (Sanan-Mishra & ark., 2021). Diger siRNA’lar farkli
proteinler tarafindan proseslenir ve farkli islevlere sahiptirler. Cis-
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NAT siRNA’lar bitki gelisiminde ve dis ¢evreden gelen isaretlere
tepki vermek (Zhang & ark., 2013), sekonder siRNA c¢esidi olan
phasiRNA’lar ¢esitli biyolojik olaylarin negatif diizenlenmesi (Liu
& ark., 2020), tasiRNA’lar anter gelisiminde, rasiRNA’lar genom
stabilitesini korumak ve transkripsiyon seviyesinde gen sustrumada
onemli roller {istlenirken, 1siRNA’lar ise 6zel gelisme kosullarinda
veya patojen infeksiyonlarina tepki vermek amaciyla tesvik edilirler
(Katiyar-Agarwal & ark., 2007).

A. thaliana tizerinde yapilan bir ¢alismada Botrytis cinerea
Pers._infeksiyonundan hemen sonra miR173 tepkisi maksimal
seviyeye ¢ikmakta ve TAS1/TAS2 lokuslarindan sekonder siRNA
iretimini tesvik etmektedir (Padilla-Padilla & ark., 2024). Boylece
PPR gen ailesinin hedef aldigi genler, siRNA-aracili susturma
yoluyla transkripsiyonel degisimler gerceklestirmekte ve konukgu-
patojen arasindaki interaksiyon diizenlenmektedir. Son donemlerde
biyosid amacli ¢esitli siRNA uygulama c¢alismalar1 baglamistir.
Biyofungisid amagli {iretilen siRNA’lar 6zel hedeflere yonelerek
gen susturmayla transgenik domateslerde Fusarium oxysporum f. sp.
lycopersici (Sacc.) tarafindan hastalik gelisimini yavaslatmaktadir
(Chauhan & Rajam, 2024). Nano-partikiil seklinde uygulanan
spreyle gen susturma (SIGS) teknigi kullanilarak biberde
Phytopthora capsici Leonian’ye karsi dsRNA-CD’dan tiireyen
siRNA ile patojen infeksiyonu ve iiremesi kismen azalmaktadir
(Wang & ark., 2023). Benzer sekilde biber mildiydsiinde hastaligin
gelisimi i¢in Phytopthora capsici "nin efektorleri RXLR1 ve RXLR4
infeksyon sirasinda 6nemli roller oynamaktadir. Eksojen olarak
uygulanan siRNA’lar RNAI-gen susturmayla bu efektorleri hedef
alarak patojen gelisimini sinirlamaktadir (Cheng & ark., 2022).
Soya’da Sclerotinia goévde c¢iiriikliigiine kars1 fasulye benek viriisii
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(BPMV) araciligiyla Sclerotinia sclerotiorum’un virtilenslik faktor
onciilii olan Ssoahl genini hedefleyen ds/siRNA eksojen
uygulandiginda, Ssoahl geninin ifade diizeyi ©Onemli Olgiide
azalmakta ve konukg¢uda hastalik dayanikliligt artmaktadir
(McCaghey & ark., 2021). phasiRNA (phased short-interferimg
RNAs)’lar bitkilerin gelisim ve stres tepkisinde Onemli
diizenlemeler yapan stratejilere sahiptirler. Patateslerde stolondan
yumruya gegis siirecinde onemli bir phasiRNA olan siRD29 (-)
fragmenti gibberelin sentez yolaklarinda islev yapan StGA30x3
genin ¢alisma sistemine aracilik etmektedir (Malankar & ark., 2023).

miRNA’lar

Tipik olarak 20 - 24 niikleotit uzunlugunda olan bitki
miRNA’lar1 endojen ncRNA’dir, hem bitkiler hem de hayvansal
hiicrelerde bulunurlar. Gévde ilmek yapidan tiirerler, intergenik ve
introgenik olarak iki sinifi vardir. RNA pol II araciligiyla MIR
genlerinden transkripsiyona ugrarlar ve tek kolonlu primer miRNA
(pri-miRNA) transkriptleri tiirer. HYPONASTIC LEAVES 1 ve
SERRATE proteinlerinin yardimiyla pri-miRNA iki Onemli
parcalanma olay1 gegirir ve ¢ift kolonlu miRNA olusur. Bu yeni
miRNA’da AGOI1 proteiniyle birlestikten sonra sitoplazma disina
cikar ve hedef miRNA’ya baglanir. Boylece hedef genin mRNA’s1
aracilifiyla post-transkripsiyon diizeyde gen susturma iglemi baglar
(Carthew & Sontheimer, 2009) ve transkripsiyon diizeyinde
hedeflenen bdlgedeki DNA metilasyonu yoluyla epigenetik
modifikasyon gerceklestirilir (Deng & ark., 2018).

miRNA’lar hedef genlerin transkriptlerinin ifade edilmesine
engel olurlar, bunu iki mekanizmayla gercgeklestirirler; transkriptleri
parcalayarak  (eksoriboniikleaz aktivitesiyle pargalanir) ve
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translasyonu inhibe ederek (5' UTR bolge hedeflenir boylece
transkriptin ribozoma baglanmasi 6nlenir ve translasyon inhibe olur)
(Eulalio, Huntzinger & lzaurralde, 2008).

Ozellikle miRNA’nm kodladig1 kisa peptitler (miPEP) pri-
miRNA ’nin 5' lider bolgesinde translasyon gegirir (Yadav & ark.,
2021; Feng & ark., 2023). Bu peptitler pri-miRNA’nin dahil oldugu
ilgili transkripsiyonu ilerletir ve 6nemli biyolojik prosesleri kontrol
ederler (Lauressergues & ark., 2015). miPEP165a peptidi
Arabidopsis’te, miPEP171b ise Medicago’da lateral kok gelisimiyle
ilgili hedef genleri baski altina alarak ana kok gelisimini ilerletirler
(Lauressergues & ark., 2015). Benzer sekilde vvi-piPEP171d1l
asmada adventif kok olusumunu regiile ederken (Chen & ark., 2020),
miPEP858a ise Arabidopsis’te phenylpropanoid yolunda ve oksin
sinyalizasyonundaki genlerin ifade edilmesini etkileyerek sekonder
metabolit iiretimini tesvik ederek bitkinin gelisim siirecini
degistirirler (Sharma & ark.., 2020). MIR genleri intergeniktir yani
genler-aras1 bolgede yer alirlar ve ender olarak yan yana dizilidirler,
ancak soya gibi bazi bitkilerde kiimelenme nadir olmayabilmektedir
(Zhang, Pan & Stellwag, 2008). Arabidopsis’te intronik bir miRNA
olan miR400 fragmenti mitokondrilerden niikleusa bir sinyal iletici
olarak caligmakta ve stresle ilgili genlerin ifadesini degistirerek
bitkide ROS birikimini artirmaktadir (Xu & ark., 2023). Boylece
bitki strese tolere edebilecek hale gelmektedir. Kolza’da miR319
testere gibi yaprak, siirgiin ucu meristeminde anormal gelisme ve
buna bagli olarak gévde gelisiminde deformasyonlar ile bodur bitki
olusumuna neden olarak bitki yapisini degistirmekte ve verim
diisiisiine neden olmaktadir (Lu & ark., 2023). Celtikte OsmiR167a
oksinlerin asimetrik dagilimini kontrol etmekte (Li & ark., 2020),
OsmiRNA156 siirgiin sayisin1 azaltarak dane verimini artirmakta

34—



(Jiao & ark., 2010), miR172 ve miR529 ise siirgiin ve salkim
dallanmasini diizenlemektedir (Wang & ark., 2015).

