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ONSOZ

Diinya genelinde artan niifus, iklim degisikliginin etkilerinin
giderek belirginlesmesi ve dogal kaynaklar iizerindeki baskinin
artmasi, tarimsal iiretim sistemlerinin yeniden degerlendirilmesini
zorunlu kilmaktadir. Bu baglamda siirdiiriilebilir tarim, yalnizca
verim artisin1  degil; ayni zamanda ¢evresel dengeyi, dogal
kaynaklarin korunmasini ve gelecek nesillerin gida giivenligini esas
alan biitlinciil bir yaklagim olarak 6ne ¢ikmaktadir.

Iklim degisikliginin tarim iizerindeki en énemli etkilerinden
biri olan kuraklik stresi, bitkilerin biiyiime ve gelisimini sinirlayan
temel abiyotik stres faktorlerinden biridir. Suya erisimin kisitlandigi
kosullarda bitkilerin fizyolojik, biyokimyasal ve molekiiler diizeyde
verdigi tepkiler; verim, kalite ve bitki saglig tlizerinde dogrudan
belirleyici olmaktadir. Bu nedenle kuraklik stresinin etkilerinin
dogru anlagilmast ve  yoOnetilmesi, siirdiiriilebilir  tarim
uygulamalarinin temel bilesenlerinden biri haline gelmistir.

Bitki besleme, bitkilerin stres kosullarina dayanikliligini
artirmada kilit rol oynamaktadir. Dengeli ve bilingli besin elementi
yonetimi, yalnizca biiylime ve verimi desteklemekle kalmamakta;
ayni zamanda bitkilerin su kullanim etkinligini artirarak kuraklik
gibi olumsuz c¢evresel kosullara karsi tolerans gelistirmelerine katk1
saglamaktadir. Ozellikle makro ve mikro besin elementlerinin
fizyolojik siiregler tizerindeki etkileri, bitki sagliginin korunmasi
acisindan biiyiik 6nem tasimaktadir.

Bitki saghg ise siirdiiriilebilir {iretim sistemlerinin
merkezinde yer almakta; besleme, cevresel stresler ve biyotik
etmenler  arasindaki  etkilesimlerin  bir  sonucu  olarak



sekillenmektedir. Saglikl1 bitkiler, hem stres kosullarina kars1 daha
direngli olmakta hem de uzun vadede tarimsal ekosistemlerin
strdiirtilebilirligini desteklemektedir.

Bu boliim, siirdiiriilebilir tarim ¢er¢evesinde kuraklik stresi,
bitki besleme ve bitki sagligi arasindaki karsilikli iliskileri bilimsel
temeller 15181inda ele almayr amaglamaktadir. Sunulan bilgiler ve
degerlendirmelerin, arastirmacilara, 6grencilere ve uygulayicilara
yol goOsterici olacagi ve siirdiiriilebilir  tarimsal  {iretim
yaklagimlarinin gelistirilmesine katki saglayacagi diisiiniilmektedir.

Prof. Dr. FIGEN ERASLAN INAL
ISPARTA UYGULAMALI BiLIMLER UNIVERSITESI



ICINDEKILER

SURDURULEBILIR TARIMDA BITKI GELISIMINI TESVIK
EDEN RiZOBAKTERILERIN COK YONLU ROLLERI .......... 1

GIZEM AKSU

KURAKLIK STRESININ TARIMSAL URETIM VE BITKi

BESLENME FIZYOLOJISI UZERINE ETKILERI .................. 26
FIGEN ERASLAN INAL
Microgranular (micro Granule, Micro-granule) Fertilizers ......... 46

SAHRIYE SONMEZ, ILKER SONMEZ

PLANT NUTRITION AND PLANT HEALTH
RELATIONSHIPS ..o 66

ILKER SONMEZ, SAHRIYE SONMEZ



BOLUM 1

SURDURULEBILIR TARIMDA BiTKI
GELISIMINI TESVIK EDEN
RiZOBAKTERILERIN COK YONLU ROLLERIi

Gizem AKSU!
Giris

Modern tarim uygulamalarinda verim artisin1 saglamak
amaciyla kimyasal giibrelerin yogun ve uzun siireli kullanima,
tarimsal iiretimde kisa vadeli kazanimlar saglamakla birlikte, uzun
vadede toprak sagligi ve cevresel siirdiiriilebilirlik agisindan ciddi
sorunlara yol ag¢maktadir. Toprak yapisinin bozulmasi, besin
elementleri dengesizlikleri, yeralt1 ve yiizey sularinin kirlenmesi ile
biyolojik c¢esitliligin azalmasi, kimyasal girdilere dayali iiretim
sistemlerinin en énemli olumsuz sonuglar1 arasinda yer almaktadir.
Bu baglamda, g¢evre dostu, siirdiiriilebilir ve ekosistem temelli
alternatif yaklagimlara olan ihtiya¢ giderek artmaktadir.

Bu arayis, son yillarda tarimsal iiretimde biyogiibrelerin ve
ozellikle bitki gelisimini tesvik eden rizobakterilerin (Plant Growth-
Promoting Rhizobacteria, PGPR) 6nemini 6n plana ¢ikarmistir. Bitki
gelisimini  tesvik eden rizobakteriler, bitki kok bdlgesinde
(rizosferde) kolonize olarak bitki gelisimini dogrudan ve dolayli
mekanizmalar aracilifiyla destekleyen faydali
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mikroorganizmalardir. Bu bakteriler, atmosferik azotun biyolojik
fiksasyonu, fosfor gibi ¢ozilintirligi sinirli besin elementlerinin
bitkiler tarafindan alabilir forma doniistiiriilmesi ve ¢esitli
fitohormonlarin sentezi yoluyla bitki biiyiimesini dogrudan tesvik
etmektedir. Bunun yan sira, bitkilerin abiyotik (kuraklik, tuzluluk,
agir metal stresi gibi) ve biyotik (patojenler) stres kosullarina karsi
dayanikliligini artiran 6nemli biyolojik islevler iistlenmektedirler.

Bitki gelisimini tesvik eden rizobakterilerin tarimsal
sistemlerdeki katkisi yalnizca bitki biiylimesi ile siirli degildir.
Antibiyotik ve siderofor iiretimi, ugucu organik bilesiklerin (VOC)
salinim1 ve indiiklenmis sistemik diren¢ mekanizmalarinin aktive
edilmesi  gibi  siiregler araciligiyla  bitki  hastaliklarinin
baskilanmasinda da onemli rol oynamaktadirlar. Bu ¢ok yonlii
etkilesimler, PGPR’yi hem bitki besleme hem de bitki koruma
acisindan entegre c¢oziimler sunan biyolojik girdiler haline
getirmektedir. Dolayisiyla, PGPR temelli biyogiibreler, kimyasal
giibre ve pestisit kullaniminin azaltilmasina katki saglayarak
strdiiriilebilir tarim uygulamalarinin temel bilesenlerinden biri
olarak degerlendirilmektedir.

Bu ¢alismada, bitki gelisimini tesvik eden rizobakterilerin
biyogiibre olarak tarimsal iiretimdeki rollerini belirleyen temel
biyolojik mekanizmalar ele alinmaktadir. Ozellikle bitki besin
elementlerinin alinabilirligi, bitki biiyiime diizenleyicilerin liretimi
ve stres toleransinin artirilmasi baglaminda PGPR’nin ¢ok islevli
etkileri vurgulanmaktadir.

Azot Fiksasyonu

DNA, RNA, proteinler, enzimler ve lipitler gibi hayati
biyomolekiillerin ana bileseni olan azot, bitki biiylimesinde ve
metabolik aktivitelerde onemli bir rol oynamaktadir. Atmosferde
yiikksek konsantrasyonda azot (%78 Nz) bulunmasina ragmen,
bitkiler bu serbest azotu dogrudan kullanamaz (Shin vd., 2016).
Atmosferik azot, bitki kullanim1 i¢in amonyaga (NH3) doniistiirtiliir;
buna azot fiksasyonu denir. Eger bu siire¢, bir nitrojenaz enzimi
iceren diazotrofik mikroorganizmalar araciligiyla gerceklesirse,
buna biyolojik azot fiksasyonu denir (Ali vd., 2017). Nitrojenaz
enzimi, elektron tagitma mekanizmalarin1 kullanarak yogun enerji
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tiikketen biyokimyasal bir dongii ile azot gazin1 amonyaga indirger ve
kimyasal reaksiyon su sekilde gerceklesir:

N: + 8H* + 8¢ + 16ATP — 2NH; + Hz + 16 ADP + 16Pi

Bitkiler i¢in gerekli azotu saglayan c¢evre dostu,
stirdiiriilebilir bir mekanizma olan biyolojik azot fiksasyonu (Shah
ve Wu, 2019), kimyasal azotlu giibrelere olan bagimlilig1 azaltmak
icin yeni bir stratejidir. Azot fiksasyonunu saglayan metaloenzim iki
bilesenden olusur. Birincisi, elektron tasiyict gérevi goren bir demir
proteini olan dinitrojenaz rediiktaz, ikincisi ise bir metal kofaktor
olan dinitrojenazdir (Seefeldt vd., 2018). Metal kofaktorlerine gore
simiflandirilan {i¢ tip nitrojenaz enzimi bulunmaktadir; bunlar
molibden, vanadyum ve demir igeren nitrojenazlardir (Harris vd.,
2018). Bu enzimlerin aktivitesi nif genleri tarafindan
kodlanmaktadir (Glick, 1995).

Azot baglayan bakteriler, simbiyotik ve simbiyotik olmayan
bakteriler olmak tizere iki gruba ayrilir. Serbest yasayan bir konaga
ihtiyag duymayan Siyanobakteriler, Azospirillum, Pseudomonas,
Azotobacter, Acetobacter ve Nostoc tiirleri ile yasamak i¢in bir
konaga ihtiya¢ duyan Frankia ve Rhizobium tiirleri yaygindir
(Bhattacharyya ve Jha, 2012; Umar vd., 2020). Simbiyotik bakteriler
ve konaklar1 arasindaki karmasik siireg, enfeksiyon, yerlesme ve kok
nodiillerinin olusumu seklinde gerceklesir (Giordano ve Hirsch,
2004). Topraktaki bakteriler, koklerden salgilanan flavonoidler
tarafindan uyarilir ve nodiil faktorleri iiretir; bu sinyaller bitki
tarafindan alimir ve buna karsilik bitkinin kok hiicrelerinde
degisiklikler baglar. Bakteriler, enfeksiyon iplikleriyle kok tiiylerini
enfekte eder ve koke dogru ilerler. Bakteriler kokiin korteks
bolgesine ulastiginda, bitki bakterilerle birlikte kok nodiilleri
olusturur. Bu nodiillerin i¢inde bakteriler, atmosferik azotu bitkinin
kullanabilecegi amonyaga doniistiiriir (Oldroyd ve Downie, 2008).
Ticari olarak yaygin kullanilan azotlu biyolojik giibreler,
Rhizobium, Azotobacter ve Azospirillum gibi cesitli bakterilerin
karisimindan olusur ve baklagillere uygulanir (Vassilev vd., 2015;
Adeleke vd., 2019).

Fosfor Coziiniirliigii
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Niikleotidlerin, fosfolipidlerin ve enzimlerin ana bileseni
olan fosfor, ATP liretimi, RNA sentezi ve sinyal iletiminde rol oynar
(Sharma vd., 2013) ve tohum g¢imlenmesini, kok ve siirgiin
uzamasini destekler (Wyngaard vd., 2016). Toprakta organik ve
inorganik formlarda biiyiilk miktarda fosfor bulunmaktadir, ancak
bitkiler bunun %0,1'inden faydalanabilir ve %95-99'u hareketsiz,
¢oziinmez ve ¢okelmis haldedir (Khan vd., 2009; Billah vd., 2019).
Topraktaki fosfor, topragin pH durumuna bagli olarak hareketsiz
hale gelir; yiiksek pH degerlerinde Ca*" ve Mg”* gibi katyonlarla,
diisiik pH degerlerinde ise Fe** ve AI** ile etkilesime girer (Ali vd.,
2017; Alaylar vd., 2020). Toprakta bulunan fosfor miktar1 yeterli
olmadigindan, bitkilerin ihtiya¢ duydugu miktar kimyasal giibrelerle
karsilanir ve bu miktar her y1l yaklasik 52,3 milyar tona ulagsmaktadir
(FAO, 2020). Bu giibrelerin yiiksek miktar1 ¢evresel risklere ve su
kaynaklariin kirlenmesine neden olmaktadir. Bu olumsuz etkiler
sebebiyle, cevre dostu olmalarindan dolay1 kimyasal giibreler yerine
biyolojik giibre uygulamalari tercih edilmektedir (Zaidi vd., 2009).
Fosfor ¢6ziicii mikroorganizmalar, organik ve inorganik fosforu bitki
tarafindan alinabilecek formlara hidrolize ederler. Azospirillum,
Bacillus, Pseudomonas, Nitrosomonas, FErwinia, Serratia,
Rhizobium, Xanthomonas, Enterobacter ve Pantoea bakteri tiirleri
fosfor ¢6zme yetenegine sahiptir (Rawat vd., 2021; Djuuna vd.,
2022). Fosfor ¢ozme yetenegine sahip bakteriler farkli stratejiler
kullanir (Kalayu, 2019) ve mineralizasyon biliyiik Olgiide toprak
pH'lma baghdir. Bakteriler, metabolitler iireterek toprak pH'mi1
degistirir ve rizosfer asitlendirmesi yoluyla fosforu c¢o6zerek
mineralize ederler. Uretilen organik asitlerle (siiksinik asit ve tartarik
asit) topragin pH" diiser (Chen vd., 2006), bu da fosforun iki
degerlikli veya li¢ degerlikli formlarinin tek degerlikli formlara
doniistiiriilmesini saglar (Satyaprakash vd., 2017). Baska bir sekilde,
fosforun ¢oziinmesi proton salimmiyla gerceklesir (Satyaprakash
vd., 2017). Bu mekanizmada, kdklerden ve mikroorganizmalardan
proton-ATPaz aktivitesi yoluyla saliman H* iyonlar1 topragin pH'im
diisiiriir. Bagka bir mekanizma ise, organik fosfor bilesiklerinin
mikroorganizmalar tarafindan hidrolitik enzimler yoluyla inorganik
fosfata dontistiiriilmesidir ve bu siirecte fosfataz, C—P liyaz, fitaz ve
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fosfonoasetat hidrolaz gibi hidrolitik enzimler rol almaktadir (Ingle
ve Padole, 2017).