Long Non-Coding RNA’lar

Uzunluklar1 200 niikleotitden fazla olan LncRNA’lar bitki,
hayvan, fungus ve prokaryotlarda goriilmektedir. Genellikle
niikleusta bulunurlar ve islevleri kromatinle iliskilidir, hem
niikleusta hem sitoplazmada gorev yaparlar (Wang & Chekanova,
2017). Intergenik (lincRNA), intronik (incRNA) ve antisens (NAT-
RNA) seklinde ii¢ kategoride ele alinirlar (Mattick & ark., 2023).
incRNA’lar kodlanan genlerin kontroliinde transkripsiyona
ugrarken, NAT’lar kodlanan genlerin antisens kolonundan
transkribe olurlar. Eukaryotlar, yukardaki boéliimlerde deginildigi
gibi kodlanan ve kodlanmayan transkriptleri niikleusta her iic RNA
polimerazi (RNA pol I, II ve III) kullanarak LncRNA sentezlerler
(Mattick & ark., 2023). DNA ve RNA’nin tamamlayicisi olarak veya
0zel sekans dizilerini taniyarak ya da proteinlerin sekonder/tersiyer
yapilarini tantyarak, cis- ve trans-acting fonksiyon yaparlar (Chen,
Zhu & Kaufmann, 2020). miRNA molekiilleri i¢in mRNA’larla
rekabet ederler (Bouba & ark., 2019). Kisaca LncRNA’lar siRNA ve
miRNA’larin Onciilii olarak ¢alisabilirler, farkli miRNA’larla
rekabet ederek endojen hedef taklidleri (eTM) olarak da islev
yapmaktadirlar (Meng & ark., 2021).

Teknolojik gelismeler sayesinde yeni ncRNA’larin kesfine
olanak saglanmaktadir. Bitkilerde gelisim ve stresle iligkilendirilen
LncRNA’lardan baz1 6rnekler; LncRNA SVALKA donmaya karsi
adaptasyon tepkisiyle ilgili (Kindgren & ark., 2018), tohum
dormansisini uzatan DOG1 bolgesinin ifde edilmesi, bu bolgenin
antisens transkripti asDOG] ile baskilanarak tohum ¢imlenmesinin
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tesvik edilmesi (Fedak & ark., 2016), soguk kis aylarinda COLDAIR
geniyle vernalizasyon doneminde FLC c¢igeklenme lokusu
epigenetik gen susturmayla ¢igeklenmenin 6nlenmesi (Heo & Sung,
2011), ELENA transkriptleriyle PR1 genlerinin ifade diizeylerinin
artmasiyla Pseudomonas syringae pv tomato’ya karsi dayaniklilik
artisinin saglanmasi (Seo & ark., 2017), COLDWRAP transkripti
ciceklenme geni FLC’yi engellemekte ve uzun soguk kis aylarinda
epigenetik baskiyla ¢iceklenme gecikerek bitki korunmakta (Kim &
Sung, 2017), fide doneminde soguk maruziyetiyle miktar1 artan
CIL1 transkripti stresle ilgili cesitli genlerin ifade edilmesini
diizenleyerek bitkinin soguk sartlara toleransligi artmakta (Liu &
ark., 2022) olup biitin bu fizyolojik degisimler ncRNA’larin
fonksiyonlariyla gergeklesmektedir. Birgok sORF ve miPEP gibi
kisa fragmentler islevsel mikropeptitleri kodlamakta ve LncRNA
icinde yer almaktadir. Arabidopsis’te yaprak, kok gibi organ
morfogenezinde rol oynayan DEVIL1 (Wen, Lease & Walker,
2004), ROTUNDIFOLIA (Narita & ark., 2004), POLARIS (Chilley
& ark., 2006) gibi mikropeptitlerin tanis1 yapilmistir. Benzer sekilde
soya fasulyesinde enerji ve savunmayla ilgili olaylarda gorev alan
bir grup mikro peptit rapor edilmistir (Lin & ark., 2020).

Arabidopsis’te bir LncRNA olan DANAL (Drought Associated
long Noncoding RNA 1) gen transkripti histonlarda epigenetik
degisimler yoluyla kuraklik stresini pozitif diizenlemektedir (Cai &
ark., 2024). Medicago truncatula Gaertn.’da soguk tepki geni
CBF/DREB1’den tiireyen intergenik LncRNA  transkripti
(MtCIR2)’nin miktar1 soguk uygulama sonrasi yiikselerek eriyebilir
sekerlerin igerigini artiracak yoldaki fizyolojik olaylarda islev
yapmaktadir (Zhao & ark., 2023). Ayrica hiicre duvarindaki
hemiseliilozun polisakkarit igerigi de indirgenerek eriyebilir sekerler
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birikmekte donmaya karsi dayanikliligin artmasi saglanmaktadir.
Celtikte LncRNA LAIR transkripti alternatif splayzla tiiremekte ve
fonksiyonel bir transkript havuzu olusturmaktadir (Wang & ark.,
2024). Abiyotik stres kosullarinda bu transkript havuzundaki splayz
izoformlarinin kompozisyonu ve ifade diizeyleri biiylik oranda
degiserek celtigin verim Ozelliklerini etkilemektedir. Bu sonuglar
degisen iklim kosullarina uygun olarak iirlin verimiyle ilgili gen
ifadesini ayarlayabilen tiir 1slahiyla ilgili proje ¢alismalarina onciiliik
yapabilir. Yine ¢eltikte Magnaporthe oryzae Couch fungusunun
neden oldugu hastalik sonrasi konukcuda LncRNA genleri
MOIRA’larin ifade seviyeleri yiikselmis ve cift fonksiyonlu etki
yaratmistir (Liu & ark., 2024). Buna gore hastalik dayanikliliginda
negatif rol oynayarak bitkinin hastalik duyarliligi artarken, iiriin
verimi iizerinde pozitif modiilasyon yaparak her bir bitkinin siirgiin
say1s1 ve verimini artirmistir. Oldukgea ilging olan bu sonuglara gore
bitki LncRNA transkriptleriyle hastalik dayanikliligi ve verim
arasindaki dengeyi ayarlamaktadir. Bezelye’de LncRNA hedefli
CcLTCS geniyle aliiminyum toleranslig1 artmaktadir (Dong & ark.,
2024), arpada boron stres tepkisi miRNA-eTM-kodlanan hedef
transkript modilleriyle bir ¢ok LncRNA’larin kontroliinde
diizenlenmektedir (Unver & Tombuloglu, 2020), soya bitkisi
iizerinde parazitik bir bitki olan kiiskiit, konuk¢usuyla karsilikli
olarak kendi aralarinda birgok LncRNA transferi yaparak
parazitizmi koordine etmektedir (Wu & ark., 2022). Sekanslama
teknolojilerindeki ilerlemeler sayesinde mass-spektrometriye dayali
proteomiks ve biyoinformatik araglar kullanilarak dokuya ve tek tip
hiicreye 0zgli LncRNA’larin tan1 c¢alismalar1 hiz kazanmaya
baglamistir (Zhao, Lan & Chen, 2022; He & ark., 2024). Bitkilerle
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ilgili ¢esitli ncRNA’lara ait basit sematik ¢izim 6rnekleri sekil 2°de
sunulmustur.
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Sekil 2. Cesitli bitki ncRNA ¢izim 6rnekleri. Cizimler BioRender
yazilim programiyla yazar tarafindan olusturulmustur
(BioRender.com)

5. Dairesel ncRNA’lar

Dairesel RNA (circRNA)’lar biitiin eukaryotik alemin
canlilarinda bulunmaktadir. Tek kolonlu, endojen olup dairesel
yapili olduklari i¢in uglar1 kapalidir. Bu grupta yer alan ncRNA’larin
sentez mekanizmalar1 bilinmemekle beraber temel olarak protein
kodlayan genlerden iiretildigi diistiniilmektedir, hatta bitkilerde
organel kromozomlarindan da tiireyebilmektedir-(Zhang, Li & Chen,
2020). Bunlar ya intronlarin ilmek olusturmasiyla veya mRNA’nin
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alternatif splayz proses sirasinda ekson atlama ile mRNA’dan
ayrilan fragmentlerin dairesel yap1 kazanmasiyla olustugu
varsayillmaktadir (Zhang, Li & Chen, 2020). Diger ncRNA’lar gibi
stres kosullarinda ortaya ¢ikan circRNA’lar bitkilerde miRNA’nin
islevsel oldugu olaylarda karsimiza ¢ikmaktadir. circRNA
transkriptlerinin  iizerinde miRNA’nin  ¢esitli  bdlgelerine
tamamlayict olacak sekilde baglanabilecegi 6zel baz dizileri
bulunmakta ve miRNA’nin aktivitesine engel olunmaktadir (Ebert,
Neilson & Sharp, 2007). Bitkilerde miRNA’nin hedefledigi baz
dizilerini taklit ederek miRNA ’larla rekabet edebilmektedir (Franco-
Zorrilla & ark.,, 2007). Dairesel formda olduklar1 igin
riboniikleazlarin yikici etkilerine karst dayanikli olup her biri farkli
motif deseninde kisa peptit fragmentleri de sentezleyebilmektedirler.
Hiicreye, dokuya ve gelisme asamasina 6zgii 6zelliklere sahiptirler
(Zhang, Li & Chen, 2020). Bu ozellikleri biyo-belirte¢ olarak
kullanim imkan1 sunmakta bdylece islevsel oOzellikleriyle ilgili
deneysel amagclara uygulanabilir goriinmektedir. Kisacast yaprak
yaslanmasi, cicek gelisimi, meyve olgunlagsmasi gibi bitkinin
gelisimini ilgilendiren biyolojik olaylarda ve biyotik/abiyotik stres
kosullarinda her bir circRNA’nin  6nemli 06zel gorevleri
bulunmaktadir.

Misir bitkilerinde circRNA’larin iiretimine neden olan genler,
kurak kosullarda bitkilerin uzun yasamalar1 ile ilgili 6nemli
gorevlere sahiptirler. A. thaliana’da kuraklik toleransligini artiran
bir circRNA olan circMED16 geni musir bitkilerinde kurakliga tepki
olarak asirn1 diizeyde ifade edilmektedir (Xu & ark., 2024).
Pseudomonas syringae ve Botrytis cinerea ile infekteli
Arabidopsis’te ¢esitli eksonik dairesel RNA o6rnekleri hem hastalik
dayanikliligiyla hem de artan tuz ve ozmotik stres toleranshigiyla
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iliskilendirilmistir (Wang & ark., 2022). Ayrica bu circRNA’lar
lineer esleriyle birlikte sinerjik fonksiyon yapmaktadir. Elmanin
cicek, yaprak, kok, floem ve meyvelerinden yaklagik 6500 civarinda
circRNA tanis1 yapilmistir. Her biri yegane fonksiyonlu 6zelliklere
sahip olan bu circRNA’larin bazilar1 miRNA’lar i¢in baglanma
bolgesine sahip, bazilar1 hastalik dayanikliligiyla ilgili, bir kisnu
cigek olusumu ve cigek renk diizenlenmesinde, bazilarinin da kok-

kuraklik stresiyle ilgili islevlerde rol oynadigi rapor edilmistir
(Wang & ark., 2022).

piwiRNA’lar (piRNA)

Hayvansal organizmalarda yogun olarak bulunan piRNA’lar
ilk olarak Drosophila melanogaster Meigen’de kesfedilmis olup tek
kolonlu RNA’dan tiirev alirlar. piRNA biyogenez modelleriyle ilgli
cesitli caligmalarda farkli agiklamalar yapilsa da hiicresel diizeyde
farkli hiicre tiplerine 6zgli piRNA gen kiimelerinden transkribe
olabilen ve farkli mekanizmalarla tiireyen regiilator ncRNA’larin
SiRNA grubuna dahil edilmektedir. (Garcia-Borja & ark., 2024).
Olgun piRNA’lar 21 - 34 niikleotit uzunlugundadir (Zhang, Chen &
Liu, 2022). piRNA’lar, hedef RNA ve piRNA’lar arasindaki niikleik
asit baz dizilerinin eslesmesiyle PIWI proteinlerini mRNA
iizerindeki 0zel hedeflere baglar ve yonlendirirler. Bitkilerde

piIRNA’lara heniiz rastlanmamustir.

6. Sonug

Bitkiler diger eukaryotlara gore sesil organizmalar oldugu i¢in
stres faktorlerine karsi savunma mekanizmalart da son derece
karmasgiktir. Dolaysiyla biyotik stresi modiile eden ncRNA ile ilgili

informasyonlar siirekli artmasina ragmen bitkinin gelisimi ve bio-
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stres kosullarinda homeostazin1 ayarlayan mekanizmalari tam

anlamiyla ¢6ziimlemek daha uzun yillar alacaktir.

Her bir ncRNA 6zel fonksiyonlu olup bitkilerin stres
tepkilerinin ve gelisim fizyolojilerinin molekiiler diizeyde ortaya
cikarilmasina 6nemli katkilar sunmaktadir. Stres kosullarinda ortaya
cikan ncRNA’lar 6zgilin gen ifade 6rneklerine sahip molekiillerdir.
Hiicresel olaylarin yeni diizenleyici faktorleri olarak ncRNA’lar
genlerin ifade edilmesini tanskripsiyon/translasyon diizeyinde ve
transkripsiyon/translasyon sonrast diizeylerde
ayarlayabilmektedirler. Yeni ncRNA Orneklerinin  kesfi ve
karakterize edilmesi, biyotik/abiyotik stres kontroliinde ve bitkilerin
gelisimini destekleyici yonde dogru bitki koruma stratejilerinin
gelistirilmesini saglayacaktir. Bitkisel ncRNA ile ilgili yayinlar son
derece simirli  sayidadir ve tam1 calismalari  ¢ogunlukla
biyoinformatik verilerden ¢ikarilan sonuglara dayandirilmaktadir.
Bu nedenle sentezleri veya biyogenez mekanizmalari, diizenleyici
rolleri ve islevleri ve tam sekans analizlerinin deneysel ¢aligmalarla

dogrulanmasi gerekir.
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BOLUM 111

The Defence Mechanisms of Plants Against Fungal
Diseases

Duygu MERMER DOGU?
Sirel CANPOLAT?