Bitki Biiyiime Diizenleyicilerinin (BBD) Uretimi

Bitki biliylime diizenleyicileri, diisiik miktarlarda iiretilen ve
bitki biiylimesini uyarmak i¢in sinyaller saglayan organik
bilesiklerdir (Damam vd., 2016). Ayrica bitkilerin c¢evreleriyle
etkilesime girerek tepki vermelerini saglayan habercilerdir. Bitki
bliylime diizenleyicileri, iretildikleri bitki kisimlarindan diger
kisimlara tasinabilir ve boylece biiylime, gelisme, hiicre
farklilagmast ve meyve olgunlagsmasi gibi fizyolojik siirecleri
destekleyebilirler (Davies, 2010). Bitkiler cesitli faktorler nedeniyle
stres altindayken bile, bitki biiyiime diizenleyicileri hiicresel
aktiviteleri siirdiiriir ve bitkinin stresten daha az zarar gormesini
saglar. Bazi bitki biliyiimesini tesvik eden bakteriler, bitkiler gibi,
bitki  biiylime  diizenleyicileri  iretebilirler. ~ Azospirillum,
Enterobacter, Pseudomonas ve Bacillus tiirleri, bitki biiylime
diizenleyicileri iireterek bitki biiytimesini ve gelisimini tesvik ederler
(Ahmed vd., 2023). Oksinler, 6zellikle indol-3-asetik asit (IAA),
bitki biiylime diizenleyicileri arasinda en kapsamli sekilde arastirilan
grubu olusturmakta ve bakteriler tarafindan yaygin olarak iiretilerek
bitki—bakteri etkilesimlerini tesvik etmektedir. Indol-3-asetik asit,
hiicre boliinmesini, uzamasini, farklilasmasini ve birincil ve ikincil
koklerin biiylimesini tesvik etmekte, ayrica jeotropizm ve
fototropizmi diizenlemede kritik bir rol oynamaktadir (Grobelak vd.,
2015). Pseudomonas suglarinin yiiksek diizeyde IAA iirettigi
bilinmektedir (Mushtaq vd., 2021), bu da kok gelisimini artirarak
bitkinin su ve besin elementini daha fazla almasini saglamaktadir.
Lwin vd. (2012), Bacillus ve Serratia tiirlerine ait bakterileri izole
etmis ve IAA iretim kapasitelerini test etmistir. Tim izolatlar
arasinda, Bacillus tiirlerine ait bakterilerin IAA tretiminde daha
verimli oldugu belirlenmistir. Rizofosferik bakterilerin yaklasik
%380'1, bitkilerle etkilesimleri sirasinda ikincil bir metabolit olarak
IAA sentezleyebilmektedir (Vessey, 2003). Bakterilerde, indol-3-
asetik asit tiretimi, L-triptofanin indol-3-piruvat (IPyA) ve indol-3-
asetamid (IAM) gibi ara maddeler yoluyla biyolojik olarak aktif
formlara doniistiiriilmesiyle gerceklesir (Duca vd., 2014). Bakteriler
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tarafindan sentezlenen IAA, hem fitostimiillan hem de bitki
patojenlerinin inhibitorii olarak islev gordiigii icin bitki kaynakli
olanlara gore daha etkili kabul edilmektedir (Spaepen ve
Vanderleyden, 2011). Gibberellinler, dormansiyi sonlandirir,
bodurlugu oOnler, siirglin uzamasina, ¢i¢eklenmeye ve meyve
olgunlagmasina yardimci olurlar (Spaepen ve Vanderleyden, 2011).
Bitkilerle iligkili bakteriler tarafindan iiretilen gibberellinler, kok
uzamasini tesvik ederek, kok ylizey alanin1 ve kok ucu sayisinm
artirarak bitki gelisiminde 6nemli bir rol oynarlar (Bhattacharyya ve
Jha, 2012). Achromobacter, Azospirillum, Acinetobacter,
Azotobacter, Bacillus ve Rhizobium bakterileri gibberellin
iretebilirler (Radhakrishnan ve Lee, 2016; Kang vd., 2014).
Bakteriler tarafindan tiretilen gibberellin, kuraklik ve tuzluluk gibi
abiyotik stres kosullar1 altinda bitki adaptasyonunu da destekleyerek
bitkilerin stresten daha az etkilenmesine yardimci olur (Kang vd.,
2019). Sitokinin, hiicre bdliinmesini uyaran, kloroplast ve
antosiyanin sentezini artiran, yaprak yaslanmasini geciktiren, tohum
cimlenmesini, siirgiin ve kok gelisimini destekleyen bir bitki
biiyiime diizenleyicisidir (Riefler vd., 2005). Bitkilerin hem endojen
hem de eksojen sitokininlere ihtiyaci vardir, bu nedenle bitkinin
sitokinin tireten bakterilerle iliski kurmasi ¢ok onemlidir. Bacillus,
Azospirillum, Arthrobacter ve Paenibacillus tiirleri sitokinin iiretme
kapasitesine sahiptir (Nieto ve Frankenberger, 2017; Sansinenea,
2019; Cassan vd., 2020). Sitokinin biyosentezi, izopentenil
transferaz (IPT) enzimi tarafindan katalize edilir ve ipt genleri, hem
bitkilerde hem de bazi mikroorganizmalarda dogal olarak bulunan
bu enzimi kodlar. Bitkiyle iliskili bakteriler tarafindan iiretilen
sitokininler, fotosentetik potansiyeli artirarak bitki biiylimesini ve
gelisimini iyilestirir (Backer vd., 2018). Bazi patojenler de sitokinin
iretmektedir, ancak bunlar uyarici ve destekleyici olmaktan ziyade
inhibitdr gorevi goriirler (Gupta vd., 2015). Akhtar vd. (2019),
yaptiklar1 ¢aligmada sitokinin iireten bakterilerin bazi fitopatojenik
aktiviteler gergeklestirdigini bildirmislerdir. Etilen, ¢ok diisiik
konsantrasyonlarda aktive edilebilen gaz halindeki bir stres
hormonudur ve stres kosullar1 altinda yiiksek konsantrasyonlarda
iretimi bitki biiyiimesini engeller (Ma vd., 2017). Bitki yaslanmasi,
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yaprak dokiilmesi ve liriin veriminde azalma gibi olumsuz etkileri
vardir (Nadeem vd., 2009; Masood vd., 2012). Stres kosullar
altinda, etilenin Onciisi olan ACC (1-aminosiklopropan-1-
karboksilat), bitkiler tarafindan daha fazla salgilanir (Prasad vd.,
2017). Etilenin olumsuz etkilerini azaltmak i¢in, bu ACC'nin ACC
deaminaz tarafindan amonyak ve o-ketobiitirata doniistliriilmesi
gerekmektedir. Bu hidrolizi gergeklestirebilen bazi bakteriler vardir
(Olanrewaju vd., 2017) ve bitkilerin bu bakterilerle iligki kurmasi
oldukca Onemlidir (Mayak vd., 2004). Bacillus, Azospirillum,
Rhizobium, Achromobacter ve Enterobacter (Misra ve Chauhan,
2020; Cortes-Patirio vd., 2021; Magbool vd., 2021; Shahid vd.,
2020; Saghafi vd., 2019) stres kosullar1 altinda ACC deaminaz
sentezleyerek bitki direncini artirabilir. Bakteriler tarafindan tiretilen
I-aminosiklopropan-1-karboksilat (ACC) deaminaz, etilenin bitki
biliyiimesini azaltan seviyelere ulagmasini engelleyerek bitkilerin
stres toleransini artirmaktadir (Pérez-Montafio et al., 2014; Ruzzi ve
Aroca 2015). Lim ve Kim (2013), kuraklik stresi altinda biber
bitkilerine B. licheniformis asilamis ve ACC deaminaz {iretiminin
arttigini ve bitkilerin kuraklik stresine karsi daha direncli oldugunu
belirlemiglerdir. Bitkileri stres faktorleri altinda patojenlere veya
hastaliklara kars1 koruyan bitki biiyliime diizenleyicisi absisik asittir
(Masood vd., 2012; Nazar vd., 2014). Tuzlu kosullar altinda
yiiriitiilen ¢alismalarda celtik Bacillus ve Pseudomonas, krizantem
ise Bacillus licheniformis ile asilanmistir. Uygulama yapilan
bitkilerde yiiksek dozda ABA iretilmis ve tuzluluk stresi
hafifleyerek, fotosentez ve biyokiitle artig gdstermistir (Shahzad vd.,
2017; Zhou vd., 2017).

Biyolojik Kontrol Mekanizmalari

Biyolojik kontrol, bitki patojenlerinin gelisimini siirlayarak
kontrol altima alan, pestisitlere alternatif bir yOntemdir.
Agrobacterium, Alcaligenes, Arthrobacter, Bacillus, Enterobacter,
Erwinia, Pseudomonas, Rhizobium, Serratia, Stenotrophomonas,
Streptomyces ve Xanthomonas bakterileri, farkli mekanizmalar
kullanarak bitki patojenlerinin gelisimini sinirlarlar (Bonaterra vd.,
2022). Bu etki mekanizmalar1 arasinda rekabet¢i dislama,
antibiyotik tretimi (hidrojen siyaniir, amonyak, siderofor) ve
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sistemik direncin (ISR) indiiklenmesi yer almaktadir. Biyolojik
kontrol mekanizmalar1 arasinda bakteriler, bitki patojenleriyle alan
ve besin maddeleri igin rekabet eder ve bakterilerin patojenlerle
miicadele etmek ve istiin gelmek i¢in ¢ok hizli biiylimeleri
gerekmektedir. Caligmalara gore, bakterilerin yetersiz oldugu
biyolojik kontrol ¢aligmalari, zayif rizosfer kolonizasyonu ile
iliskilendirilmistir (Raaijmakers vd., 1999). Oncelikle, bakterilerin
rizosfer bolgesinde yeterli ve kalici bir popiilasyon yogunlugu
olusturabilmeleri gerekmektedir; bu siireg, bakterilerin kok sistemini
basaril1 bir sekilde kolonize etme yetenegine baglidir ve bu da etkili
biyolojik kontrol i¢in kritik bir sinirlayici faktordiir (Bloemberg ve
Lugtenberg, 2001). Bitkiler, bakterileri kok ylizeyine go¢ etmeye
tesvik etmek i¢in kimyasal sinyaller gonderirler (Olanrewaju vd.,
2019) ve rizosferden sekerler, amino asitler, organik asitler,
vitaminler ve fenolik bilesikler salgilarlar (Vacheron vd., 2013).
Bakteriler, kolonizasyon sirasinda bu kemogekicileri algilayacak
sekilde farklilasmistir. Bakterilerin patojenlerle olan dolayli ancak
onemli antagonizmi, besin ve kok yiizeyi nisleri i¢in bu kaynaklara
baghdir (Philippot vd., 2013). Antibiyotik {iretimi, bakteriler
tarafindan kullanilan biyolojik kontrol stratejilerinden biridir ve
cesitli patojenlere kars1 antagonistik aktivite gosterir. Bu mekanizma
Pseudomonas, Bacillus, Streptomyces ve Stenotrophomonas gibi
antimikrobiyal  bilesikler  sentezledigi  bilinen  bakterilerle
baglantilidir. Diisiik konsantrasyonlarda bile etkili olan bu
antibiyotikler, hiicre duvar1 sentezine miidahale ederek, membran
biitiinltiglinii degistirerek ve kiiciik ribozomal alt birimde baslatma
komplekslerinin  olusumunu engelleyerek patojenin  hayatta
kalmasint bozan toksinler olarak islev goriirler (Dufty vd., 2003;
Singh ve Sachan, 2013). Antibiyotik {iretimi bitki biiylimesi,
sicaklik, oksijen, pH gibi ¢evresel faktorlerden etkilenmektedir
(Raaijmakers vd., 2002). Bir¢ok bakteri ikincil antibiyotik {iretme
kapasitesine sahiptir, ancak birini liretmek i¢in uygun kosullar
digerini iiretmek i¢in uygun olmayabilir (Duffy ve Défago 1999). Bu
nedenle, degisken kosullar altinda daha yiiksek biyolojik kontrol
saglayabilmek icin bakterilerin kombinasyonunu uygulamak,
olumlu sonug alma ihtimalini artiracaktir. Baz1 bakteriler, hidrojen
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siyaniir (HCN) ve amonyak (NH3) gibi ugucu ikincil metabolitler
iireterek bitkiyi cesitli patojenlere karsi korumaktadir. Bitkilerde
siyaniir, etilen biyosentezinin bir yan iriiniidiir ve B-siyanoalanin
sentaz enzimi tarafindan detoksifiye edilir. Bakterilerde ise glisinin
hidrojen  siyaniir = sentaz  enzimi  tarafindan  oksidatif
dekarboksilasyonu sonucu iretilir. Hidrojen siyaniiriin biiyiik bir
kismi  bitkiler tarafindan  detoksifiye edilir ve disiik
konsantrasyonlarda sinyal molekiilii olarak metabolik siiregleri
diizenler. Bunun yaninda yiiksek konsantrasyonlarda otcullara karsi
koruyucu aktivite gostermekte bu nedenle biyolojik kontrol ajani
olarak kullanilmaktadir (Siegien vd., 2006). Giiglii bir biyolojik ajan
olarak, hidrojen siyaniir {lireten bakteriler ayn1 zamanda bitkinin
vejetatif biiylimesini ve verimini de tesvik etmektedir (Rijavec ve
Lapanje, 2016). Bacillus, Pseudomonas ve Serratia tarafindan
patojenlere kars1 tiretilen amonyak (Agbodjato vd., 2015), bitkinin
azot ihtiyacim karsilayan azot fiksasyonunun ilk kararli Girtiniidiir.
Optimum seviyenin lizerinde zararli etkileri olmasina ragmen,
verimliligi artirmak i¢in kullanilir (Elliott vd., 2007). Siderofor
sentezi, patojen ¢ogalmasini onleyen bakteriyel mekanizmalardan
biridir; rizosferde demiri baglayarak demir eksikligi yaratir ve
patojen ¢ogalmasini engeller. Kimyasal olarak sideroforlar, demiri
bagladiklar1 fonksiyonel gruplara gore o-hidroksil-karboksilat,
katekol, hidroksamat veya karisik tip olarak siniflandirilir (Neilands,
1995). Sideroforlar, demirin baglanmasini ve tasinmasini
kolaylastiran giiclii selatlayic1 ajanlar olarak islev goriir ve bunlar
ireten bakteriler bitki biiylimesini tesvik etmektedir (Sayyed vd.,
2004), hastalik ve zararlilarin etkilerini azaltmaktadir (Compant vd.,
2005). Pseudomonas suslari, yalnizca kendi sideroforlarini degil,
ayni zamanda yabanci sideroforlar1 da taniyabilen ek reseptorlere
sahiptir. Bu sekilde, patojenlerin demiri kullanmasin1 engeller ve
demiri daha etkili bir sekilde kullanarak gelisirler (Larkin ve
Tavantzis, 2013). Patojen olmayan bakteriler, bitkilerde indiiklenmis
Sistemik Direng (ISR) ad1 verilen bir yanit1 tetikleyerek hastaliklara
kars1 bir savunma mekanizmasi gelistirirler (Gupta vd., 2015; Khan
vd., 2019). Bu mekanizma, organik asitler, sideroforlar,
liposakkaritler, etilen ve jasmonat gibi hormonlar tarafindan uyarilan
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ve bitki savunma tepkilerini aktive eden bir sinyal iletim yoludur
(Niranjan vd., 2005; Verhagen vd., 2004; Pieterse vd., 2014). Etki
mekanizmasi olarak, patojen dogrudan 6lmez, ancak konuk bitkinin
biyokimyasal ve fizyolojik reaksiyonlar1 aktive edilir ve kitinaz,
proteinaz, peroksidaz vb. iiretimi yoluyla patojenlere karst mekanik
ve fiziksel destek saglanir (Labuschagne vd., 2010). Sistemik
direncin indiiklenmesinde bakterilerin rolii, ¢ok sayida calisma ile
genis capta gosterilmistir (Pieterse vd., 2001; Siddiqui ve Shaukat,
2002). Bunlar arasinda, indiiklenmis sistemik direnci (ISR) etkili bir
sekilde tetikleme yetenekleriyle bilinen Pseudomonas ve Bacillus
tirleri en kapsamli sekilde arastirilmistir (Choudhary vd., 2007). Bu
suslar, NRP-1 proteinini iceren jasmonik asit ve etilen bagimli bir
sinyal yolu araciligiyla ISR'yi baslatir (Van Loon ve Bakker, 2005).
Indiiklenmis sistemik diren¢ ilk olarak Arabidopsis thaliana'da
gbzlemlenmis ve li¢ ISR yolunun iiretildigi bildirilmistir (Solano vd.,
2008; Choudhary vd., 2007). Birinci yol salisilik aside baglidir ve
patojen saldirisina yanit olarak ortaya ¢ikar; ikinci yol jasmonik
aside baglidir ve yaralanma durumunda meydana gelir; {i¢ilincii yol
ise RISR (Rizobakteri Kaynakli Sistemik Direng) olarak bilinir ve
patojenik olmayan rizofosferik bakteriler tarafindan gergeklestirilir
(Choudhary vd., 2007).