Introduction

Plants form the basis of life on earth and are used as raw
materials in many areas as well as being basic nutrients. Plants,
which has an important role in the ecology, interact with other living
organisms in all climatic zones of the world. In all climatic zones of
the world, plants interact with other living organisms. As a result of
this interaction, the occurrence and severity of disease in plants can
reach significant dimensions that can pose a threat to humanity.
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There are many factors affecting the production, yield and
quality of plants with high vital value. One of these factors is plant
diseases. Green plants are exposed to pests such as fungi, bacteria,
viruses, viroids, bacteria, weeds, parasitic plants, phytoplasma,
protozoa, nematodes in their natural environment and can become
diseased at various degrees as a result of mutual interactions. A
number of environmental factors such as water, temperature, light,
nutrient deficiency, drought, excessive salinity in the soil can also be
the cause of disease on plants. In addition to the pathogens that are
always present in the soil where plants are grown and ready to attack;
some other agents transmitted by weather, water and insects can also
cause diseases on plants. As some plants cannot resist to the
pathogens, infection occurs, growth slows down, often stops and
yields decrease. On the other hand, sometimes plants can develop
effective defense mechanisms to protect themselves from pathogen
attacks and negative environmental stress factors and stop the
progression of the disease and continue to live (Sood et al. 2021;Kog¢
& Ustiin, 2008;Ekici, 2012).

Similar factors cause diseases in humans and animals. But
plants have to stay in a fixed area and do not have immune systems
like humans and animals. However, plants also have self-defense
mechanisms against infections caused by pathogens. They can show
resistance by both passively and actively defending themselves
against pathogens. That is divided into two groups: pre-existing
resistance and post-infection resistance. Morphological and
chemical properties of the plant play a role in passive resistance.

Pathogen, host plant and environment are three important
components in the disease case. Pathogens cause diseases in plants

by destroying plant cells with their enzymes, toxins, hormones and
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other secretions and by causing disruption of plant metabolism. The
severity of the disease caused by pathogens in plants varies
according to their pathogenicity, reproduction and spreading power.
The host plant is effective in disease formation according to its
resistance or susceptibility. While resistance exhibits itself in plants
as resistance to the pathogen, susceptibility can occur as a failure to
show resistance, i.e. pathogen infection resulting in disease.
Environmental factors in the ecosystem where the plant is located
are also important factors in plant disease. Environmental factors
(temperature, humidity, light, wind etc.) are factors affecting the
pathogen as well as the host plant. As a result, environmental
conditions affect both the development and sensitivity of the host
plant, and the reproduction, spread and survival activity of the
pathogen, in other words, they affect the host-pathogen relationship
(Dolar, 2011; Bora & Ozaktan, 1998).

The pathogen and the host come into contact with each other
under favorable conditions and a series of events develop with the
start of inoculation, resulting in the onset, development and spread
of the disease in plants. Disease-causing microorganisms enter the
host plant directly, through natural openings and wounds, initiating
infection and obtaining nutrients to multiply. Once in contact with
the plant tissue, the pathogen can develop and multiply in the host,
causing infection and sometimes epidemics. The reproduction,
multiplication, spread, overwintering and reproduction type of the
pathogens in the plant tissue or on the surface may vary according to
the type of pathogen and environmental conditions. For a pathogen
infection to reach epidemic proportions, the host plant must be
susceptible, the pathogen aggressive, the vector effective, and the
environmental conditions favorable to the disease. In other words,
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the emergence of a plant disease occurs when the morphological and
physiological state of the plant and the relationship with the
pathogen are favorable to the disease. If this is not the case, there are
four different possibilities between the pathogen and the host:
Immunity, Resistance, Tolerance and Hypersensitivity (Ilbagi &
Citir, 2006).

As a result of pathological reactions, structural and
physiological changes occur in plants. Symptoms seen anywhere or
all of the plant exterior are morphological in appearance . Necrotic
spots, chlorosis, wilting, blight, spots, rots, leakage, cankers,
dieback, dwarfism, rosette formations, tumor and gall formation are
among some of these morphological symptoms. . The symptoms
observed in plant cells and tissues are cytological and histological.
Pathogens are effective to alter some of the physiological reactions
such as respiration, photosynthesis, water and nutrient transport, and
cell membrane permeability, occurring in the plant. As a result of the
change in normal physiological events with various effective
mechanisms, plants cannot perform normal physiological and
biochemical events.

Plants have to adapt to the environment they live in through
molecular and physiological events and carry out activities such as
photosynthesis, water intake, respiration, which they carry out by
utilizing the minerals they take from the soil and the sun in order to
survive. Plants are a good source of food for living organisms such
as fungi, bacteria and viruses. These pathogens are abundant in
nature and therefore there is a constant interaction between plants
and pathogens. This interaction has found a place in the field of
phytopathology as host-pathogen relationships and researchers have

studied the entry of pathogens into the host and causing disease, the
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plant's recognition of the pathogen and defense mechanisms (T6r,
1998). It is known that when pathogens invade plants, some
resistance mechanisms in plants occur as both passive and active
defense responses. As a result of host-pathogen interaction,
structural and biochemical complex mechanisms are activated. The
first histological studies on this subject were conducted against
Colletotrichum lagenarium in cucumber using a normal light
microscope (Richmond et al., 1979). Today, it is more easily
examined with imaging such as phase contrast or electron
microscope.

Resistance can be defined as the ability of the plant to resist
infection if it exposed to a disease agent or to changes the host-
pathogen interaction to the benefit of the plant. Resistance is a
hereditary characteristic in the plant, but sometimes it can be
acquired later. Hereditary resistance is managed by a single or by
multiple genes. When resistance is due to a single gene, this single
gene can be examined and defined in detail. Resistance is not only
dependent on the presence of a resistance gene in the host plant, but
also on the hereditary characteristics of the parasitic microorganism.
Basically, the status of the disease is determined by the relationship
between the hereditary characteristics of the host and the pathogen.
In obtaining disease-resistant plant varieties, the virulence of the
pathogen which is also managed by genes is of great importance is
(ilbag1 & Crtir, 2006).

While plants defend themselves against the attack of
pathogens, the structural features of the plant and the biochemical
reactions occurring within the plant play a role. Some of the defense
mechanisms are naturally present in the plant, while others are

formed after contact with the pathogen. The presence of a wax layer
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or hairs on the epidermis, the thickness of the cuticle, the duration of
stomata opening, the number and structure of stomata, and the
presence of phenolic compounds and tannins determine the natural
defense mechanism in plants. Defense structures and biochemical
compounds may form in plant tissues after contact with the
pathogen. The plant can prevent the pathogen spread by killing its
infected cells and tissues itself (hypersensitivity response) or by
producing glue secretions and trapping the pathogen in infected
cells. Chemical compounds called phytoalexins, which were not
previously present in the plant, are formed after infection and have a
toxic effect on pathogens. Glucan, chitosan, glycoprotein and
polysaccharides found in the cell walls of pathogens encourage
phytoalexin formation in plants (Ekici, 2012). Plants can only
survive and protect themselves from diseases with a defense
mechanism that works systematically and at the right time, and
resistance is examined in two groups: active and passive.

PASSIVE DEFENSE FACTORS

Passive defence factors divided in to two groups; structural and
chemical defence factors.

Structural defence

The first step of plant defense begins on the plant surface.
Many structural characteristics of the plant are the first barriers to
pathogen penetration (Yin et al. 2017). Pathogens enter the plant by
passing through the cuticle, wax layer and natural openings, and
these barriers serve to prevent initial entry (Dickinson & Lucas,
1982; Guest & Brown, 1997; Arya & ark., 2021).

The wax layer is the upper part of the plant cuticle and consists

of long-chain aliphatic compounds (Buschhaus & Jetter 2011). The
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wax layer stored on the outer surface of the plant cuticle consists of
the innermost intracuticular wax, the epicuticular wax film on it, and
in some species, the outermost epicuticular wax crystals (Zeisler &
Schreiber 2016;Zeisler et al. 2020). Each plant species has its own
unique shape of wax layer crystals. Plants exposed to intense
sunlight and UV produce a thick and well-developed wax layer
(Barthlott et al. 1999; Celikkol 2012). The biggest benefit of the wax
layer in resistance is that water does not hold on to the plant surface
and thus eliminates the factors that will germinate and develop in
free water. Leaf surfaces that remain dry because of the wax layer
prevent pathogens from germinating, acquiring moisture. The thick
wax layer also prevents the reproduction and migration of bacteria.
The wax layer also helps in defense by preventing the leakage of
plant metabolites that may promote the development of pathogens
from outside the plant (Agrios, 1988; Guest & Brown, 1997; Yeast
& Rose 2013). Surface wax is protective against pathogen infections
in pre-harvest plants and post-harvest products. And damage to this
surface wax reduces the protection of fruits in post-harvest storage.
In another study conducted on grapes, it was reported that the
cuticular membrane on the berries of the bunches exposed to sunlight
contained more epicuticular wax than those in the shade; samples
that did not come into contact with each other contained more
epicuticular wax than those that did, and that Botrytis cinerea rot was
less in the bunches exposed to sunlight than in the shade (Percival et
al., 1993). There is an interaction between cuticular wax and the
environment. Therefore, changes in the amount and composition of
wax occur both before and after harvest under storage conditions
(Celikkol 2012; Kolattukudy 1984). Thinning or removal of the wax
layer promotes increased susceptibility to diseases.
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Cutin is a macromolecule with a polymer structure and
contains long-chain fatty acids linked together by ester bonds to form
a rigid three-dimensional network. Cutin is the main compound of
the cuticle which is a structure that covers the outside of the
epidermis cell walls in the above-ground parts of all herbaceous
plants (Arya et al. 2021; Yilmaz, 2013).

Cuticle thickness varies according to environmental
conditions. Compared to those growing in humid environments,
plant species native to arid areas have a thicker cuticle layer, but the
cuticle is often thickened in humid environmental plants growing
under arid conditions (Y1lmaz, 2013).

The plant cuticle is described as the first barrier in plant
defense (Koller et al., 1991). In some host-pathogen relationships,
there is a relationship between cuticle thickness and resistance. In
parallel with the increase in cuticle thickness, resistance increases.
The basidiospores of Puccinia graminis infect berberis plants by
penetrating young leaves with thin cuticle, while older leaves of the
same plant do not allow them to germinate and penetrate because
they have thick cuticle. Similarly, Taphrina deformans penetrates
young leaves with thin cuticle (Guest & Brown 1997). Venturia
inequalis can also penetrates young leaves with thin cuticle, but fails
on older leaves with thick cuticle (Nicholson et al., 1973). According
to the results of the study conducted with twelve different genotypes
of cocoa, the epicuticular wax layer prevents or limits Phytophthora
infection. According to the results of the study, as the amount of
epicuticular wax layer in cocoa genotypes increases, resistance
increases (Nyadanu et al., 2012). The cuticle and cuticular wax can
provide a physical barrier to penetration by plant pathogens,

preventing the moisture needed for germination on the surface. They
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can also provide growth-inhibiting chemical secretions (Goodwin et
al., 2007). Not only thickness or thinness but also the composition of
the cuticle layer also plays a role in resistance. The ability of a factor
to successfully complete penetration and initiate infection in
different plants will differ according to the composition of the
cuticle; therefore, infection will occur in the host plant, while in the
non-host plant, the composition of the cuticle prevents penetration
and does not cause infection (Wang et al., 2000 & 2008). A gene in
a transgenic tomato variety prevents the germination of Erysiphe
polygony spores by modifying cutin monomers (Gevens &
Nicholson, 2000). Although the composition of the cuticular wax
layer varies according to plant species and varieties, it consists of
alkanes, aldehydes, alcohols, ketones and fatty acids. These
compounds play an important role in defense against fungal
pathogens (Kunst & Samuels, 2000). Among these compounds,
especially fatty acids are converted into secondary metabolites such
as oxypines, which are known as regulators of plant defense
mechanisms, as a result of pathogen attack (Carballeira, 2008; Pohl
etal., 2011). (Carballeira, 2008; Pohl et al., 2011). A study in maize
plants showed that a mutant maize line lacking very long chain
aldehydes showed a significant reduction in conidial germination of
Blumeria graminis compared to other lines (Hansjakob et al., 2011).

Along with plant cuticular structures, the cell wall, natural
openings such as stomata and lenticels, and leaf hairiness may also
play a role in structural resistance. The plant cell wall can act as a
mechanical barrier against pathogen attack by maintaining the shape
of the cell. The thickness and stiffness of epidermal cells and the
structure of natural openings are also important in durability
(Altinok, 2006). In the leaf cross-section, it can be seen that there is
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a cuticular layer on the uppermost surface of the leaf, consisting of
epidermis and mesophyll inwards, and that there are natural
openings of different number and structure on the surface. It is
possible that the tightness of the outer walls of the epidermis cells
may be a barrier to penetration. The tightness of the outer wall is
related to the wall composition and increases in parallel with the
inclusion of lignin in the composition. Potassium and silicon are also
elements that contribute to wall tightness (Horuz et al., 2017; Horuz
2018). Silicon is known to cause significant reductions in disease
development and frequency (Fauteux et al., 2005; Sharma et al.
2021). It is known that the silicic acid content of rice plant leaves
plays a role in resistance to Pyricularia oryzae. It is possible to
increase the silicic acid content of leaves by fertilization (Sathe et al.
2021;Ng et al 2021).