Ucucu Organik Bilesikler (VOC'ler)

Bakteriler tarafindan iiretilen ucucu organik bilesikler
(VOC’ler), birincil ve ikincil metabolizmanin iirlinleridir. Bu
bilesikler, hiicre i¢in gerekli besin maddelerinin parcalanmasi
sirasinda birincil metabolizmanin yan {iriinleri olarak ve besin
acisindan fakir ortamlarda kaynak rekabetine yanit olarak ikincil
metabolizma siirecinde sentezlenir. Ucucu organik bilesiklerin
potansiyel etkileri, yiiksek buhar basinglarindan (0,01 kPa), kolay
salinim ve buharlasma Ozelliklerinden kaynaklanmaktadir (Ortiz-
Castro vd., 2009). Bu nedenle, kati, sivi ve gazlarin heterojen
karisimlar1 arasinda yayilabilirler. Ryu vd. (2003) tarafindan yapilan
ilk calisma, PGPR'lerin Arabidopsis thaliana'nin gelisimini ve
bliylimesini artiran ugucu bilesikler {rettigini gostermistir.
Mikrobiyal VOC'ler, antibakteriyel, antifungal ve antinematod
ajanlar olarak bitkilerde sistemik diren¢ olusturmaya yardimci
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olabilir ve bitkileri patojen ve zararlilara karsi daha direngli hale
getirebilirler (Russo vd., 2022). Hiicreler arasi iletisimde sinyal
molekiilleri olarak islev géren VOC'ler, hem bakteri hem de bakteri-
bitki etkilesimlerini diizenleyen ¢ok yonlii bilesiklerdir. Bakteriler,
asetoin, 2,3-biitandiol ve hidrojen siyaniir gibi ¢esitli VOC'ler
iiretebilir. Bu bilesikler, ¢cigeklenmeyi uyarma, fotosentezi artirma ve
abiyotik stres faktorlerine karsi sistemik bitki direncini aktive etme
gibi bircok hayati siireci diizenler (Schulz ve Dickschat, 2007;
Kanchiswamy vd., 2015). Bitki biiylimesini tesvik eden bakterilerin
(PGPR'ler) abiyotik stres toleransinmi artirmasinin etkili yollarindan
biri, kok bolgesine saldiklar1 ugucu ve ugucu olmayan bilesiklerle
bitki fizyolojisini diizenlemektir. Ucucu organik bilesikler
(VOC'ler), topraktaki ara bosluklar yoluyla koklere ulasarak bitkiyle
dogrudan temas etmeden etkilesime girer ve Onemli iletisim
sinyalleri gorevi goriir. Ayrica, bitki biiylimesini tesvik eden
bakteriler (PGPR'ler) tarafindan iiretilen VOC'ler bitkilerde demir
alimin1 kolaylastirmaktadir. Bu, bitkilerin besin eksiklikleri altinda
gelisimlerini  siirdiirmelerine ve genel fizyolojik direnglerini
artirmalarina yardimci olmaktadir. Bu nedenle, VOC'ler sadece
biliyiimeyi tesvik eden sinyaller olarak degil, ayn1 zamanda stres
kosullar1 altinda bitkinin hayatta kalmasii kolaylastiran 6nemli
ekolojik araci molekiiller olarak da 6ne g¢ikmaktadir. Bakteriyel
topluluk ¢esitliligi, ugucu organik bilesiklerin (VOC'ler) {iretimini
hem niceliksel hem de niteliksel olarak onemli dlglide etkileyebilir.
Bu etkinin temelinde, tiirler aras1 tamamlayicilik, kolaylastirma veya
antagonistik iligkiler gibi mikroorganizma etkilesimleri yatmaktadir.
Ucucu organik bilesik (VOC) g¢esitliliginin artmast hem bitki
biliylimesini tesvik edici hem de bitki patojenlerini baskilayici
islevlerin kapsamini genisletebilir.

Sonuc¢

Biyogiibreler, 0Ozellikle bitki gelisimini tesvik eden
rizobakterilere (PGPR) dayali uygulamalar, kimyasal giibrelere
kiyasla ¢evre dostu, siirdiiriilebilir etkili bir alternatif sunmaktadir.
Bitki gelisimini tesvik eden rizobakteriler; atmosferik azot
fiksasyonu, fosfat ¢oziiniirliigliniin artirilmasi gibi mekanizmalar
yoluyla bitkilerin besin alimim iyilestirmenin yani sira, oksinler,
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giberellinler, sitokininler ve absisik asit gibi ¢esitli fitohormonlarin
sentezi araciligiyla bitki biiyiime ve gelisimini desteklemektedir.
Bununla birlikte, PGPR’lerin etkisi yalnizca besin teminiyle sinirl
olmayip; antibiyotikler, sideroforlar, ugucu organik bilesikler
(VOC’ler) ve sistemik diren¢ yanitlarini uyaran enzimlerin iiretimi
yoluyla bitkilerin biyotik ve abiyotik stres kosullarina karsi
korunmasina da katki saglamaktadir. Bu ¢ok yonli etkilesimler,
bitki—-mikroorganizma-rizosfer iliskilerinin biitlinciil bir ¢er¢evede
ele alinmasimi gerekli kilmakta ve toprak sagligi ile tarimsal
verimliligin iyilestirilmesinde dnemli bir rol oynamaktadir.

Gelecekteki arastirmalarin; mikrobiyal konsorsiyumlar
icerisindeki  sinerjik etkilesimlerin daha ayrintili  bigcimde
anlasilmasina, belirli toprak ve iirlin tiplerine 6zgli bakteri susu
kombinasyonlarinin optimize edilmesine ve PGPR’lerin genetik ve
metabolik isleyisini ortaya koymak amaciyla omik tabanlh
yaklagimlarin yayginlastirilmasina odaklanilmas1 gerekmektedir.
Uzun vadede, PGPR temelli biyogiibrelerin tarim sistemlerine
entegrasyonu; gida giivenliginin artirilmasi, topraklarin biyolojik
olarak yenilenmesi ve iklim degisikligine daha dayanikli tarimsal
iiretim modellerinin gelistirilmesi agisindan umut verici bir yol
sunmaktadir.
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BOLUM 2

Kuraklik Stresinin Tarimsal Uretim ve Bitki Beslenme
Fizyolojisi Uzerine Etkileri

Figen ERASLAN INAL!
Giris
Kuraklik stresi, kiiresel iklim degisikligiyle birlikte tarimsal
iiretimi ve bitki beslenmesini tehdit eden en 6nemli ¢evresel stres
faktdrlerinden biri olarak 6ne gikmaktadir. Ozellikle son yillarda
sicak hava dalgalarinin ve kuraklik olaylarinin siklig1 ve siddetinde

gozlenen artig, tarimsal iiretimde ciddi kayiplara ve besin elementi
dengesizliklerine yol agmaktadir.

Bitkiler yasam siirecleri icerisinde degisik stres kosullari ile
karsilasirlar. Stres altinda bitkilerin gelismeleri, metabolizmalar1 ve
verimleri 6nemli Ol¢lide olumsuz etkilenir. Kuraklik, yetersiz
beslenme, tuzluluk, diisiik ve yiiksek sicaklik, toprak ve atmosfer
kirliligi, radyasyon bitkisel iiretimde verimi sinirlandiran abiotik
streslerdir. Belirtilen abiotik stresler icerisinde kuraklik bitkisel
iiretimi simirlandiran en onemli stres faktoriidiir. Bitkiler kuraklik
stresi ile kokleri yeterince su alamadiginda veya transpirasyon
oraninin ¢ok yiiksek oldugu durumlarda karsilasirlar. Bu iki kosul
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kurak ve yar1 kurak boélgelerde siklikla olusur. Bitkiler kurakliga
tolerans bakimindan 6nemli farklilik gdsterdigi gibi, ayn1 bitkinin
degisik cesitleri arasinda da onemli farkliliklar goriiliir. Kuraklik
etkisi ile bitkilerde yapraklarm nispi nem igeriginin (NNI) ve yaprak
su potansiyelinin diismesi fotosentez oranini azaltmaktadir. (Lawlor
and Cornic, 2002). Stomalarin kapanmasi ile fotosentez orani ve
icsel CO» konsantrasyonu azalmakta, bu da sonug olarak fotosentez
metabolizmasini inhibe etmektedir. Kuraklik stresinde stomalarin
kapanmasi  bitkilerin  beslenme durumlarim1  da  olumsuz
etkilemektedir (Oren et al., 1999).

Kuraklik stresi, bitkilerde su kaybin1 artirirken, su alimini ve
kullanimin1  sinirlar.  Bu durum, bitkilerin su potansiyelinin
azalmasina, hiicre turgorunun diismesine ve nisbi nem igeriginin
azalmasina neden olur. Bu fizyolojik degisiklikler, bitkide bir dizi
hasara yol acar ve biiylime ile gelismeyi olumsuz etkiler. Kuraklik
stresi altinda, bitkilerde yaprak biiytikliigli azalir, gdvde uzamasi
yavaglar ve kok gelisimi genellikle artar. Bu adaptasyonlar, bitkinin
su kaybin1 azaltmaya ve mevcut suyu daha etkin kullanmaya yonelik
savunma mekanizmalaridir. Ayrica, kuraklik stresi fotosentez,
fenoloji, su ve besin iligkileri, asimilasyon ve solunum gibi temel
fizyolojik siirecleri de bozar (Farooq et al., 2009).

Bitki 1slahgilari, kuraga dayanikli cesitleri gelistirmeye
yonelik calismalar yiiriitmektedirler. Islah ¢alismalarinda pek ¢ok
morfolojik ve fizyolojik 6zellikler dikkate alinarak bitki cesitleri
arasinda seleksiyon yapmak sonuca ulagmada izlenen temel
yontemlerdir. Kuraga dayanikli bitki ¢esitlerinin se¢iminde bitkilerin
fizyolojik ve biyokimyasal mekanizmalarindaki degisimlerin
bilinmesi olduk¢a onemlidir.

Kurakhk Stresinin Tarimsal Uretime Etkileri

Kuraklik, tarimsal tiretimde onemli verim kayiplarma yol
acan abiyotik stres faktorlerinin en basinda gelmektedir. Kuraklik
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stresi, bitkilerin biiylime ve gelisimini olumsuz etkileyerek, 6zellikle
tahillar ve endistriyel bitkilerde ciddi triin kayiplarina neden
olmaktadir. Tiirkiye’de oOzellikle bugday gibi stratejik iirtinlerde
kuraklik stresinin bitkinin bliylime evresine, kurakligin siiresine ve
siddetine bagli olarak % 92’ye varan verim kayiplarina yol actig1
belirtilmistir (Cobanoglu, 2022). Benzer sekilde, Sahel bolgesinde
yapilan bir ¢alismada, kurakligin ve diizensiz yagisin tarimsal verim
iizerinde belirgin olumsuz etkileri oldugu ve bu etkinin iklim
degisikligiyle birlikte artacagi ongoriilmektedir (Boubacar, 2010).
Tiirkiye’de yapilan bolgesel analizlerde de, tarimsal liretimin yagis
ve sicaklik degisimlerinden biiyiik Olclide etkilendigi, ozellikle
Trakya bolgesinde meteorolojik ve tarimsal kuraklik yillarinin
sikliginin arttigi ve bu durumun tarimsal {iretim {izerinde baski
olusturdugu belirlenmistir (Glir et al., 2022).

Kuraklik stresinin tarimsal tiretim tizerindeki etkileri sadece
kisa vadeli degildir; uzun vadede de tarimsal iiretimin
stirdiiriilebilirligini tehdit etmektedir. Brezilya’da yapilan uzun
donemli bir analizde, kuraklik siddetinin 6zellikle son on yilda iki
katina c¢iktig1 ve kurakligin tarimsal iiretim {izerindeki etkisinin
zamanla arttig1 tespit edilmistir. Yillik ve mevsimsel kurakliklarin,
ozellikle yilin ilk iki ¢eyreginde meydana geldiginde, tarimsal
tiretim lizerinde daha giiclii negatif etkiler yarattigi, tek yillik
bitkilerin ¢ok daha fazla etkilendigi ve kurakligin etkisinin bolgesel
olarak da farklilik gosterdigi ortaya konmustur (Cavalcanti et al.,
2023).

Kuraklik stresinin bitki gelisimi iizerindeki etkileri, bitki
tiirtine, genotipik farkliliklara, stresin siddetine ve siiresine bagh
olarak degiskenlik gostermektedir. Ornegin, Triticum spelta
genotiplerinde  yapilan bir caligmada, farkli su stresi
uygulamalarinda kuru madde verimi, tane verimi ve 1000 tane
agirhiginda istatistiksel olarak onemli azalmalar gézlenmistir. Ancak
bazi genotiplerin (SP434, SP521 ve SP2) kurakliga karsi daha
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toleransli oldugu ve bu genotiplerde verim kaybinin daha az oldugu
rapor edilmistir (Erdem & Tutus, 2023). Benzer sekilde, enginar
cesitlerinde mannitol ile olusturulan kuraklik stresinin, tohum
cimlenmesi ve vejetatif biiylime parametreleri iizerinde cesitlere ve
uygulama konsantrasyonlarina bagl olarak farkl: etkiler gosterdigi,
baz1 ¢esitlerin daha yiiksek klorofil, prolin ve antioksidan igerigiyle
strese daha iyi yanit verdigi belirlenmistir (Onus et al., 2023).
Kuraklik stresinin bitki gelisimi ve verimi iizerindeki etkileri, tiir ve
cesit farkliliklarina gore degisiklik gosterebilir. Nohut, aycicegi,
enginar ve salatalik gibi farkli bitki tiirlerinde yapilan ¢alismalar,
kuraklik stresinin fotosentez, su kullanimi, biiylime ve verim gibi
parametrelerde Onemli azalmalar olusturdugunu gostermektedir.
Omegin, nohut genotiplerinde yapilan bir ¢alismada, kuraklik
stresine en dayanikli genotipin en yiiksek biiylime ve fotosentetik
aktiviteye sahip oldugu, su kullanim etkinliginin ise genotipler
arasinda farklilik gosterdigi rapor edilmistir (Krouma, 2010).
Ayciceginde ise, kuraklik stresine dayanikli ¢esitlerin daha ytiksek
antioksidan enzim aktivitesine sahip oldugu ve bu sayede stresin
olumsuz etkilerini daha iyi tolere edebildigi gosterilmistir (Kavas et
al., 2012).

Kuraklik stresinin tarimsal tiretim tizerindeki etkileri, sadece
bitkisel {tiretimle simirlt degildir; hayvansal iiretim ve dogal
kaynaklar da olumsuz etkilenmektedir. Kuraklik nedeniyle mera
alanlarinda taze ot veriminde azalma, yem fiyatlarinda artis ve yem
tedarikinde sorunlar yaganmakta, bu da hayvansal iiriinlerde verim
kaybina yol agmaktadir (Y1lmaz, 2023).

Kuraklik Stresinin Bitki Beslenmesi ve Fizyolojisi Uzerine
Etkileri

Kuraklik stresi, bitkilerde biiylime ve gelismeyi dogrudan
etkileyen en 6nemli abiyotik stres faktdrlerinden biridir. Ozellikle su
kaynaklarinin miktar ve kalitesindeki azalmalar, ekonomik 6neme
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sahip bitkilerin normal fizyolojik islevlerinde degisikliklere yol
acmaktadir. Bu durum, stres kosullarina dayanikli bitki tiirlerinin
yetistirilmesini  ve bu tiirlerin tolerans mekanizmalarinin
aciklanmasin1  Onemli hale getirmistir. Son yillarda yapilan
calismalar, kuraklik stresinin bitkilerde fotosentez, su kullanimi,
antioksidan savunma sistemleri ve osmotik ayarlama gibi temel
fizyolojik siirecleri etkiledigini gostermektedir (Ors & Ekinci,
2015). Bu siireglerin bozulmasi, bitki biiylimesinde yavaslama,
yaprak alaninda azalma, klorofil iceriginde diisiis ve verim kayiplari
ile sonu¢lanmaktadir.

Kuraklik stresi, bitkilerin topraktan besin maddesi alimini da
olumsuz etkiler. Su eksikligi, koklerin toprakta hareketini ve besin
maddelerine erisimini smirlar. Ozellikle K, Ca, P ve Na gibi makro
besin elementlerinin alimi kuraklik durumunda degisir. Seker
pancarinda, K uygulamalarinin kuraklik kosullarinda bitkinin Na/K
oranini diisiirdiigii ve K, P igeriklerini artirdigi, bunun da kuraklik
stresinin olumsuz etkilerini azaltmada K’un kritik rol oynayabilecegi
ortaya konmustur (Altay & Aksu, 2020). Benzer sekilde, arpa
bitkisinde yapilan bir caligmada, K eksikligi altinda kuraklik
stresinin yaprak alani, biyokiitle ve su kullanim etkinligini 6nemli
Olclide azalttigi, ayrica diisiik potasyum kosullarinda abscisik asit
(ABA) seviyesinin arttig1 ve bunun da bitki terlemesini azalttig1
belirlenmistir. Potasyumun osmoregiilasyon {iizerindeki etkisi
sayesinde, bitkiler kuraklik stresine karst daha direngli hale
gelmektedir (Tavakol et al., 2018).

Kuraklik stresi altinda bitkilerde besin elementi alimindaki
azalma, tlriin kalitesinde de diisiise neden olmaktadir. Kuraklik
stresinin bitki beslenmesi lizerindeki etkileri, sadece makro besin
elementleriyle siirh degildir. Kuraklik stresi, bitkilerin su alimini
ve besin elementi alimini dogrudan etkileyerek, bitki beslenmesinde
dengesizliklere yol agmaktadir. Kuraklik kosullarinda toprakta
suyun azalmasi, besin elementlerinin bitki kokleri tarafindan
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alinmasini zorlagtirmakta ve bu durum bitki dokularinda makro ve
mikro besin elementlerinin azalmasina neden olmaktadir. Kirazda
yapilan bir ¢aligmada, kuraklik stresinin N, P, K, Ca, Mg, Zn, Mn ve
Cu konsantrasyonlarint diisiirdiigii, ancak bazi anaglarin (6rnegin
CAB 6) kuraklik kosullarinda beslenme performansini koruyabildigi
gosterilmistir (Kiigiikyumuk et al., 2015). Kuraklik stresinin bitki
beslenmesi iizerindeki etkileri, 6zellikle mineral madde alimi ve
besin elementlerinin yapraklarda birikimi agisindan OSnemlidir.
Badem agaclar1 {izerinde yapilan bir arastirmada, kuraklik
kosullarinda yapraklarda potasyum (K), magnezyum (Mg),
kalsiyum (Ca), sodyum (Na) ve klor (Cl) konsantrasyonlarinin
arttigi, bor (B) konsantrasyonunun ise azaldigi belirlenmistir. Ayni
sekilde, tuzluluk stresinde de benzer bir mineral birikimi
gozlemlenmistir. Bu bulgular, kuraklik ve tuzluluk kosullarinda bitki
beslenmesinin degistigini ve giibreleme stratejilerinin bu stres
faktorleri g6z Oniinde bulundurularak planlanmasi gerektigini
gostermektedir (Kucukyumuk et al., 2024).

Kuraklik stresi, bitki beslenmesinde sadece makro
elementlerin degil, ayn1 zamanda mikro elementlerin de 6nemini
artirmaktadir. Molibden (Mo) uygulamasinin, bugdayda su kullanim
kapasitesini, antioksidan enzim aktivitelerini ve ozmotik ayarlama
Uriinlerini artirdig1;; bunun sonucunda da kuraklik toleransini
gelistirdigi gosterilmistir. Mo uygulamasi, 6zellikle antioksidan
savunma ve ozmotik ayarlama yetenegi diisiik olan ¢esitlerde daha
belirgin etki gostermektedir (Wu et al., 2014).

Kuraklik stresine kars1 bitki beslenmesinin yonetiminde, K
ve Si gibi besin elementlerinin yeterli diizeyde saglanmasi dnemlidir.
Potasyum, osmoregiilasyon ve stomatal kontrol iizerinde kritik rol
oynar ve kuraklik stresinin olumsuz etkilerini azaltir. Silisyum ise,
kok endodermal silifikasyonu artirarak hiicre su dengesini iyilestirir
ve bitki beslenmesini destekler (Janislampi, 2012). Ayrica, K
iyonlar1  osmotik ayarlamada Onemli rol oynarken, Si
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uygulamalarinin da kok endodermal silifikasyonu artirarak hiicre su
dengesini 1iyilestirdigi ve bitki beslenmesini destekledigi
gosterilmistir (Farooq et al., 2009).

Kuraklik stresi altinda bitkilerde besin elementi taginimi ve
dagilimi da degismektedir. Ozellikle apoplastik ve simplastik
alanlarda  iyon  konsantrasyonlari, osmotik regiilasyonun
saglanmasinda kritik rol oynamaktadir. Fasulye ¢esitlerinde yapilan
bir ¢alismada, kuraklik stresine dayanikli ¢esitlerin apoplastik ve
simplastik alanlar arasinda osmotik regiilasyonu siirdiirebilme
kapasitesinin daha yiiksek oldugu, prolin ve ABA birikiminin yani
sira K, Na* ve Ca®" iyonlarmin dagiliminda da 6nemli degisiklikler
oldugu gosterilmistir (Saglam et al., 2012). Ayrica, prolin, ¢oziiniir
sekerler, ¢oziiniir proteinler ve inorganik iyonlarm (K*, Ca®*, Mg?")
birikimini artirir ve bdylece bitkinin su igerigini ylikseltir. Ayni1
zamanda, siiperoksit dismutaz, peroksidaz, katalaz ve askorbat
peroksidaz gibi antioksidan enzimlerin aktivitesini artirarak
oksidatif zarar1 azaltir (Wang et al., 2022).

Kuraklik stresinin bitki beslenmesi {izerindeki etkileri, kok
ve siirgiin arasindaki besin dagilimmi da degistirir. Ozellikle,
kok/stirgiin orani artar ve kok gelisimi tesvik edilir. Bu adaptasyon,
bitkinin toprakta daha derin ve genis bir alandan su ve besin maddesi
almasini saglar (Zhang et al., 2023). Ayrica, kuraklik stresi altinda
bitkilerde abscisik asit (ABA), sitokinin, salisilik asit, auksin ve
gibberellin gibi bitki biiylime diizenleyicilerinin seviyeleri degisir ve
bu hormonlar bitkinin stres tepkilerini yonetirler (Farooq et al.,
2009; Johnson, 1987).

Kuraklik stresi, yapraklarda stomatalarin kapanmasina yol
acar. Stomatal kapanma, su kaybini azaltirken, ayn1 zamanda CO;
alimim1 smirlar ve fotosentez hizimi1 disiiriir. Bu siirecte, 6zellikle
CO; fiksasyonunda gorevli enzimlerin aktivitesi azalir ve ATP
sentezi bozulur. Fotosentezdeki bu azalma, bitkinin enerji tiretimini

ve bilylimesini smurlar.  Ayrica, kuraklik stresi sirasinda
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fotorespirasyon yoluyla reaktif oksijen tiirleri (ROS) olusur ve bu
molekiiller biyolojik makromolekiillere zarar verir (Farooq et al.,
2009).

Kuraklik stresinin siddetine bagli olarak bitkilerde farkli
fizyolojik tepkiler ortaya ¢ikmaktadir. Orta diizeyde stres altinda
bazi bitkiler daha canli ve gelismis olabilirken, siddetli stres altinda
gelisme geriler ve bazi metabolitlerin (6rnegin amino asitler)
birikimi artar (Sconiers et al., 2020). Ayrica, kuraklik stresinin
siddeti arttik¢a, fotosentez, terleme ve stomatal iletkenlik gibi
parametrelerin iyilesme hizi da azalir. Ozellikle uzun siireli su
eksikligi sonrast yeniden sulama ile bu fizyolojik parametrelerin
toparlanmasi gecikir ve tam iyilesme saglanamayabilir (Mryashita et
al., 2005).

Kuraklik stresinin fotosentez tizerindeki etkileri, farkli bitki
tiirlerinde ve genotiplerinde degiskenlik gosterebilir. Ornegin, nohut
genotiplerinde yapilan bir ¢alismada, kurakliga daha dayanikli
genotiplerin daha yiiksek fotosentetik aktivite ve su kullanma
etkinligi gosterdigi, ayrica osmotik ayarlama yeteneklerinin daha iyi
oldugu belirlenmistir (Krouma, 2010). Kuraklik stresi, bitkilerde su
kaybini azaltmak i¢in stomatal kapanmaya neden olurken, bu durum
ayni zamanda fotosentez hizin1 da sinirlar. Su eksikligiyle birlikte,
yaprak sicaklig artar ve bu degisiklikler bitki su stresi indeksleriyle
izlenebilir. Ornegin, su eksikligiyle birlikte net fotosentez hizinin
dogrusal olarak azaldig1 ve su stresinin belirli bir esigi astiginda
fotosentezin tamamen durdugu gosterilmistir (Idso et al., 1984).
Benzer sekilde, Calystegia soldanella tzerinde yapilan bir
arastirmada, kuraklik stresinin biiylime ve fotosentez hizin1 6nemli
Olciide azalttig1, ancak klorofil iceriginde belirgin bir degisiklik
olmadigi, bunun da fotosistem II’ nin etkinliginin korundugunu
gosterdigi belirtilmistir (Bae et al., 2013).

Kuraklik Stresine Kars: Bitki Adaptasyon Mekanizmalari
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Bitkiler, kuraklik stresine karsi ¢esitli morfolojik, fizyolojik
ve biyokimyasal adaptasyon mekanizmalar1 gelistirmistir. Bu
mekanizmalar arasinda kok sisteminin derinlesmesi, yaprak alaninin
kiigiilmesi, stomatalarin kapanmasi, osmotik ayarlama, antioksidan
enzim aktivitesinin artmas1 ve stresle iligkili genlerin ekspresyonu
yer almaktadir (Farooq et al., 2009). Ozellikle diisiik molekiillii
osmolitler (prolin, glisin betain, sekerler) ve antioksidan enzimler
(SOD, CAT, POD, APX) bitkilerin kuraklik stresine karsi
dayanikliliginda 6nemli rol oynamaktadir. Bu mekanizmalar
arasinda en onemlilerinden birisi de osmotik ayarlamadir. Osmotik
ayarlama, bitkilerin hiicrelerinde su kaybini onlemek amaciyla
diisiik molekillii osmolit maddeler (prolin, glisin betain, sekerler
vb.) biriktirmesiyle gerceklesir. OA, bitkilerin hiicre i¢i su
potansiyelini diisiirerek turgor kaybini 6nlemesine ve suyu daha
etkin kullanmasina olanak tanir. Bu sayede hiicre turgoru korunur
ve bitki hayatta kalabilir. Literatiirde, osmotik ayarlamanin kuraklik
stresinde verim kaybini azaltmada onemli bir rol oynadigi, farkl
bitki tiirlerinde ve genotiplerinde osmotik ayarlama kapasitesinin
verim ile pozitif iligkili oldugu gésterilmistir. Ozellikle bugdayda
yapilan calismalarda, yiiksek osmotik ayarlama kapasitesine sahip
genotiplerin kuraklik stresinde daha yiiksek verim verdigi ortaya
konmustur (Blum et al., 1999). Aycicegi ve bugday gibi tiirlerde
yapilan ¢alismalar, yliksek OA kapasitesine sahip hatlarin, diisiikk OA
kapasitesine sahip olanlara gore kuraklik altinda daha fazla su
alabildigini, daha yiiksek biyokiitle ve tane verimi elde ettigini
gostermistir. Ozellikle aygiceginde, OA kapasitesi yiiksek olan
hatlar, kuraklik doneminde yaklasik %30 daha fazla tane verimi
saglamistir (Chimenti et al., 2002). Benzer sekilde, cok sayida bitki
tirtinde yapilan karsilastirmali analizlerde, OA ile kuraklik stresi
altinda verim arasinda pozitif ve anlamli bir iliski oldugu ortaya
konmustur.



Kuraklik stresine karsi bitki-mikroorganizma iligkileri de
Oonemli bir adaptasyon stratejisi olarak One c¢ikmaktadir. Bitki
biliylimesini tesvik eden rizobakteriler (PGPR), kok morfolojisini
degistirme, stresle iligkili genleri diizenleme, bitki hormonlarini ve
stres sinyal yollarim1 etkileme, ugucu organik bilesikler ve
ekzosakkaritler tiretme gibi mekanizmalarla kuraklik stresini
hafifletebilmektedir. PGPR uygulamalari, su ve besin alim
etkinligini artirmakta, stres hormon diizeylerini ayarlayarak ve
sistemik diren¢ mekanizmalarini indiiklemektedir (Sharma et al.,
2025). Ayrica, arbuskiiler mikoriza mantarlart (AMF), bitkilerin
fotosentetik aktivitesini, su kullanim etkinligini, osmoprotektan
iiretimini ve antioksidan aktivitelerini artirarak kuraklik stresine
kars1 bitki performansini iyilestirmektedir (Santander et al., 2017).

Kuraklik stresine kars1 genetik ve biyoteknolojik yaklagimlar
da giderek onem kazanmaktadir. CRISPR/Cas9 gibi yeni nesil gen
diizenleme teknolojileri, osmotik stres toleransinda rol oynayan
genlerin hedeflenerek bitkilerde kuraklik toleransinin artirilmasini
mimkiin kilmaktadir. Bu teknolojiler, osmotik ayarlama, iyon
homeostazi ve stres sinyal yollar1 gibi temel siireclerde gorev alan
genlerin diizenlenmesiyle, kuraklik stresine dayamikli yeni bitki
cesitlerinin gelistirilmesine olanak saglamaktadir (Tripathy et al.,
2025).

Kuraklik stresine kars1 bir diger ©Onemli adaptasyon
mekanizmasi ise kok sisteminin derinlesmesi ve yayginlagmasidir.
Derin ve yaygin kok sistemine sahip bitkiler, toprakta daha derin
katmanlardaki suya ulasarak kuraklik stresine kars1 daha dayanikli
olabilmektedir. Ayrica, bitkilerde stomalarin kapanmasi, yaprak
alaninin kiiclilmesi ve transpirasyonun azaltilmasi gibi fizyolojik
tepkiler de su kaybini minimize etmeye yoneliktir (Farooq et al.,
2009).

Kuraklk Stresinin Yonetimi ve Tarimsal Uretime Yansimalari
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Kuraklik stresinin tarimsal tiretim {izerindeki olumsuz
etkilerini azaltmak icin c¢esitli yonetim stratejileri gelistirilmistir.
Bunlar arasinda, kurakliga dayanikli ve yiiksek verimli gesitlerin
kullanimi, uygun sulama tekniklerinin uygulanmasi, bitki besin
elementi yonetiminin optimize edilmesi, organomineral giibrelerin
tercih edilmesi ve bitki-mikroorganizma iligkilerinin tesvik edilmesi
yer almaktadir. Ayrica, tarimsal {retimde mekanizasyonun
artirtlmasi, modern tarim tekniklerinin uygulanmasi1 ve tarimsal
desteklerin etkin kullanimi1 da kuraklik stresinin etkilerini azaltmada
onemli rol oynamaktadir (Tandogan, 2022).

Tiirkiye’de yapilan ¢aligmalar, tarimsal destek 6demeleri ile
tarimsal liretim diizeyi arasinda uzun dénemli bir iliski oldugunu ve
destek 6demelerinin tarimsal iiretimi artirict etkisinin bulundugunu
gostermektedir. Ancak, bu etkinin kalici olabilmesi i¢in desteklerin
stirdiiriilebilir ve hedefe yonelik olmasi gerekmektedir (Cakmak &
Sagdic, 2021). Tarimsal iiretimde verim ve kaliteyi artirmak, tiretim
maliyetlerini diisiirmek ve kuraklik gibi gevresel stres faktorlerinin
etkisini azaltmak icin yeterli isletme biytikliigii ve modern tarim
tekniklerinin zamaninda uygulanmas: onerilmektedir (Kdse et al.,
2021).

Kuraklik stresinin tarimsal iiretime etkileri, 6zellikle bitki
biiylimesi ve verimi iizerinde belirgin sekilde gézlemlenmektedir.
Nevsehir ili 0rneginde yapilan bir ¢aligmada, meteorolojik ve
hidrolojik kuraklik analizleri ile birlikte tarimsal {riinlerin verim
degerleri incelenmis ve kuraklik olaylarinin tarimsal {iretim tizerinde
en Onemli olumsuz etkileri olusturdugu tespit edilmistir. Bu
caligmada, kuraklik olaylarinin siddeti ve siiresi arttik¢a, tarimsal
iretimde de ciddi azalmalar meydana gelmistir (Pekin et al., 2022).
Benzer sekilde, Aydin ilinde yapilan bir bagka ¢alismada, 1995-2020
yillar1 arasinda artan arazi ylizey sicaklifi ve azalan NDVI
(Normalize Fark Bitki Indeksi) degerleri ile birlikte tarimsal
kurakligin arttigt ve bunun da verim iizerinde olumsuz etkiler
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yarattig1 ortaya konmustur. Uydu verileriyle yapilan bu analiz,
tarimsal kurakligin erken tespitinin ve izlenmesinin Onemini
vurgulamaktadir (Atak & Tonyaloglu, 2024).

Kuraklik stresinin tarimsal tiretim tizerindeki etkileri, sadece
bitki fizyolojisiyle siirli degildir; ayn1 zamanda toprak
ozelliklerinde de Onemli degisikliklere yol agar. lowa’da 2012
yilinda yasanan kuraklik deneyimi, suyun yetersizligi ve yiiksek
sicakliklarin misir ve soya fasulyesi gibi iiriinlerde kritik gelisme
donemlerinde ciddi stres olusturdugunu gostermistir. Kuraklik,
toprakta ¢atlama, kabuklasma ve toprak yapisinin bozulmasi gibi
sorunlara neden olmus, bu da toprak koruma planlamasinin ve
stirdiiriilebilir toprak yonetiminin Onemini bir kez daha ortaya
koymustur (Sawyer et al., 2013).