Plant nutrients are also a factor affecting host-pathogen
relationships (Krauss, 2001). Nutrients affect resistance and
susceptibility to pathogens by causing morphological changes such
as thinning and thickening of cell membranes, increase and decrease
in cell length and width. In terms of structural factors, potassium
deficiency reduces the thickness of the cuticle layer, causes thin cell
wall formation and leads to a decrease in resistance to pathogens
(Marshner, 1986). Potassium plays a role in metabolic events in the
plant and participates in plant anatomical and physiological events.
Therefore, it is important in plant resistance against diseases
(Oktiiren, 2005). In a study, it was reported that potassium
application can reduce fungal diseases by 70%, bacterial diseases by
69% and viral diseases by 41% (Perrenoud, 1990). A susceptibility
to Botrytis cinerea was found on tomatoes fertilized with excess
nitrogen (Verhoeff et al., 1992). High nitrogen increased vegetative
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growth in the vineyard, resulting in denser clusters, thinner cuticle
and increased susceptibility to lead mildew caused by Uncinula
necator (Tromp, 1984; Marangoni et al., 2001; Keller et al., 2001).

External wall structures such as stomata and lenticels in plants
are the most important entry gates for fungi and bacteria that cannot
directly enter plants. Morpho-anatomical features of stomata, the
density of which varies between and within species, play an
important role in host-pathogen interactions by limiting the entry of
pathogens into host tissues (Melotto et al., 2008). The numbers,
opening and closing cycles and structural features of these outer wall
structures play an important role in passive resistance. For example,
Puccinia graminis f.sp. tritici, which causes black rust on wheat, can
infect plants only when the stomata are open. Gergely et.al., (2003)
reported that lenticel size and openness of potato tubers affected the
penetration of Streptomyces scabies. According to the study by
Gindro et al. (2012), the structure of stomata in grapevines is
important for the successful germination of zoospores of the downy
mildew agent, Plasmopara viticola. They induce defense
mechanisms and phytoalexin production. The location of the stomata
in the tissue affects the germination of spores and thus the synthesis
of phytoalexins that play an active role in defense. This results in
resistance, tolerance and sensitivity among varieties. In a study
conducted with grape varieties (Keller 2001), the functions of grain
density in clusters, pore and lenticel density on the grain, density and
thickness of cells in the epidermis and outer hypodermis, amount of
cuticle and wax, and protein content on the grain surface before and
after Botrytis cinerea infection were examined. It was observed that
the number of natural openings was inversely related to resistance to
B. cinerea, the composition and thickness of the epidermis, outer
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hypodermis, cuticle and wax were also important in resistance, and
resistance increased with increasing quantity and thickness. As a
result of this study, 11 grape varieties were found to have high
resistance (Mlikota Gabler et al., 2003).

CHEMICAL DEFENCE
Structural Antimicrobial Agents

There are some compounds that act as defense against
pathogens in plants. When these compounds are secreted by the
plant, they create resistance. These naturally occurring chemicals in
the plant that prevent disease development are divided into various
groups such as alcohols, aldehydes, alkanes, epoxides, fatty acids,
furans, heterocyclic compounds, ketones. These compounds are
known to have antifungal properties against some fungal species
(Jhajharia et al., 2010; Pohl et al., 2011).

These compounds found in different parts of plants are a
treasure trove to be studied in terms of disease resistance.

Phenolic Compounds

A large group of substances with an aromatic ring containing
a hydroxyl group is called phenolic compounds. Phenolic
compounds include flavonoids, phenolic quinones, lignans,
cantones, depsidones, lignins, melanins, tannins, glycosides, sugar
esters of phenolic acids, esters of hydroxycinnamic acid and
coumarin derivatives. High concentrations of phenolic compounds
with antifungal, antibacterial and antiviral activities inhibit spore
germination and fungal growth. Some phenolics inhibit or stop the
production of fungal enzymes. They suppress or detoxify toxins
produced by pathogens. Successful results have been obtained from
studies conducted by changing the amount of phenols in plants in the
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fight against the disease. However, an increase in the amount of
phenols can also cause phytotoxic effects. The application of
compounds with irrigation water has shown positive results in
resistance, and it has also been reported that some hormone and
potassium applications stimulate phenolic compounds and
encourage resistance (Boraz & Siirel, 2004).

The type and dose of phenolic compounds and the type of
microorganism are important on the germination of pathogen spores.
Vidhyasekaran (1975) tested catechol, resorcinol and pyrogallol
phenolic compounds at certain doses on spore germination of
Helminthosporium nodulosum and reported that they did not
effectively inhibit spore germination. Gayed & Rosa (1975) found
that germination decreased in Thielaviopsis basicola spores treated
with chlorogenic acid and spore germination was 11%. In terms of
disease  development, it was reported that isomeric
dihydroxybenzene and ortho hydroxyl groups and catechol were
inhibitory in the development of Verticillium alba-atrum, while the
other applied compounds had no effect (Le Tourneau et al., 1957).
Pectic enzymes of Helminthosporium oryzae decreased linearly with
increasing phenolic compound (catechol) dose in the study of
Sathianathan & Vidhyasekaran (1981). The outer skins of resistant
onion species contain catechol and protocatechoic acid. These
substances are highly toxic to Colletotrichum circinans spores
(Walker & Stahmann, 1955). Chlorogenic acid is found in young
potato roots and decreases with aging. Young potatoes show high
resistance to Verticillium albo-atrum. This resistance decreases in
the later periods (Patil et al., 1964). Young leaves of cotton plants
contain catechin, gallocatechin and isoquercitin. Young leaves are
more resistant to Verticillum dahliae infection (Howell et al., 1976).
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Although it is known that some phenolic compounds are
important in the resistance of some plant diseases, it is not always
possible to use them in plant resistance in practice. One of the
reasons why they cannot be used is that they can be phytotoxic when
used at high rates. Another reason is that applied phenols need to be
synthesized continuously, while their effects last for a short period
of time.

Unsaturated Lactones

Lactones are among the known organic substances with a
distinctive taste and odor. They are characterized by antibacterial,
antiviral, anti-inflammatory and anti-canker properties. In recent
years, among this group of compounds, new biologically active
substances have been investigated that could be an alternative to the
widely used ones by replacing the leading structure with new analogs
with stronger or different reactions that may have a toxic effect on
pathogenic bacterial cells. Lactones are subdivided into saturated
and unsaturated lactones. When the plant is injured or softened, the
unstable glycoside, ranunculin, is enzymatically degraded to glucose
and toxic protoanemonin. Tuliposides in tulip bulbs provide
resistance to Fusarium oxysporum f.sp. tulipae and B. cinerea during
tulip development. This substance decreases and cannot be found in
tulip bulbs close to harvest. Plants close to harvest and products in
storage become susceptible to these agents (Beijerbergen &
Lemmers 1972; Schonbeck & Shroeder 1972). Plants initiate
defense responses by sensing some molecules (elicitors) originating
from the pathogen. Such biotic stimuli are non-specific elicitors
originating from pathogens such as proteins including glycoproteins,
polyphenoic fatty acids, chitin and fragments derived from f-1,3
glucans (Heil et.al., 2002).
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Saponins