Kuraklik  stresinin  yOnetimi ve tarimsal iiretimde
stirdiiriilebilirligin saglanmasi icin ¢esitli stratejiler gelistirilmistir.
Bunlar arasinda, kurakliga dayanikli cesitlerin se¢imi, ozmotik
ayarlama kapasitesi yiiksek genotiplerin tercih edilmesi, antioksidan
savunma sistemlerinin giliclendirilmesi ve uygun giibreleme
uygulamalar1 yer almaktadir. Ayrica, uzaktan algilama teknolojileri
ve uydu verileri kullanilarak tarimsal kurakligin erken tespiti ve
izlenmesi miimkiin hale gelmistir. Bu teknolojiler, genis alanlarda
bitki sagligi ve nem kosullarinin zamaninda ve mekansal olarak
ayrintili bir sekilde izlenmesini saglayarak, tarimsal kurakligin
etkilerinin azaltilmasina katki sunmaktadir (Atak & Tonyaloglu,
2024).

Kuraklik stresi altinda bitki beslenmesinin optimize edilmesi,
tarimsal tiretimin siirdiiriilebilirligi acisindan kritik 6neme sahiptir.
Ozellikle potasyum gibi makro besin elementlerinin kuraklik
toleransinda rol oynadig1 gosterilmistir. Kuraklik primingi ve ek
potasyum uygulamasinin, bugdayda ozmotik ayarlama ve yaprak
hidrolik iletkenligini artirarak, kuraklik sonrasi verim kayiplarini

minimize ettigi belirlenmistir. Bu uygulamalar, prolin ve glisin
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betain gibi ozmolitlerin birikimini artirmakta ve ilgili genlerin
ekspresyonunu diizenlemektedir (Sun et al., 2025).

Kuraklik stresi, bitki beslenmesi lizerinde de 6nemli etkilere
sahiptir. Su eksikligi, bitkilerin topraktan besin elementlerini
almasin1 zorlastirmakta ve oOzellikle azot, fosfor, potasyum gibi
makro besin elementlerinin aliminda azalmaya neden olmaktadir.
Kuraklik stresinin bitki beslenmesi tizerindeki etkileri sadece makro
besin elementleriyle siirli degildir. Ozellikle silisyumun (Si)
bitkilerde kuraklik toleransini artirici etkileri iizerine yapilan
caligmalar, bu elementin bazi bitki tiirlerinde biiylimeyi ve besin
alimini iyilestirdigini ortaya koymustur. Ancak, bu etkinin genotip
spesifik oldugu ve tiim bitki tiirlerinde ayn1 derecede goriilmedigi de
vurgulanmustir. Ornegin, bugdayda yapilan bir ¢alismada, yiiksek Si
biriktiren ¢esitlerde Si uygulamasinin osmotik stres sirasinda
biiylimeyi bir miktar iyilestirdigi, fakat kuraklik stresinde anlamli bir
etki gostermedigi belirtilmistir. Bu nedenle, Si giibrelemesinin
kuraklik stresine kars1 evrensel bir ¢6ziim olmadigi, genotip bazinda
degerlendirilmesi gerektigi ifade edilmistir (Thorne et al., 2021).

Kuraklik stresi, bitki kok bolgesindeki mikrobiyal
topluluklar ve kok salgilar1 tizerinde de onemli degisikliklere yol
acmaktadir. Son yillarda yapilan arastirmalar, kuraklik stresinin kok
eksudatlar1 ve rizosfer mikrobiomu arasindaki karsilikli etkilesimleri
degistirdigini ve bu degisimlerin bitkinin kurakliga adaptasyonunda
onemli rol oynadigimi gostermektedir. Bitki, koklerinden salgiladigi
maddelerle rizosferdeki mikrobiyal toplulugu sekillendirirken, bu
mikroorganizmalar da bitkinin su ve besin alimini, stres toleransini
ve biiyiimesini etkileyebilmektedir (Chen et al., 2022). Ozellikle
arbuskiiler mikoriza mantarlarinin (AMF) bitki performansinm
tyilestirici etkileri dikkat cekicidir. AMF, bitkilerde fotosentetik
aktiviteyi, su kullanim etkinligini, osmotik madde {iretimini,
antioksidan aktiviteleri ve gen ekspresyonunu artirarak kuraklik
stresine kars1 bitkiyi desteklemektedir (Santander et al., 2017).
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Kuraklik stresinin tarimsal iiretim ve bitki beslenmesi
iizerindeki olumsuz etkilerini azaltmak igin ¢esitli yOnetim
stratejileri gelistirilmistir. Bunlar arasinda, kurakliga dayanikli ve
yiiksek verimli ¢esitlerin se¢imi ve yetistirilmesi, organomineral ve
biyolojik gilibrelerin  kullanimi, uygun sulama tekniklerinin
uygulanmas1 ve toprak organik maddesinin artirilmasi yer
almaktadir (Saygi, 2022).

Sonug¢

Kuraklik stresi, kiiresel iklim degisikliginin etkisiyle siklig1
ve siddeti artan, tarimsal tretim ve bitki beslenmesi iizerinde ¢ok
yonlii ve yikict sonuglara yol acan bir cevresel stres faktoriidiir.
Kuraklik, bitkisel iiretimde verim kayiplarina, iiriin kalitesinde
diistislere ve besin elementi aliminda ciddi aksakliklara neden
olmaktadir. Kuraklik stresi, tarimsal iiretim ve bitki beslenmesi
iizerinde c¢ok yoOnlii ve derinlemesine etkiler olusturan temel bir
abiyotik stres faktoriidiir.

Kuraklik, toprakta mevcut suyun azalmasiyla birlikte
bitkilerin biiyiime, gelisme ve verim potansiyelini smirlar. Bu
durum, hem fizyolojik hem de biyokimyasal siire¢clerde onemli
degisikliklere yol agar ve bitki beslenmesi ile tarimsal {iretimin
strdiiriilebilirligini tehdit eder. Kuraklik stresi tarimsal iiretim ve
bitki beslenmesi iizerinde ¢ok yonlii ve karmagik etkilere sahiptir.
Bitki fizyolojisi, beslenme, mikrobiyal etkilesimler, genetik ¢esitlilik
ve tarimsal yonetim uygulamalar1 bu siirecin temel bilesenleridir.
Kuraklik stresinin etkilerini azaltmak i¢in multidisipliner
yaklagimlarin, yenilik¢i teknolojilerin ve siirdiiriilebilir tarim
uygulamalarimin  bir arada degerlendirilmesi gerekmektedir.
Literatiirde sunulan bulgular, kuraklik stresinin hem bitki fizyolojisi
hem de tarimsal iiretim agisindan kritik bir tehdit oldugunu ve bu
tehdide kars1 biitlinciil stratejilerin ~ gelistirilmesinin ~ zorunlu
oldugunu ortaya koymaktadir.
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Kuraklik stresinin etkilerini azaltmak ve tarimsal iiretimde
strdiirtilebilirligi saglamak i¢in, bitki beslenmesi stratejilerinin ve
tarimsal yonetim uygulamalariin stres kosullarina gore yeniden
yapilandirilmasi gerekmektedir. Bu kapsamda, kurakliga dayanikli
cesitlerin  gelistirilmesi, besin elementi yOnetiminin optimize
edilmesi, antioksidan savunma sistemlerinin giiclendirilmesi ve
modern izleme teknolojilerinin kullanilmasi, tarimsal iiretimin
gelecegi acisindan kritik 6neme sahiptir.
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BOLUM 3

MICROGRANULAR (MICRO GRANULE, MICRO-
GRANULE) FERTILIZERS

SAHRIYE SONMEZ!
ILKER SONMEZ?2

Introduction

The increasing rise in stress conditions occurring as a result
of climate changes worldwide causes plants to be exposed to drought
more frequently and to be unable to utilize their potentials
sufficiently, and this situation leads to the occurrence of yield losses
in plants. Moreover, the fact that more than 50% of agricultural lands
have become unusable today and these decreases in the productivity
of agricultural areas have further increased the importance of ways
to enhance the yield to be obtained from existing areas.

Achieving high yield and quality in plant production depends
not only on the amount of nutrients present in the soil but also on the
effective uptake of these nutrients by plants. In this regard,

! Prof. Dr., Akdeniz University, Faculty of Agriculture, Department of Soil Science and
Plant Nutrition, ORCID: 0000-0003-2753-2296.

2 Assoc. Prof. Dr., Akdeniz University, Faculty of Agriculture, Department of Soil Science
and Plant Nutrition, ORCID: 0000-0001-72346-7805.



fertilization techniques are considered one of the most critical
components of agricultural production systems. In recent years, with
the developments in plant nutrition technologies, new-generation
fertilizers that enable more efficient and environmentally sensitive
use of nutrient elements have come to the forefront. Among these
fertilizers, microgranular fertilizers draw attention with their
advantages of high water solubility, homogeneous distribution, low
dose requirement, and early-stage nutrient supply (Rathke, Behrens,
& Diepenbrock, 2006).

It is reported that the global microgranular fertilizer market
is steadily growing and that interest in microgranular fertilizers has
increased with rising demands for sustainable agriculture (Sharma,
2025). In Tiirkiye, the use of microgranular fertilizers has increased
in recent years and is particularly preferred in the cultivation of
maize, sunflower, wheat, vegetables, and fruits. Products developed
by domestic manufacturing companies (TorosTarim, 2025; IGSAS,
2025) are recommended as starter fertilizers applied together with
the seed. However, the number of academic studies conducted in this
field is still limited. Therefore, the effects of microgranular fertilizers
on nutrient transport and yield components in different plant species
under varying climatic and soil conditions need to be investigated
more comprehensively (Thielicke et al., 2022)

In this section, information is provided on the characteristics
of microgranular fertilizers, their agricultural effects and the effects
of studies conducted on microgranular fertilizers.

Definition, Classification, and Characteristics

Microgranular fertilizers are fertilizers formulated in the
form of granules with a particle size much smaller than that of
macro-granules (2—4 mm), which can be applied together with the
seed and are developed to deliver the nutrients required by the plant
during the early growth period directly to the root zone, and are
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generally designed for starter fertilization or precise micronutrient
applications.

The granule sizes in microgranular fertilizers generally range
between 0.7 and 1.4 mm. This small and homogeneous structure
enables the fertilizer to interact easily with the soil. When
macrogranular and microgranular fertilizers are compared in terms
of structure; while a maximum of 50.000 fertilizer granules per
decare fall with the application of 25 kg per decare of macrogranular
fertilizers with a diameter of 2—4 mm, this number reaches 6.500.000
granules with the application of 4 kg per decare of microgranular
fertilizers. The number of granules per decare is very high; thus, a
more homogeneous distribution is achieved in the seed zone
(TorosTarim, 2025). Moreover, its free-flowing and non-dusting
form facilitates application with machinery. The low moisture
content preserves the structural integrity of the granules, and due to
low hygroscopicity, no caking occurs even in humid environments.
The color of microgranular fertilizers is generally in light gray,
white, or brown tones. Upon contact with water, they dissolve
rapidly and allow the formation of a homogeneous solution.

The pH values of microgranular fertilizers range between
neutral and slightly acidic reactions. This characteristic enables
microgranular fertilizers to function compatibly with the soil and
facilitates the uptake of nutrients (Thielicke et al., 2022; Marschner,
2012).

Microgranular fertilizers include various types, namely P-
and N-rich microgranules (for starter purposes), microgranules
supplemented with micronutrients (Fe, Zn, Mn, Cu, etc.),
organomineral microgranules, and fertilizers with controlled-release
properties. One of the main components of microgranular fertilizers,
especially P- and N-containing fertilizers intended for starter
purposes, is phosphorus (P20s), and phosphorus is generally present

in a highly water-soluble form. In N-containing microgranular
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fertilizers, nitrogen is generally present in ammonium form.
Ammonium nitrogen remains in a more stable form in the soil and
can be taken up by the plant in a controlled manner. In addition to P
and N, Mg, S, and micronutrients (Fe, Zn, B, Cu, Mo, and Mn) are
also added to microgranular fertilizers. Mg (MgO) may be added to
microgranular fertilizers because it plays a role in chlorophyll
synthesis and increases photosynthetic capacity, while S (SO3)may
be added because it plays a role in protein synthesis and enzymatic
activities. Microgranular fertilizers are also enriched with
micronutrients such as Fe, Zn, B, Cu, Mo, and Mn. These elements
are of vital importance for plant health. Some microgranular
fertilizers are produced using slow-release technology. In this way,
nutrients remain active in the soil for a long time and are taken up by
the plant gradually (TorosTarim, 2025; IGSAS, 2025; GubreTAS,
2025; Altintar, 2025; AWI, 2025).

Microgranular fertilizers are applied to an area close to the
seedbed during sowing. Through this application method, especially
elements with low mobility in the soil, such as phosphorus, are
ensured to reach the root zone directly. In germinating plants, the
presence of phosphorus near the root zone is absolutely essential for
plants to access this nutrient element, which has limited mobility in
the soil. Proper placement of the fertilizer around the seed allows the
plant to take up the phosphorus it requires at the correct time. Since
microgranular fertilizer applications are made directly to the root
zThielickeone, the use efficiency of phosphorus in the fertilizer
reaches the highest level. In this way, early root development of the
plant is promoted, supporting rapid growth during the seedling stage
and the formation of a stronger root system (Eulenstein, Ahlborn &
Thielicke, 2024). Therefore, microgranular fertilizers enable the
concentrated and precise application of nutrient elements to plants.
They are generally used in situations where a high level of accuracy
and uniformity in nutrient element distribution is required. Although
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they are applied in smaller amounts compared to conventional basal
fertilizers, microgranular fertilizers are reported to exhibit high
performance in terms of nutrient use efficiency and yield increase
per unit area (Geist et al., 2023).

One of the most important advantages of microgranular
fertilizers is their ability to reduce environmental losses. In
particular, losses such as phosphorus fixation, volatilization, and
leaching are minimized. In addition, the easy integration of
microgranular fertilizers into modern agricultural mechanization
systems, their ability to be applied simultaneously with sowing, and
their provision of energy savings also offer an economic contribution
to production processes (Eulenstein et al., 2024).

Benefits of Microgranular Fertilizer Use

The use of microgranular fertilizers has many benefits. The
proximity of the microgranule to the seed/plant increases the
accessibility of phosphorus by the root in the early period due to the
low mobility of phosphorus (especially in cold and clay-dominated
soils); thus, root development and early growth are supported. It
contains a high proportion of water-soluble phosphorus. Owing to its
high phosphorus content, it contributes to yield increase by
providing the energy required by plants. By promoting rooting after
homogeneous germination through a greater amount of fertilizer
placed in the seedbed, it positively affects plant development. It
helps achieve high yields with a good start. It has environmentally
friendly technology that prevents fertilizer waste. It provides
effective fertilization under drought conditions (TorosTarim, 2025).

With its small granule size, a sufficient local concentration
around the seed can be achieved even with lower per-hectare P
amounts (e.g., studies compared with DAP). This is particularly
effective during phosphorus-limited early growth periods (Geist et
al., 2023).
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In N-containing microgranular fertilizers, nitrogen supports
the development of the plant’s green biomass while simultaneously
minimizing nitrogen losses. In microgranular fertilizers, Mg (MgO)
plays a role in chlorophyll synthesis and increases photosynthetic
capacity, while S plays a role in protein synthesis and enzymatic
activities. The presence of these two elements contributes to the
regular maintenance of the plant’s metabolic activities.
Micronutrients such as Fe, Zn, B, Cu, Mo, and Mn in microgranular
fertilizers are of vital importance for plant health. For example, zinc
supports hormone production and root elongation, while iron plays
a role in chlorophyll production.

With the iron, zinc, and manganese contained in its
composition, it contributes to the micronutrient nutrition of plants
during the early growth period. Since it contains the nutrient
elements that plants require in greater amounts during the early
period, it supports plant development. As the nutrient elements are
equal in each fertilizer granule, it helps ensure homogeneous plant
development.