Among the secondary metabolites, saponins (complex
glycosidic compounds found in many higher plants) are known for
their fungistatic activity (Oakenfull & Sidhu, 2023). Many studies
have revealed that many saponins or saponin-rich extracts (SRE)
from various plants exhibit antifungal activity (Ulchur et al. 2024;
Alkhuzaie et al. 2024; Osbourn et al., 1996). Secondary metabolites
synthesized after biochemical events in plants play an important role
in plant-pest relationships. These metabolites, which have
behavioral and physiological effects on pests, are classified in many
different categories. The most important ones are alkaloids,
glycosides, phenols, terpenoids, tannins and saponins (Glincan &
Durmusoglu, 2004). Saponins, as glycosides with a lipophilic core
of steroid or triterpenoid structure and one or more carbohydrate side
chains, which are naturally found in various plants, have been
gaining importance in researches related to plant, human and animal
health in recent years. Plants use saponins in their bodies to defend
themselves against harmful factors that may come from the
environment. Saponins, which do not play a role in plant growth and
reproduction, increase the chances of plant survival by protecting the
plant against attacks by herbivorous insects and microorganisms
from the subsoil with their strong antimicrobial activities (Crombie
& Crombie, 1986). Although the mechanism of the antifungal
activity of saponins has not yet been fully elucidated, it is thought to
combine with sterols in the cell membrane, causing perforation of
the cell membrane and thus disruption of membrane integrity.
Among the saponins whose potential roles in plant defense against
phytopathogenic fungi have been studied in detail, the most
important ones are the triterpenoid avenasins found in oat roots and
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a-tomatin found in tomato leaves (Mert, 2006). Saponins are divided
into 4 groups (Kiiglikkurt & Fidan 2008).

Triterpene group: Avenacin in oats, cyclamin in cyclamen,
cyclamin in Hedera helix hederin

Alkaloid group: Tomatine in tomato, solanine, chaconine in
potato

Spirostanol group: Digitonin in Digitalis purpurea
Fusortanol group: Avenacoside in oats

Triterpenoid avenasin saponins are of great importance in
determining resistance to Gaeumannomyces graminis var. tritici,
which infects the root of oats and causes the disease known as “take-
all disease”. Although G. g. var. tritici causes serious yield losses on
wheat and barley, it cannot infect oats and G. graminis, which infects
oats, is relatively sensitive to avenasins unlike G. g. var. avenae.
Therefore, oat resistance to G. g. var. tritici has been attributed to
the presence of these saponins in oat roots (Mert, 2006).

It is assumed that a-tomatin is present in tomato leaves at a
concentration of around 1 mM, which is sufficient to inhibit the
growth of many non-pathogens on tomato. It is therefore expected
that this molecule could protect tomato leaves from fungal
pathogens. However, a number of tomato pathogens, including
Septoria lycopersici, B. cinerea, Fusarium oxysporum f.sp.
lycopersici, Verticillium albo-atrum and Alternaria solani, can
produce an enzyme that detoxifies a-tomatin. The ability to
hydrolyze sugar from a-tomatin has been found to be common in S.
lycopersici, B. cinerea, F. oxysporum f.sp. lycopersici. In vitro
experiments have shown that fungal pathogens on tomato are
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significantly more tolerant to the compound than non-pathogens and
that they co-evolve (Morrisey & Osbourn, 1999).

Sulfur Compounds

This group includes garlic oils and mustard oils. The very
pungent volatile substances released during the distillation of garlic
are called “allyl compounds” inspired by the word Allium. Allyl
compounds can be degraded first to thiosulfinates and then to
disulfides and trisulfides by the enzyme allinase. It is known that
allyl compounds in garlic, such as allicin, eugene, are extremely
inhibitory to fungi such as Penicillium italicum, P. cyclopium, P.
chrysogenum, Cladosporium macrocarpum, Aspergillus niger, A.
fumigatus, A. alutaceus, A. terreus, A. flavus, Fusarium
pallidorosum, F. solani, Rhizoctonia solani and to yeasts such as
Saccaharomyces cerevisiae, Candida albicans, C. tropicalis, C.
parapsilosis, C. neoformans, C. krusei, C. lipolytica, C. neoformans,
C. tenuis, C. rugosa, Debaromyces hansenii, Kloeckera apiculata,
Lodderomyces elogisporus, Torulopsis candida, T. glabrata,
Rhodotorula rubra, Trichosporon beigelii and show fungistatic
activity. Garlic extract has been shown to stop the synthesis of fat,
protein and nucleic acid by reducing the oxygen uptake of the
microorganism and also damages the cell membrane. Allicin inhibits
fatty acids, lipid biosynthesis and RNA synthesis of the
microorganism. The inhibitory effect may vary according to the dose
amount and the fact that allicin binds to the enzyme alternately,
forming a non-covalent bond (Irkin & Korukoglu, 2008). In a study
using garlic extracts, morphological changes were observed in the
cytoplasm of Pythium ultimum and Rhizoctonia solani. It was
determined that the application of garlic powder suspension caused
shrinkage of the cytoplasmic membrane and thickening of the cell
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wall of the fungal cells. It was determined that the changes caused
by this application in the fungal cells were similar to the fungicides
that inhibit sterol biosynthesis (Bianchi et al., 1997). The antifungal
effect of spices and their derivatives (extracts, essential oils and
components) were investigated against various fungi in vitro and it
was determined that the most effective spices with antifungal effect
were cloves, cinnamon, garlic, mustard, sater, and coral kiosk
(Deans & Svoboda 1990).

ACTIVE DEFENSE FACTORS
Structural and chemical changes that occur after infection.

Structural factors

In addition to the structural barriers naturally found in plants,
there are also physical mechanisms that occur after infection.

Formation of the Cork Layer

Against many pathogens, a cork layer is formed outside the
point of infection. This layer stops the pathogen from progressing
(Shekhada et al. 2023; Demiray, 1995). In addition, the formation of
the cork layer prevents the toxin secreted by the pathogen from
passing into healthy tissues. The cork layer, which is found in all
dicotyledonous plant species with radial growth, is the result of
phellogen activity, a secondary meristem that produces phellem
(cork) towards the outside and phelloderm towards the inside. These
three different tissues form the periderm, an effective protective
tissue that acts as a barrier against external factors such as
environmental and pathogen attacks. The protective function
provided by cork cells is mainly due to the abundance of suberin in
their cell walls. Chemically, suberin is a complex aliphatic network
consisting of long-chain fatty acids and alcohols, glycerol and
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aromatic units. In most woody species growing in temperate
climates, the initial periderm gives way to a new functional periderm
a few years after it is formed. An exception to this bark development
can be found in the cork oak (Quercus suber), which exhibits a single
growing periderm. Q. suber survives by developing a thick cork
layer combined with continuous seasonal growth (Teixeira, 2022).

Formation of the Separating Layer

It is a formation that occurs against pathogens, especially in
young leaves of stone fruit trees. In the cells around the infection
point, the middle lamella melts and continues throughout the leaf
thickness, thus separating the cells from each other. The diseased
tissue and the healthy tissue are separated from each other. The
diseased tissue shrivels, dries and falls off over time. The pathogen
is also removed from the host. The plants are protected from both the
pathogen and its toxins (Agrios, 1988).

Formation of tylose

In the xylem structure of the plant, structures called tyloses are
formed when the plant is stressed or infected with pathogens that
cause vascular wilt. Living parenchyma cells protrude outward at the
xylem edge, extending from one edge to the other in the form of a
cushion within the xylem tube. These have a cellulose wall and can
completely cover the vascular bundle. Thus, they prevent the
passage of the pathogen (Agrios, 1988).