The microgranular fertilizers with slow-release technology
situation reduces nutrient losses while also preventing
environmental pollution (TorosTarim, 2025; IGSAS, 2025;
GubreTAS, 2025; Altintar, 2025; AWI, 2025). It is known that
studies have been reported indicating that when microgranules are
used together with organic components, biostimulants, or
mycorrhizal inoculum, they positively affect soil microbial activity
and nutrient mobilization (FiSarova et al., 2024).
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Recommendations on the Application of Microgranular
Fertilizers

Microgranular fertilizers, as starter fertilizers, should be
preferred only in situations where the soil P level is low or early root
development is critical. When soil P is high, they are not preferred
because the difference is small (Geist et al., 2023).

It is recommended as a starter fertilizer because its effect
reaches the maximum with controlled placement near the seed (2x2
or similar starter placement) (IGSAS, 2025). Since combining
mycorrhizae with bacterial PGPR or humic/organic additives causes
a synergistic effect, their joint application is recommended; however,
local testing of these combinations is required (Thielicke et al.,
2022).

If a choice is to be made among microgranular fertilizers that
exhibit controlled-release properties, biodegradable-coated products
should be preferred; it is recommended that the long-term effects of
plastic-coated controlled-release fertilizers on soil be taken into
consideration (Song et al., 2024).

Application doses and timings of microgranular fertilizers
recommended by different fertilizer manufacturers for some plants
are given in Table 1 (IGSAS, 2025; Altintar, 2025; AWI, 2025).

As shown in Table 1, the application rates recommended by
fertilizer manufacturers vary depending on the composition of the
fertilizers. However, when considering application times, they are all
similarly recommended: application to the soil either at seed sowing
or seedling planting, or in early spring for fruit production.
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Table 1. Application amounts and timing of microgranular fertilizers

recommended by different fertilizer manufacturers for some plants.

Field Vegetables

Suggestions | Crops Application Rate Application Time
Maize, Sunflower, | 2-4 kg/da During seed sowing
Cotton
Potato, Sugar Beet, | 3-5 kg/da During seed sowing
Carrot
Soybean 2-3 kg/da During seed sowing
Rapeseed 3-4 kg/da During seed sowing
Cereals 2-4 kg/da During seed sowing
Tomato, Eggeplant, | 3-5 kg/da During seedling planting
Pepper, Cucumber
1 Citrus 2-4 kg/da It is recommended to apply to
(Orange, Mandarin, the soil at the determined dose
Lemon) 0.1-0.25 kg/tree in early spring.
Stone Fruits 2-4 kg/da It is recommended to apply to
(Peach, Apricot, Plum, the soil at the determined dose
Cherry, Walnut, Olive, | 0.1-0.25 kg/ tree in early spring.
Hazelnut)
Soft-Seeded Fruits | 2-4 kg/da It is recommended to apply to
(Apple, Pear, Quince, 0.1-0.25 kg/ tree 'Fhe soil at the determined dose
Grape) in early spring.
Maize, Sunflower, Rice, | 2-4 kg/da During seed sowing
Tobacco
Wheat, Barley, Canola, | 2-4 kg/da During seed sowing
2 Cotton
Greenhouse and Open- | 3-5 kg/da During seedling planting
Field Vegetables
Cotton, Potato, Sugar | 2-4 kg/da During seed sowing
Beet
Maize, Sunflower, Rice, | 3-5 kg/da During seed sowing
Tobacco
Wheat, Barley, Canola 2-4 kg/da During seed sowing
3 Cotton 2-4 kg/da During seed sowing
Potato, Sugar Beet 4-6 kg/da During seed sowing
Greenhouse and Open- | 3-5 kg/da During seed sowing

Source; 1- (IGSAS, 2025), 2- (Altintar, 2025) 3- (AWL, 2025)

Studies Conducted on Microgranular Fertilizers

Jankowski, Sokolski & Olszewski (2019) investigated the
effects of microgranular starter fertilizer (MSF) applied to the seed
zone on the biomass during autumn growth and on the micronutrient
content and micronutrient uptake after harvest of winter oilseed rape
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(Brassica napus L.). The study was conducted at the Agricultural
Experimental Station in Balcyny (Northeastern Poland) between
2012 and 2015. During autumn growth, they determined that
micronutrient concentrations (especially Mn and Fe) were higher in
the roots of winter oilseed rape than in the leaves; they also found
that MSF application in autumn increased Cu, Zn, and Fe contents
while decreasing Mn levels in the leaves. MSF application at sowing
increased Zn, Mn, and Fe concentrations in the roots, and during
autumn growth, micronutrient uptake was determined as 481.0 g Fe
ha™, 81.8 g Mn ha™, 56.5 g Zn ha™', and 7.7 g Cu ha™'. It was
reported that MSF improved micronutrient uptake of winter oilseed
rape in autumn, and that in post-harvest biomass, the highest Fe and
Mn contents were detected in the roots, while the highest Cu and Zn
concentrations were found in the seeds. MSF increased the
micronutrient content of seeds (Cu, Mn, and Fe) and straw (Cu, Zn,
Mn, and Fe); in treatments where NPK fertilizer was applied before
sowing (standard or half of the standard dose), it was determined that
MSF application at sowing decreased Cu and Mn concentrations and
increased Zn and Fe contents in post-harvest residues (roots). It was
found that the uptake of micronutrient elements (Cu, Zn, Mn, Fe) by
seeds and stems was significantly higher under the effect of MSF,
and that MSF application in autumn reduced micronutrient uptake
by the roots of winter oilseed rape.

Thielicke et al. (2022) investigated the effects of a reduced-
P-content organomineral microgranular fertilizer (Startec) and
different biostimulant combinations (mycorrhizal fungi, humic
substances, soil bacteria) on yield and phosphorus balance in maize
(Zea mays) grown on marshland soils in Germany, in comparison
with standard phosphorus application using DAP. As a result, they
determined that Startec applications showed equivalent performance
to DAP in terms of yield, but with a much lower phosphorus surplus
(average ~4.5 kg P20s ha™' compared with ~43.7 kg P-Os ha™ in
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DAP). They determined that biostimulants alone or in combination
did not provide statistically significant yield increases every year;
however, in some years, the humic + mycorrhizal combination
showed positive effects. The study also found that climatic years
(intra-annual weather and soil conditions) were more decisive than
biostimulants. Although these results indicate that microgranules
and biostimulants can be included in sustainable fertilizer strategies,
they emphasize that attention should be paid to application
conditions. In addition, while this study reveals the importance of
the soil-application—chemistry relationship under field conditions,
they stated that the microgranular strategy was successful even in
cases where soil P was high (3.9 g P/100 g soil). Overall, it was stated
that microgranular fertilizers could be an alternative to obtain similar
yields by reducing P doses compared to DAP and to reduce
environmental risks.

In a study conducted by Jankowski et al. (2018) over a three-
year period (2012-2015) at the Agricultural Experimental Station in
Balcyny (northeastern Poland), the effects of microgranular starter
fertilizer (MSF) applied to the seed zone on the autumn growth,
overwintering success, and biomass yield of winter oilseed rape
(Brassica napus L.) were investigated. It was determined that MSF
did not adversely affect seedling emergence, increased the dry matter
(DM) content of rosette leaves in autumn by 15% to 24% (without
affecting taproot length or weight), and contributed to a 6% increase
in the overwintering success of the oilseed rape plant. It was
determined that MSF increased seed yield (0.26-0.44 Mg ha™),
decreased the harvest index (from 0.401 to 0.380), and reduced root
biomass yield (0.51-0.69 Mg ha™). It was found that the use of MSF
did not show negative effects on overwintering success or the yield
of winter oilseed rape and reduced or even eliminated the need for
conventional pre-sowing NPK fertilizer. It was stated that the
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application of MSF at sowing reduced fertilization costs and
minimized environmental hazards.

Jankowski &. Sokolski (2018) conducted a three-year study
investigating the effects of applying microgranular starter fertilizer
(MSF) to the seed zone on the autumn and post-harvest
macronutrient content of winter oilseed rape (Brassica napus L.).
The study was carried out at the Agricultural Experimental Station
in Balcyny (northeastern Poland) between 2012 and 2015. The
application of MSF in addition to pre-sowing NPK (NPK + MSF)
contributed to increases in the macronutrient contents of leaf rosettes
(N, P, K, and Ca) and roots (N, P, and K) of winter oilseed rape before
the end of the growing season. The application of MSF together with
NPK fertilization significantly reduced the P and Mg contents in
winter oilseed rape seeds. MSF application increased the
macronutrient content of the straw; however, the magnitude of this
effect varied depending on the pre-sowing NPK dose applied. MSF
application (independent of NPK doses) increased the N, P, Mg, and
Ca contents in the roots of winter oilseed rape, while reducing the K
content. In treatments where MSF was combined with the standard
pre-sowing NPK dose, nutrient uptake increased by 12-24% for N,
14-22% for P, 13-26% for K, 11-24% for Mg, and 18-24% for Ca
(75-90 days after sowing). MSF application increased macronutrient
uptake by the straw, but reduced macronutrient uptake by the roots
(318-332 days after sowing).

Haraga & Szilagyi (2019) examined the effects of
microgranular fertilization on pollination and yield of hybrid maize
seed. In the study, it was determined that the effectiveness of
microgranular fertilizer application at sowing in seed maize and its
effect on pollination shortened the period from sowing to emergence
by an average of 2 days, which helped rapid development during the
early vegetation stages. In addition, at the 4-leaf stage, the roots of
maize treated with microgranular fertilizer at sowing developed 20%
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more than those of the control group; at the 8-leaf stage, a 20%
difference in root development was observed; and it was determined
that the plants developed more rapidly and reached the flowering
stage 4-5 days earlier compared to the control group. It was reported
that earlier onset of flowering compared to the control provided
better protection against drought by limiting protandric effects and
thus enabled the attainment of a higher proportion of pollinated
kernels; that plant height and vigor increased significantly compared
to the control, showing better resistance to diseases and lodging; and
that superior ear development in terms of size and higher thousand-
kernel weight were obtained. In addition, the study determined that
the plot fertilized with microgranular fertilizer had a yield 1104 kg
ha™* higher than the control.

Madjar, Iancu & Scaeteanu (2023), in their study conducted
in 2019 in Ilfov County, Gradistea (Poland), investigated yield
variability of the maize hybrid (P0268) under an initial
microgranular fertilizer application of 25 kg-ha™'. As a result of the
study, it was determined that the microgranular fertilizer accelerated
germination by enabling rapid plant growth and positively affected
the development of the root system. The effectiveness of the
microgranular fertilizer was proven throughout all vegetative stages
of maize, and in the unfertilized control treatment, it was determined
that plants exhibited stronger and more intense green coloration,
along with well-developed root systems and stems. At harvest time,
grain yield in the fertilized treatments was 229 kg-ha™' and was
found to be higher compared to the control. In this study, the
effectiveness of microgranular fertilizer application on maize yield
was demonstrated; however, under the climatic conditions of 2019,
economic efficiency was determined to be low.

Fisarova et al. (2024) evaluated the effectiveness of
microgranular biochar (MicroCHAR) and powdered biochar as soil
amendments in improving soil function and enhancing the growth
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and yield of pea, maize, and wheat plants. In their research
conducted under greenhouse and field conditions on degraded,
drought-prone soils, they combined biochar application with
arbuscular mycorrhizal fungi (AMF) and determined that the
combination of amendments affected soil nutrient status in various
ways; in all cases, the availability of extractable potassium (K)
increased, whereas AMF inoculation applied alone reduced calcium
(Ca) availability, but this reduction did not occur when AMF was
applied together with biochar. They determined that, compared to the
control, MicroCHAR positively affected root biomass and pea P
content, but that biochar did not increase N or K. They reported that
crop yield increased significantly with the addition of MicroCHAR
and that the rate of mycorrhization of plant roots increased by 260%;
this effect was observed under both greenhouse and field conditions.
As a result of this study, while it was suggested that the application
of MicroCHAR to certain soils could provide reliable benefits for
some crops, it was stated that the observed effects could be soil- and
crop-specific; they also indicated that optimizing nutrient and
microorganism coatings on microgranular biochar could open
important avenues for future studies aimed at improving crop yields
in degraded agricultural soils.

Eulenstein, Ahlborn & Thielicke (2024) (Chaure, Mendhe,
Bhalerao, & Shaikh, 2012) conducted an agricultural economic
evaluation of the direct application of mineral microgranular
fertilizer and organomineral microgranular fertilizer to the maize
seedbed, compared with a commonly used mineral band fertilizer in
temperate climate regions. In the study, the aim was to reduce
phosphorus inputs while maintaining the yield of maize plants (Zea
mays). In the study, dry matter yields were determined through a
three-year field experiment using two phosphorus-reduced
microgranular fertilizers as well as a standard diammonium
phosphate (DAP) fertilization method. In the organomineral
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microgranular fertilizer application, a 15% higher dry matter yield
(2.8 Mg per hectare) was obtained compared to the DAP application,
whereas higher yields achieved using mineral microgranular
fertilizer were determined only in a single year. The higher yield of
the organomineral microgranular fertilizer and the lower phosphorus
amounts resulting from the use of this product led to a moderate
phosphorus surplus of 2.7 kg P ha™!, while DAP fertilization caused
a surplus of 25.5 kg per hectare. It was determined that the
phosphorus balance in plots fertilized with mineral microgranular
fertilizer followed a pattern similar to that of the organomineral
microgranular fertilizer. Consequently, it was reported that the direct
application of both microgranular fertilizers beneath maize could
represent an alternative to the widespread DAP fertilization in maize
cultivation on fertile soils.

Chaure et al. (2012), in their study conducted between 2007
and 2009 at the Jalgaon Banana Research Station to investigate the
effects of microgranular sulfur (WG) on soil properties, nutrient
uptake, banana growth, and yield parameters, determined that the
application of 12 g sulfur per plant in two splits using microgranular
sulfur (WG) resulted in a significantly higher number of hands per
bunch, maximum bunch weight, and yield compared to the control.
They also found that the application of 9 g sulfur per plant in two
splits using microgranular sulfur (WG) recorded 137 hands per
bunch, a bunch weight of 19.6 kg, and a yield of 87.0 t ha™!, and was
at the same level as the application of 12 g sulfur per plant. It was
reported that soil pH and EC values were lower in treatments where
sulfur was applied via WG, and that higher nutrient uptake was
recorded in the treatment where 12 g sulfur per plant was applied in
two splits via WG.

Geist et al. (2023) conducted field experiments comparing in-
row inoculation strategies applied alone and in combination with the
standard starter fertilizer diammonium phosphate (DAP) (20.1 kg P
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ha™), microgranular fertilizer (MG) (2.4 kg P ha™), and Bacillus
atrophaeus as well as mycorrhizal fungi (Rhizoglomus irregulare,
Funneliformis mosseae, and Funneliformis caledonium), due to the
need for alternative strategies to support early maize development
and reduce P surplus. In the study, they measured the soil microbial
community within and between maize rows using quantitative PCR
(qPCR)-based assessments of eight fungal and bacterial groups. As
aresult of the study, they determined that yield did not differ between
fertilization with DAP or MG and the unfertilized control; however,
the combined microorganism inoculation (MO) increased yield by
4.2%. They found that the composition of the soil microbial
community was not affected by the MO application, but that within
maize rows at one field site, a significant 9.3% increase in the total
microbial gene copy number and a significant 18% decrease in the
relative abundance of the bacterial phylum Bacillota (Firmicutes)
occurred. Therefore, they concluded that in-row MO application
represents a promising option that could replace starter fertilization.

In their study focusing on the evaluation of microgranular
fertilizers in terms of agricultural mechanization and energy
efficiency, Saglam & Tan (2024) stated that microgranular fertilizers
offer advantages such as effective nutrition at low application rates,
balanced distribution of nutrients in the soil, and reduced
environmental losses. In the study, base fertilizers commonly used
in Tiirkiye were compared with microgranular applications, and it
was emphasized that microgranules particularly support early plant
growth during the seedling stage. In addition, they reported that,
from a mechanization perspective, microgranular fertilizers have
advantages due to low energy consumption and the possibility of
precise dosing. As a result of the study, it was stated that this work is
one of the few sources highlighting the economic and environmental
benefits of microgranular fertilizers under Turkish conditions.
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Conclusions and Recommendations

Microgranular fertilizers are fertilizer forms that enable rapid
and efficient access to nutrients, particularly during the early growth
stages of plants, and have gained increasing importance among
modern plant nutrition approaches. Studies and practical
applications indicate that, despite being applied at low rates,
microgranular fertilizers enhance nutrient use efficiency and
positively affect plant growth, root system development, and final
yield. In particular, the localized and homogeneous placement of
nutrients with limited mobility in soil, such as phosphorus, close to
the seedbed stimulates early root development and improves plant
tolerance to stress conditions.

Field and greenhouse studies reported in the literature
demonstrate that microgranular fertilizers promote early emergence,
increase root biomass, improve macro- and micronutrient uptake,
and, under certain conditions, enhance yield in crops such as maize,
winter oilseed rape, banana, pea, wheat, and various vegetable
species. Moreover, compared with conventional basal fertilizers,
microgranular fertilizers have been shown to significantly reduce
phosphorus surpluses and environmental losses, thereby aligning
with the objectives of sustainable agriculture. Organomineral and
biostimulant-containing microgranular fertilizers may provide
additional benefits under suitable soil and climatic conditions;
however, their effectiveness can vary depending on year-to-year
variability and environmental factors.

Although the use of microgranular fertilizers has increased in
Tiirkiye in recent years, academic studies evaluating their effects
under different soil types, crop species, and climatic conditions
remain limited. Available findings suggest that microgranular
fertilizers offer significant advantages when used rationally as starter
fertilizers, particularly in phosphorus-deficient soils or in cold and

heavy-textured soils. Nevertheless, it should be considered that the
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effectiveness of microgranular fertilizer applications may be limited
in soils with high native nutrient levels.

Accordingly, the following recommendations regarding the

use of microgranular fertilizers can be proposed:

1.

Microgranular fertilizers should be applied based on soil analysis
results, especially under conditions where early-season nutrition
is critical.

. For starter fertilization, controlled and precise placement

techniques in the seedbed should be preferred.

Combined applications with mycorrhizal fungi, plant growth—
promoting rhizobacteria (PGPR), and organic amendments
should be tested under local conditions to elucidate potential
synergistic effects.

In controlled-release microgranular fertilizers, the use of
biodegradable-coated products is recommended, taking
environmental sustainability into consideration.

Long-term, multi-location studies including economic analyses
are needed under Turkish conditions to comprehensively evaluate
the effects of microgranular fertilizers on yield, quality, and
environmental impacts.

In conclusion, when applied using appropriate products,

rates, and application strategies, microgranular fertilizers represent
an important fertilization alternative that enhances crop productivity
and nutrient use efficiency, reduces environmental risks, and
contributes to sustainable agricultural practices.
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BOLUM 4

PLANT NUTRITION AND PLANT HEALTH
RELATIONSHIPS

1. ILKER SONMEZ!
2. SAHRIYE SONMEZ 2

Introduction

The most important factors in plant production are ensuring
plant nutrition and controlling pests and diseases. Fertilization to
ensure plant growth results in healthy plants and crops, while
successful plant nutrition practices can also help build plant
resistance to diseases that negatively impact plant growth. Pests,
diseases, and climatic factors are among the most significant
constraints hindering plant growth, and minimizing the effects of
these factors can only be achieved through effective plant nutrition
practices.

Today, climatic factors play a significant role in the
development of disease and pesticides, and control methods are
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generally achieved through chemical pesticides. It is known that
prolonged application of the same type of pesticides can lead to the
development of immune mechanisms in plants, diminishing their
effectiveness. This necessitates continuous search for new chemical
solutions. Numerous studies have demonstrated that plant nutrition
mechanisms enhance plant immunity and make plants more resistant
to diseases and pests. Furthermore, inadequate or unbalanced
nutritional conditions can make plants vulnerable to certain diseases
and pests. Such plants are susceptible to diseases arising from
nutrient imbalances, while also becoming more susceptible to
disease due to the negative effects of various biotic and abiotic
factors, leading to significant problems such as yield loss, product
quality, and marketing problems. This review will evaluate the
interactions between plant nutrition and plant diseases and pests.

The effectiveness of nutrients against plant diseases and pests

Passive and active disease control mechanisms are activated
through nutrient management. Mineral nutrients maintain plant
resistance and regulate metabolic activity associated with pathogen
virulence. Adequate nutrition is crucial for maintaining disease
resistance. Plants contain antimicrobial compounds and possess
active response mechanisms. These mechanisms, when nutrients
required for the synthesis or induction of antimicrobial compounds
are sufficient, allow the accumulation of inhibitory phytoalexins,
phenols, flavonoids, and other defensive compounds at infection
sites in resistant plants (Huber and Haneklaus, 2007). Because the
interaction between nutrients and disease pathogens is complex, the
effects of each nutrient on specific diseases and pests, as well as the
mechanisms of tolerance or resistance to a particular pathogen, are
evaluated in this section.

Nitrogen: Nitrogen, the most important macronutrient required for
normal plant growth and development, plays a significant role in
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various metabolic and physiological processes such as
photosynthesis, amino acid synthesis, respiration, and the
tricarboxylic acid (TCA) cycle (Foyer et al., 2011). Different forms
of nitrogen (NH4" and NOj3") have been reported to have various
effects on plant disease resistance (Bolton and Thomma 2008; Mur
et al., 2017). Nitrogen prevents plants from becoming diseased by
increasing the activity of antagonistic microorganisms. Plants
deficient in nitrogen are more susceptible to diseases and pests due
to their poor development. Healthy plants show greater resistance to
diseases and pests. Excess nitrogen increases sugar and amino acid
formation in leaves, creating an environment conducive to the
growth and development of pathogens.

The plant's susceptibility to diseases and pests decreases
(Elibiiytik et al., 2004). In some plants, it has been observed that as
the N content exceeds adequate levels, the amount of fungus-
inhibiting compounds decreases. Excessive fertilization with N
increases excessive and weak vegetative growth, which can increase
the effects of various diseases. The reason for the susceptibility of
excess nitrogen to diseases may be that it makes plants more
susceptible to infection by supporting watery growth and thinner cell
walls; that increased plant density may lead to more humid air
around the plants, which can cause diseases; and that delayed
maturity may prolong the period of infection and disease
development (Anonymous, 2015). Clubroot, Rhizoctonia canker,
and Fusarium wilts observed in fruit and vegetable plants can be
controlled by liming to increase soil pH and fertilizing with nitrate-
based nitrogen (Huber, 1989).

Sufficient levels of N and P can compensate for tissue losses
caused by root rot diseases such as take-all and Pythium by
promoting root development in cereal crops (Huber, 1980). Nitrate
nitrogen can alleviate the severity of black scurf disease
(Rhizoctonia solani) in potatoes and root rot in beans, peas and
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wheat, whereas ammonium nitrogen has been reported to exacerbate
these diseases (Anonymous, 2015). At high NOs-N levels, the risk of
disease in Fusarium oxysporum, Botrytis cinerea, Rhizoctonia
solani, and Pythium species decreases. Conversely, at high NH4-N
levels, the risk of disease in Pyricularia, Thielaviopsis basicola,
Sclerotium rolfsii, and Gibberella zeae species decreases (Dordas,
2008). However, soil-borne pathogens such as potato scab
(Streptomyces scabies) and early blight are exacerbated by NOs-N
but mitigated by NHa-N.

The severity of various diseases in plants in cases of
insufficient or excessive nitrogen levels is given in Table 1.

Table 1. Effect of nitrogen level on the severity of various diseases

Pathogen or disease Low N High N References
Puccinia graminis decrease | increase | Howard et al. (1994)
. .. . Biischbell and Hoffmann
Erysiphe graminis decrease | increase
(1992)
Oidium lycopersicum decrease | increase | Hoffland et al. (2000)

Pseudomonas syringae | decrease | increase | Hoffland et al. (2000)

Alternaria solani increase | decrease | Blachinski et al. (1996)

Fusarium oxysporum increase | decrease | Woltz and Engelhar (1973)

Excess nitrogen promotes the formation of excess cells and
plasma in plants, resulting in loose tissues. As a result, pests such as
spider mites, aphids, whiteflies, and thrips, especially those with
stinging, sucking mouthparts, have been shown to attack plants with
these types of persistent, tender tissues, finding more reproductive
organs in tissues where they can extract more sap (Toros et al., 2001).
Excessive nitrogen fertilizer promotes lush, verdant plant growth
that attracts pest populations. Plant dry weight, leaf area, leaf
chlorophyll content, and grain yield increase in plants treated with
nitrogen fertilizer. Increased nitrogen fertilization leads to increased
biosynthesis or accumulation of proteins, free amino acids, and
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sugars that can attract insects (Bala et al., 2018). Studies have shown
that aphid, leaf moth and whitefly populations increase with
increasing nitrogen application rates (Jauset et al., 1998; Godfrey et
al., 1999; Randhawa and Aulakh, 2013).

Phosphorus: Phosphorus is a component of many organic
molecules in the cell and plays an effective role in energy
metabolism, RNA-DNA synthesis, phytin structure in grains and
seeds, and phospholipid formation. It strengthens plant tissues,
thereby increasing the resistance of plants to diseases and pests
(Kacar, 2020). In general, optimal phosphorus supply increases
disease resistance in plants (Prabhu et al., 2007). It has been shown
that phosphorus is most beneficial in controlling fungal diseases
when strong root development enables plants to recover from disease
(Huber and Graham, 1999).

Phosphorus application increases the volume of the root
system and increases protein synthesis and cellular activity of plant
tissues, making them more resistant to nematodes. Phosphorus
application has been effective against root rot in rice and tobacco,
downy mildew in grapes and potatoes, and rust in celery (Prabhu et
al., 2009a). P fertilization in potatoes has been shown to increase leaf
resistance to Phytophthora, but proportionally higher phosphorus
levels relative to potassium and nitrogen increase the incidence of
powdery mildew (Erysiphe graminis) in cereals, Gibberella root and
stem rot in corn, Phomabetae rot in beets, Botrytis fabae (gray mold)
in field beans, Fusarium spp. in alfalfa, Fusarium wilt in tomatoes,
and rust (Puccinia spp.) in cereals (Bergmann, 1992). Phosphate
applied to the roots of hydroponically grown cucumber plants
increases their resistance to powdery mildew (Sphaerothera
fuliginea), suggesting a nutritional defense mechanism (Reuveni et
al., 2000). There is evidence that foliar application of phosphite in
the form of phosphoric acid (H3PO3) or its salts can inhibit pathogens
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such as Phytophthora and other members of the order Peronsporales
(Lobato et al., 2008; Brunings et al., 2009).

Potassium: K plays important roles in enzyme activation, protein
synthesis, photosynthesis, osmoregulation, stomatal movement,
energy transfer, phloem transport, cation-anion balance, stress
resistance, yield and quality (Marschner, 2012). Potassium is the
plant nutrient that plants take up the most after nitrogen. Plants
absorb potassium in the form of K" ions in their growing
environment. Potassium has very important biochemical and
physiological functions. In potassium deficiency, plants suffer more
damage from frost (Table 2). This is explained by the lack of
sufficient water in plant cells (Aktas, 1995).

Table 2. Effects of potassium on potato plants against frost damage
(Grewal and Singh, 1980).

K application Tuber yield Leaf K content | Frost damaged leaves
(kg ha™) (ton ha') (mg g"' DW) (%)
0 2.39 244 30
42 2.72 27.6 16
84 2.87 30.0 7

In plants with sufficient K supply, the synthesis of high
molecular weight compounds (such as proteins, starches and
cellulose) and phenol concentration have increased significantly,
which has reduced the concentrations of low molecular weight
compounds (soluble sugars, organic acids, amino acids, and amides)
necessary for disease development in plant tissues, making the plant
less susceptible to disease (Prasad et al., 2010). Plants fed with
sufficient potassium have increased total phenolic content. Phenols
play an important role in the plant's defense mechanism by forming
a mechanical barrier within the plant, as they act as precursors to
lignin and suberin (Perrenoud, 1990).
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K deficiency reduces the amount of natural antifungal
compounds in the infected area of the plant. Potassium plays a
central role in the development of thick cuticles, which act as a
physical barrier against infection or penetration by sucking insects
(Anonymous, 2015). It has been reported that potassium applications
can reduce fungal diseases by 70%, bacterial diseases by 69%, insect
damage by 63%, and viral diseases by 41% (Table 3).

Table 3. Effectiveness of potassium against diseases and pests in
plants (Perrenoud, 1990)

Number — () % of indications
Parasite Group Total Incidence Incidence Incidence
decreased unchanged increased
Fungal diseases 1549 1080 (70) 112 (7) 357 (23)
Insects and mites 459 290 (63) 39 (9) 130 (28)
Nematodes 111 37 (33) 44 70 (63)
Viruses 186 76 (41) 14 (7) 96 (52)
Bacteria 144 99 (69) 14 (10) 31(21)
Total 2449 1582 (65) 183 (7) 684 (28)

The high susceptibility of potassium-deficient plants to
parasitic diseases stems from potassium's metabolic functions.
Potassium can prevent disease attack by supporting the development
of thicker outer walls in epidermal cells. In potassium-deficient
plants, protein synthesis is impaired and simple N compounds, such
as amides used by invasive plant pathogens, accumulate. Tissue
hardening and stomatal opening patterns are closely related to the
intensity of infestation (Marschner, 2012).

The positive effect of potassium in certain bacterial and
fungal diseases is shown in Table 4.

Table 4. The effect of potassium on some bacteria, fungal and viral

diseases (Prabhu et al., 2009b)
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Plant Pathogen Diseases Pathogen
microorganisms
Carnation Bacterial wilt Pseudomonas
caryophylli
Cucumber Bacteria Bacterial wilt Erwinia tracheiphila
Apple Fire Blight Erwinia amylovora
Potato Scab disease Streptomyces scabies
Bean Root rot Rhizoctonia solani
Banana Fusarium Wilt Fusarium oxysporum f.
Fungus sp. cubense
Citrus Brown fruit rot Phytophthora parasitica
Beet Damping-off Pythium ultimum
Pumpkin Necrotic ringspot Tobacco ringspot virus
Potato Mosaic Potato mosaic viriis
Barley Virus Yellow dwarf virus Barley yellow dwarf
virus
Spinach Mosaic Cucumber virus

In potassium deficiency, the decline in enzyme activity and
the insufficient synthesis of organic compounds reduce the
resistance of plants to diseases and pests, especially fungal diseases.
The amount of soluble assimilates in plant cells affect pathogen
development; obligate parasites, such as rust and mould diseases,
require these assimilates to complete their life cycles. Therefore,
plants with potassium deficiency are more susceptible to each pest
group compared to adequately nourished plants (Marschner, 2012;
Krauss, 2001). When a plant is infected by a fungus, its natural
defense mechanisms are activated. Potassium increases the
production of phenolic compounds and flavonoids that inhibit the
fungus in fungal infections.

Calcium: Calcium is found in plant tissues in the form of free

calcium ions, bound to non-diffusible ions, and as oxalate, carbonate,

and phosphate salts. In seeds, calcium is most commonly found in

the form of phytic acid salts. Calcium is found in high amounts in
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cell walls and membranes in the form of pectate (Aktas, 1995; White
and Broadley, 2003). This is because there are many calcium binding
sites in cell walls and the movement of calcium within the cytoplasm
is limited. Calcium in the form of pectates plays a fundamental role
in strengthening cell walls and plant tissues. Calcium pectates
protect plant tissues and fruits against fungal and bacterial infections
(Kacar et al., 2006).

Calcium is an essential element that serves as a component
of cell walls and membranes, thus contributing to cell structure and
maintaining physical barriers against invading pathogens (White and
Broadley, 2003). Plants deficient in calcium have been observed to
be more susceptible to disease infection, and exogenous calcium
supplementation has been shown to attenuate the plant's pathogen
resistance response. A decrease in plant calcium concentration
increases susceptibility to fungi, which primarily invades xylem
tissue and lyse the cell walls of conducting vessels, leading to plant
wilting (Hirschi, 2004).