Formation of papilla

There are also some cellular changes in plants after infection.

The outer layer of the walls of parenchyma cells exposed to the

pathogen becomes swollen, the cell wall thickens or protrusions

called “papillae” form on the inner surface of the cell wall. These
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sometimes prevent the appressorium from entering the cell, delaying
penetration. The condensation of the protoplasm of plant cells into a
granular structure prevents the mycelia of fungal pathogens from
developing inside the cell (Tor, 1998). In root rot disease, papilla
formation is observed in cabbage plants 2 minutes after penetration.
A fungal-induced mechanical effect plays a role in this phenomenon.
Papillae could theoretically trap the penetration hyphae or at least
delay its development (Aist & Israel, 1976). According to some
studies, resistance to barley powdery mildew depends on the rate at
which the host forms papillae. However, papilla formation alone
does not play a role in resistance. Induced resistance is expressed as
reduced fungal penetration and restriction of hyphae growth. This
resistance is attributed to the increase of papillae or papilla-like
structures (Sahashi & Shishiyama, 2011). Gorlach et al. (1996), in a
study conducted by spraying benzo (1,2,3) thiadiazole -7-
carbothioic acid 5-methyl ester (BTH) at a dose of 35 g/ha on wheat
plants when the plants had 2 nodes, reported that BTH increased
papillae formation in plant tissues and significantly reduced
houstorium formation of fungi. In a study investigating the efficacy
of mycelial extracts of Bipolaris oryzae, Pythium ultimum and
Rhizopus stoloniferin liquid cultures against powdery mildew
disease of barley caused by Erysiphe (Blumeria) graminis f. sp.
hordei, it was observed that mycelial extracts reduced the ability of
the powdery mildew agent to germinate and form apresorium and
caused papilla formation in the plant (Haugaard et al., 2002).

CHEMICAL FACTORS

Phytoalexins

Phytoalexins are low molecular weight antimicrobial

substances formed as a result of infection in the plant. These
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substances are mostly plant-specific, not pathogen-specific
substances. They play an important role in the plant's defense against
pathogens (Kozlov et al., 2019). Phytoalexin synthesis begins owing
to enzymes activated by biotic and abiotic stimulants. Sometimes
more than 20 enzymes may be required to synthesize a single
phytoalexin (Keskin 2007). Phytoalexins are synthesized in living
cells and the cells die within a few minutes of their synthesis.
Phytoalexins formed as a result of infection by a pathogen are
generally not seen after 96 hours. Phytoalexins synthesized in the
vacuole Kill both the cell and the pathogen by disintegrating the
vacuole membrane (Mert-Tiirk, 2002). The first phytoalexin whose
chemical structure was determined was pisatin. Phaseollin is a
phytoalexin found in bean pods. It was found to accumulate in the
hypocotyl tissue 60-72 hours after Colletotrichum lindemuthianum
inoculation, but only after 120-140 hours in susceptible varieties and
after the lesions expanded. The rate and amount of phaseolin
synthesis play an important role in resistance. Rishitin and
Phytubarin, important phytoalexins found in potatoes, appear only
after infection and accumulate in diseased tissue. Again, capsidiol is
found in peppers, gossypol, hemigossypol and vegosin in cotton, and
ipomeamarone in sweet potatoes (Ribera & Zuniga, 2012).
Phytoalexins, which are found at small amounts in healthy orchids,
respond temporarily to pathogen attack by the orchid plant with
genes encoding phytoalexin enzymes (Reinecke & Kindl, 1993). The
same fungus may cause different phytoalexin formation in different
hosts, and the phytoalexins formed in hosts as a result of interaction
with different fungi may generally be the same (Ustiin, 1990). For
example, while capsidiol is formed in pepper plants as a result of B.
cinerea infection (Stoessl et al., 1972), 6-methoxymellein is formed
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in carrots (Kurosaki & Nishi, 1984). Stilbenes (phytoalexin) were
identified in grapevines by researchers named Langcake & Pryce
(1976). Stilbenes were first detected in the leaves of different grape
varieties infected with B. cinerea. Resveratrol is the most striking
and most produced group among the stilbene group produced in
grapevines (Keskin & Kunter, 2005). Resveratrol, a polyphenolic
compound, occurs not only in grapevines but also in other plants
such as peanuts and pome fruits (Erte, 2007). It plays a role in
resistance in grapevines, especially with its fungitoxic effect, and
also has positive effects on human health. Studies have shown that
they are synthesized in all grapevine varieties, but the amount
produced varies according to the variety (Keskin, 2007). In the light
of various studies, it has been reported that as a result of infection by
agents such as B. cinerea, powdery mildew, downy mildew and
berry rot in grapevines, resveratrol is synthesized rapidly and in high
amounts in resistant varieties and slowly and in low amounts in
susceptible varieties (Bavaresco & Fregoni, 2001).

Phenolic compounds

Although phenolic compounds are included in the passive
defense mechanism, if they increase after infection, they are
considered as an active defense mechanism. Phenolic compounds
naturally found in plants are derived from trans-cinnamic acid,
which is formed by the removal of the amine group from L-
phenylalanine with the help of the enzyme Phenylammonium lyase
(PAL). Phenylammonium lyase enzyme plays a role in the
biosynthesis of polyphenol compounds such as lignin,
phenylpropanoids and flavonoids in plants. There is a relationship
between the increase in PAL gene/protein/activity and the increase
in phenolic substances in response to different stimuli (Boudet,
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2007). There are many studies on the increase in phenolic
compounds after pathogen infection in resistant plant varieties, and
research on this subject is still continue. Successful results have been
obtained from studies conducted by changing the amount of phenols
in plants in the fight against the disease. However, an increase in the
amount of phenols also causes phytotoxic effects. Applying
compounds with irrigation water has revealed positive results in
resistance, and some hormone and potassium applications have also
been found to stimulate resistance by stimulating phenolic
compounds (Boyraz & Siirel, 2004).

RESULT

Plants show morphological, biochemical and physiological
responses when faced with any biotic or abiotic stress factor; they
synthesize some chemical compounds. Some of these are pre-
existing in the plant, while others are formed as a result of infection.
The types of mechanisms and morphological structures, the type and
amounts of synthesized substances vary according to plant species.
In addition, the type of biological agent, pathogen, the mode of
infection, and whether it is virulent are also important. Plants have
developed defense mechanisms against pathogens they have been
exposed to for centuries, and today's resistant plant species have
emerged. During this process, pathogens have also evolved their
own mechanisms.

Nowadays, intensive spraying is carried out against plant
diseases in order to increase the quality and yield in plant production.
The resistance of pathogens to these applied pesticides and the
pollution they cause in the environment and humans have become a
major problem in recent years. At this point, it is necessary to
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determine the host-pathogen relationships well and to develop
alternative methods of combating diseases based on this. Importance
should be given to increasing disease resistance in economically
important plant varieties by developing resistant varieties.

In recent years, with new technologies, plant defense
mechanisms at the molecular level have been illuminated and studies
are ongoing. Natural defense systems should take their place in
alternative control by using the plant's own resistance mechanism.
Chemical pollutants should be reduced and new control systems
should be created and disseminated in integrated control where
biological control and plant resistance systems are emphasized.
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