Calcium is another important nutrient that influences disease
susceptibility in two ways. First, Ca is important for the stability and
function of plant membranes, and when Ca is deficient, low-
molecular-weight compounds (e.g., sugars and amino acids) leak
from the cytoplasm into the apoplast, which promotes pathogen
infection (Marschner, 2012). Second, Ca is an essential component
of cell wall structure, as calcium polygalacturonates are required in
the middle lamella for cell wall stability. When Ca concentrations
decrease, susceptibility to fungi that preferentially invade the xylem
and lyse the cell walls of conducting vessels increases, leading to
wilting symptoms. Furthermore, plant tissues with low Ca levels are
much more susceptible to parasitic diseases during storage than
tissues with normal Ca levels. Therefore, treating fruits with Ca
before storage is an effective treatment to prevent losses from both
physiological disorders and fruit rot (Dordas, 2008). When sufficient
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calcium is present in the soil, a significant reduction in damage
caused by Plasmodiophora brassicae, the pathogen responsible for
clubroot disease in cruciferous vegetables, grey mould disease in
roses, and storage rot caused by Alternaria in pears has been
observed (Myers and Campbell 1985; Volpin and Elad, 1991).
Calcium applications have been reported to be effective against
clubroot (Plasmodiophora brassicae) in broccoli and cabbage,
Phytophthora root rot (Phytophthora nicotianae) in citrus, grey
mould (Botrytis cinerea) in cucumber and aubergine, and powdery
mildew (Erysiphe orontii) in tomato (Rahman and Punja, 2009).

Magnesium: Magnesium, a central atom in chlorophyll molecules
and one of the most important elements of photosynthesis, decreases
chlorophyll levels and inhibits photosynthesis (Papenbrock et al.,
2000). Magnesium (Mg) is a vital cation that affects various
physiological functions within plants, whether in excess or
deficiency (Wang et al., 2020). Furthermore, because it is found in
young phloem tissues at high Mg concentrations and extracellularly
in Mg deficiency, it can colonize phloem tissues and affect the entry
pathway of pathogens into the plant (Nome et al., 2009). Under Mg-
deficient conditions, a nutrient-rich environment supporting various
phytopathogens is created due to the accumulation of sucrose and
starch in leaf tissue (Huber and Jones, 2013).

Magnesium sulphate fertilization reduces Phytophthora
infestans and Rhizoctonia solani infections in potatoes, while
magnesium chloride application has shown the same effect on rust
in wheat. Root rot in asparagus has been found to be associated with
poor drainage conditions, hydrogen sulphide formation in the soil,
and a high K:Mg ratio. It has been reported that viral necrosis in
vines increases with both excessive and deficient Mg (Bergmann,
1992). Kiss and Pozsar (1977) reported that Mg fertilisation reduced
Botrytis and Phytophthora infections in tomatoes, prevented viral
infections by 73%, and reduced Cercospora beticola, Pleospora
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betae, and Pseudomonas phaseolicola infections in sugar beets by
50-60%. This increase in resistance stems from magnesium's
positive effect on ATP and nucleic acid metabolism.

Sulphur: Sulfur is an important structural component of proteins,
enzymes, and amino acids in plants. It participates in the synthesis
of certain compounds, such as cysteine and methionine, which are
the building blocks of proteins. Biotin is involved in the synthesis of
hormones and some enzymes (Aktas, 1995). The sulphur-containing
amino acid (SAA) cysteine serves as a precursor to numerous
biomolecules that play important roles in plant disease resistance.
Cysteine inhibits spore germination and mycelial growth in a
concentration-dependent manner in Phaeomoniella chlamydospora
and Phaeoacremonium minima, two major causative agents of
grapevine stem disease (Roblin et al., 2018).

Another important sulphur-containing amino acid that plays
a central role in different defense reactions against biotic stresses in
plants is methionine. Sarosh et al. (2005) reported a significant
reduction in disease severity in a susceptible pearl millet cultivar
(Pennisetum glaucum) infected with Sclerospora graminicola when
treated with methionine. Methionine treatment induces the
production of hydrogen peroxide (H20O), an important element in
plant defense signalling, leading to increased expression of various
defense-related genes in grapevine (Vitis vinifera) (Boubakri et al.,
2013).

Sulphur-containing defense compounds are effective in
initiating signal transduction pathways associated with pathogen
detection and various defense processes regulated by plant hormones
and ROS (Kunstler et al., 2020). Therefore, sulphur can be
considered a fundamental plant macronutrient in resistance to plant
diseases. Sulphur-containing secondary metabolites play an
important role in plant disease resistance and can be classified as

phytoalexins and phytoanticipins according to their mechanisms of
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action (Nwachukwu et al., 2012). In plants deficient in sulphur, there
is a general reduction in the gene responsible for the synthesis of
sulphur-containing secondary metabolites, and therefore the
biosynthesis of the S-containing phytoalexin (Kamalexin) is also
inhibited. Two reactive sulphur species, hydrogen sulphide and
sodium sulphite, have been reported to play important roles in plant
disease resistance (Gao et al., 2012; Chen et al., 2014).

Iron: Iron has important physiological functions in plants and
activates many enzymes by catalyzing numerous biochemical
reactions. For example, iron activates the catalase and peroxidase
enzymes, which act as electron carriers in the respiratory chain,
oxidation reactions, and energy metabolism. Iron deficiency
negatively affects cell division and leaf growth. Iron also affects
protein synthesis. Iron deficiency has been observed to reduce
protein quantity while increasing soluble organic nitrogen
compounds (Kacar and Katkat, 2006). Iron (Fe) is an essential
micronutrient required by plants and pathogens, with both positive
and negative effects on both the host and host disease resistance
(Kieu et al., 2012; Aznar et al., 2015).

Iron plays a powerful role in Pseudomonads that have
adapted to produce iron chelating agents called siderophores in iron-
deficient soils. These agents suppress certain fungal pathogens by
depriving them of iron (Calvent et al., 2001). In Fusarium wilt, the
reduction in iron availability triggered by siderophore-producing
fluorescent pseudomonads has been reported as the main mechanism
for reducing disease incidence in tomato Fusarium wilt (De Weger
et al., 1986; Alabouvette, 1999; Hussain et al., 2016). Foliar
application of Fe can increase the resistance of apples and pears to
Sphaeropsis malorum and of cabbage to Olpidium brassicae
(Graham, 1983). Fe can control or reduce the severity of various
diseases such as rust on wheat leaves, smut on wheat, and
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Colletotrichum musae on bananas (Graham and Webb, 1991;
Graham, 1983).

Zinc: Zinc plays a role in the activation of numerous enzymes and
is present in the structures of various enzymes. It is an important
element in the synthesis of tryptophan, a key component of certain
proteins (Turan and Horuz 2012). Generally, plants deficient in Zn
are more susceptible to pathogen attack (Streeter et al., 2001).
Phenolic compounds and flavonoids, which inhibit fungi in the
infection zone and other parts of the plant, increase. The production
and transport of these compounds are largely controlled by the
plant's nutrition, and a deficiency in essential nutrients such as K,
Mn, Cu, Zn, and B reduces the amount of natural antifungal
compounds in the infected area of the plant (Anonymous, 2015).

Zinc fertilization plays an important role in activating the
plant's defense mechanism (Cakmak, 2000), and zinc compounds
also inhibit or limit the growth of many phytopathogenic bacteria
(Adaskaveg and Hine, 1985). Zinc also prevents damage to the cell
membrane by superoxide radicals and the resulting flow of nutrients
into the intercellular space, thus preventing the creation of a
favorable environment for pathogen growth (Mengel and Kirkby,
2001).

An increase in bacterial infections has been observed in zinc
deficiency. Mycorrhizal fungus development is slow. In this disease,
the bacteria causing the infection to infect the roots. Pseudomonas is
particularly common in areas where cotton is grown. Zinc
fertilization limits the effectiveness of bacteria. It has been
determined that the adverse effects caused by cereal root and crown
rot pathogens in plants can be reduced by zinc applications. Zinc is
also required for the resilience of biological membranes. This
prevents pathogens from entering the plant. Alternaria damage,
which appears on young leaves and fruit skins due to zinc deficiency

in plants, has also been observed. Manganese/zinc application can
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be used to control Alternaria blight (Marschner, 2012). It has been
determined that zinc application in wheat prevents root rot caused by
Fusarium graminearum (Grewal et al., 1996). Kiigiikyumuk et al.
(2014) determined the resistance of zinc to Pythium rot at increasing
doses. Zinc reduces disease development by inhibiting the
production of fusaric acid, one of the virulence factors produced by
pathogenic Fusarium species (Duffy et al., 2003).

Manganese: Manganese is responsible for the activation of
numerous vital enzymes in plants, and the MnSOD enzyme, which
contains manganese, prevents damage to cells during the breakdown
of H>0., which is formed as a result of the reduction of molecular
oxygen in plant cells (Turan and Horuz 2012).

Manganese has long been known to contribute to the
suppression of fungal and bacterial diseases and is one of the active
ingredients in some fungicides. Manganese plays a key role in the
production of phenolic compounds and lignin, two of the most
important substances plants use to combat diseases. When a plant is
infected with a fungus, its natural defense mechanisms are triggered.
Phenolic compounds are toxic to many disease pathogens, and lignin
acts as a physical barrier to the penetration of disease organisms.
Plants respond to fungal infections by generating oxygen radicals
(O™ and OH") and hydrogen peroxide (H20:), which damage disease
organisms and host plant tissue (Anonymous, 2015). Manganese is
an essential trace element in preventing the growth of both root and
leaf diseases in plants. Manganese fertilization can control many
diseases, including powdery mildew, downy mildew, wheat head
disease, leaf spot, and others (Dordas, 2008).

Manganese plays a role in the ability of wheat and barley to
resist the ‘take-all’ disease (Gaeumannomyces graminis). This
disease develops in neutral or alkaline soil pH and is highly sensitive
to acidic soil. The availability of manganese in the root zone and the

Mn content of the roots have a direct effect on the severity of the
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disease in the entire plant (Anonymous, 2015). Manganese has been
reported to reduce the severity of smut disease in wheat and barley
(Reis et al., 1982; Graham et al., 1984; Brennan, 1992). Manganese
fertilization can control a range of pathogenic diseases such as
powdery mildew, downy mildew, fungal diseases affecting the whole
plant, leaf spot and others (Brennan, 1992; Huber and Graham, 1999;
Heckman et al., 2003; Simoglou and Dordas, 2006). Manganese also
helps suppress these diseases by inhibiting the synthesis of enzymes
such as aminopeptidase and pectin methyl esterase, which are
particularly important for fungal disease pathogens (Tiifenkgi et al.,
2012).

Copper: Copper plays an important role in various physiological
processes in plants, including lignin formation in cell walls, the
activities of various enzymes (tyrosinase, ascorbic acid oxidase,
etc.), reduction and oxidation reactions, and chlorophyll-vitamin A
synthesis (Turan and Horuz, 2012). Copper inhibits the synthesis of
metabolites involved in the defense mechanism of plants and the
accumulation of these metabolites in plant tissues (Lawrence et al.,
2007). Plants with low copper content show an increase in disease
incidence due to reduced lignification (Marschner, 2012). Copper
fertilization in plants reduces the severity of fungal and bacterial
diseases associated with cell wall stability and lignification
(Broadley et al., 2012).

Copper is an essential nutrient for higher plants, fungi, and
bacteria, and copper fertilization has reduced the severity of a wide
variety of fungal and bacterial diseases. While copper is known to
control diseases through foliar application, leaf diseases have often
been controlled by applying copper to the soil. When plants are
infected with a fungus, natural defense mechanisms are triggered,
leading to increased production of phenolic compounds and
flavonoids that inhibit the fungus both at the site of infection and
elsewhere in the plant. Copper detoxifies oxygen radicals and
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hydrogen peroxide, limiting damage to plant cells (Anonymous,
2015).

Copper compounds and their various combinations have
been reported to reduce the severity of sheath blight (Rhizoctonia
solani) in rice (Khaing et al., 2014) and bacterial canker (Clavibacter
michiganensis subsp. michiganensis) in tomatoes (Bastas, 2014).
Furthermore, it has been noted to be effective against mildew,
leaf/glume blotch, leaf rust, and take-all in wheat; common scab in
potatoes; wilt in tomatoes and cotton; and nematodes in sugar beet
(Anonymous, 2015).

Boron: Boron has significant effects on lignin formation, cell wall
formation, respiration, IAA and phenol metabolism, and the
structural and functional properties of biological membranes in
plants (Marschner, 2012). Boron's disease-preventative effect stems
from its role in plant cell wall structure, which increases cell wall
strength, stabilizes cell membrane functions, and positively
influences phenolic compound and lignin synthesis through its role
in metabolic reactions (Brown et al., 2002).

The increased need for boron due to the excessive use of
nitrogen and lime in apple orchards exacerbates boron deficiency,
leading to various physiological disorders such as corky kernels in
apples, core rot in sugar beets, hollow stems in cauliflower, brown
heart in radishes, and crown disease in tobacco (Turan and Horuz,
2012). Boron deficiency leads to an increase in pathogens.
Symptoms of boron deficiency include cracked stems in celery, stalk
rot or brown rot in cauliflower, heart rot and internal black spot in
beets, top rot in tobacco, internal cork in apples, yellowing of
terminal leaves in alfalfa, and browning in potatoes (Blevins &
Lukaszweski, 1998). It has been determined that boron applications
prevent root rot caused by Fusarium solani in beans, wilt caused by
Verticillum albo-atrum in tomatoes, and powdery mildew caused by

Blumeria graminis in wheat (Graham and Webb, 1991; Marschner,
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2012). Ali et al. (2016) reported that the combined use of zinc and
boron in onions reduced the severity of Alternaria porri and
Stemphylium vesicarium diseases caused by Alternaria and
increased onion yield.

Silicon: Silicon is a bioactive element that has beneficial effects on
the mechanical and physiological properties of plants. In plants that
receive sufficient silicon, water loss through the cuticle is reduced
due to the accumulation of Si in the epidermis. The accumulation of
Si in the epidermis increases the plant's resistance to fungal diseases.
Silicon reduces abiotic and biotic stresses and increases the
resistance of plants to pathogenic fungi. In cereals and rice, it
strengthens the plant's stem, enabling it to stand upright and
preventing lodging (Aktas, 1995; Dordas, 2008).

Increased Si significantly reduces the number of lesions on
young leaves, indicating increased disease resistance (Osuna-
Canizalez et al., 1991). An increase in the activity of antioxidant
enzymes (peroxidase, polyphenol oxidase, phenylalanine ammonia
lyase, and lipoxygenase) was also observed after Si application
(Shetty et al., 2011). These enzymes are considered the second line
of defense against pathogen entry into the host (Pozza et al., 2015).

Increased silicon in plants has been shown to increase the
difficulty for sucking insects such as aphids or leathoppers.
Reducing the feeding of these insects may also help prevent the
spread of viral diseases that can be transmitted by insects
(Anonymous, 2015). The damage caused by Spodoptera fragiperda
in maize has been reduced by increasing the silicon content in plant
tissue (Goussain et al., 2008). Silicon application has prevented
damage from the sugarcane stalk borer Eldana sacchari (Keeping
and Meyer 2002), and silicon has been shown to be effective in
reducing powdery mildew infection in cucumbers (Liang et al.,
2005). Silicon applications have prevented rice blast and brown spot

--82--



in rice, rust diseases in beans, and powdery mildew in barley,
cucumber, and grapes (Anonymous, 2015).

Molybdenum: Molybdenum is an element that plays an important
role in the synthesis of ascorbic acid, the structure of nitrogenase and
nitrate reductase, and the content and synthesis of chlorophyll in
plants (Turan and Horuz 2012). Sufficient levels of molybdenum and
other micronutrients in plants strengthens the plant's defense
mechanisms. Molybdenum application promotes lectin production
from glycoproteins in sweet potatoes, increasing resistance to
Ceratocystis funbriota and Phytophthora infestans in potatoes
(Reuveni and Reuveni, 1998). It has been reported that Mo applied
to tomato roots reduces Verticillium wilt symptoms and reduces a
toxin produced by Myrothecium roridum, a melon pathogen. It has
been suggested that the effect of Mo deficiency on plant diseases
may be indirect, through its role in N metabolism (Anonymous,
2015).

Conclusion

Fertilization is carried out to ensure the growth of plants and
the production of high-quality products. Each plant nutrient element
makes an important contribution to plant growth. When there is an
excess or deficiency of these nutrients, not only is plant growth
negatively affected, but it is also observed that certain diseases and
pests cause damage to the plants. In this context, the concept of Plant
Nutrition & Plant Health Relationships comes to the fore. Balanced
and adequate nutrition is an important issue that should be
considered as the most important defense mechanism of living
organisms against diseases and pests. Organisms with strong
immune systems can be more resistant to external factors or
pathogens. In this context, ensuring that plants are adequately
nourished can minimize the negative effects of pathogens and pests
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on plants. By ensuring adequacy in the preparation of fertilization
programs and taking into account the relationship between disease
factors and nutrients, it is possible to further strengthen plant health.
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