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ABSTRACT

Drought stress, one of the most common environmental limitations affecting
growth and productivity of plants, causes many metabolic, mechanic and oxidative
changes in plants. Drought induces a diverse set of physiological, biochemical and
molecular responses in plants, which provide the ability of adaptation to limited
environmental conditions, depending on intensity and periods of stress, interactive
effects of the other stress types, development stage and genotype of plants.
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BITKILERDE KURAKLIK STRESININ ETKILERi VE DAYANIKLILIK
MEKANIZMALARI

(Derleme)
OZET

Bitkilerde, biiylimeyi ve verimi etkileyen en yaygin cevresel streslerden biri
olan kuraklik stresi, metabolik, mekanik ve oksidatif bircok degisiklige neden
olmaktadir. Kuraklik; stresin siddetine, siiresine, diger stres tiirleri ile
etkilesimlerine, strese maruz kalan bitkinin genotipine ve gelisim basamagina
bagl olarak, bitkilerde sinirli ¢evresel kosullara adapte olmay1 saglayacak birgok
fizyolojik, biyokimyasal ve molekiiler cevabi indiiklemektedir.

Anahtar Kelimeler: Kuraklik stresi, metabolik, mekanik ve oksidatif degisikler,

dayaniklilik mekanizmalart

1. GIRiS

Bitkiler yasamlar1 siirecinde bircok stres faktorii ile
karsilagsmaktadirlar. Bitki {izerinde ender olarak tek
basglarma etki yapabilen bu stres faktorleri, genellikle
etkilerini es zamanli olarak gerceklestirmektedirler.
Biyotik (patojen, diger organizmalarla rekabet vb.) ve
abiyotik (kuraklik, tuzluluk, radyasyon, yiiksek sicaklik
veya don vb.) stresler ekonomik 6nemi olan tahillar dahil,
tiim bitkilerin normal fizyolojik islevlerinde degisikliklere
yol agmaktadir. Tim bu stresler bitkilerin biyosentetik
kapasitelerini azaltir, normal fonksiyonlarini degistirir ve
bitkinin Sliimiine yol agabilecek zararlara neden olabilir

).

Diinya iizerindeki  kullanilabilir  alanlar  stres
faktorlerine gore siniflandirildiginda dogal bir stres
faktorii olan kuraklik stresi % 26’lik payiyla en biiyiik
dilimi igermektedir. Bunu % 20 ile mineral stresi ve % 15
ile soguk ve don stresi takip etmektedir. Bunlarin diginda
kalan diger tiim stresler % 29’luk bir pay alirken, yalnizca
% 10’luk bir alan herhangi bir stres faktoriine maruz
kalmamaktadir (2). Bu durumda, kuraklik stresi biiylimeyi
ve verimi etkileyen en yaygin gevresel streslerden biri
olup bitkilerde birgok fizyolojik, biyokimyasal ve
molekiiler cevabi indiiklemekte ve buna bagli olarak
bitkiler, smirli ¢evresel kosullara adapte olmayi
saglayacak tolerans mekanizmalart gelistirebilmektedirler

1. INTRODUCTION

Plants exposed to numerous stress factors during their
life. These stress factors, which are rarely able to have an
effect apart on plants, usually affect plants synchronously.
Biotic (pathogen, competition with other organisms) and
abiotic (drought, salinity, radiation, high temperature or
freezing etc.) stresses cause changes in normal
physiological functions of all plants, including
economically important cereals as well. All these stresses
reduce biosynthetic capacity of plants and might cause
damages that would be able to destroy plants (1).

Drought stress, which is a natural stress factor, has the
highest percentage with 26% part when the usable areas
on the earth are classified in view of stress factors. It is
followed by mineral stress with 20% part, cold and
freezing stress with 15% part. Whole the other stress get
29% part whereas only 10% area is not exposed ant stress
factors (2). Therefore drought stress is one of the most
widespread environmental stresses, which affects growing
and productivity; it induces many physiological,
biochemical and molecular response on plants, so that
plants able to develop tolerance mechanisms which will
provide to be adapted to limited environmental conditions

3).

The main aims of this review were to discuss the recent
studies performed on investigating the effects of drought
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3).

Bu derlemede son yillarda yapilmis olan ve kurakligin
bitkiler iizerindeki etkileri ile bitkilerin kuraklhiga karsi
gosterdikleri cevap ve adaptasyon mekanizmalarin
aydinlatacak 6nemli ¢alismalar referans olarak alinmig ve
bu konudaki literatiiriin giincellestirilmesi amaglanmugtir.

2. KURAKLIK NEDIR?

Kuraklik, genel anlamda meteorolojik bir olgu olup
topragm su icerigi ile bitki gelisiminde gozle goriliir
azalmaya neden olacak kadar uzun siiren yagissiz
donemdir. Yagigsiz donemin kuraklik olusturmasi;
topragin su tutma kapasitesi ve bitkiler tarafindan
gergeklestirilen evapo-transpirasyon hizina bagli olarak
gergeklesmektedir (4, 5).

Kuraklik genel olarak su noksanligi ve kuruma olarak
iki tipe ayrilabilir (6). Buna gore:

1. Su noksanligi, stomalarda kapanmaya ve gaz
degisiminde kisitlamaya neden olan orta diizeydeki
su kaybidir. Oransal su kapsaminin yaklasik %70°te
kaldig1 hafif su noksanligina maruz kalan bitkilerde
stomalarin kapanmasina bagli olarak karbondioksit
alimi kisitlanmaktadir.

2. Kuruma, metabolizma ve hiicre yapisinin tamamen
bozulmasina ve sonunda enzimle katalizlenen
reaksiyonlarin ~ durmasma neden  olabilecek
potansiyele sahip olan asir1 miktardaki su kaybi
olarak tanimlanabilir. Genel bir kural olarak,
kurumaya duyarli vaskiiler bitkilerin ¢ogunda
vejetatif doku, %30’un altindaki oransal su
kapsaminda iyilesme siirecine giremez (6).

3. BITKILERDE KURAKLIK STRESINIiN
ETKILERI:

3.1. Mekanik Etki

Bitki hiicrelerinden belirgin su yitimi gergeklestigi
zaman bitkide turgor kaybiyla kendini gosteren birincil
strestir (7). Plazma membraninin yapisi hiicredeki sulu
ortamin bir sonucudur; bu yapt membrandaki hidrofobik
fosfolipid kuyruklarin su tarafindan itilmesi ile olusur
(Swvi-kat1 faz). Hiicreden su kaybiyla beraber, membran
yapist degisiklige ugrar; fosfolipidlerin hidrofilik bas
kisimlar1 birbirine yaklasir ve membranlar kompakt bir
goriiniim alir (Jel faz1). Bu yeni yapida membran lipidleri
stvi-kati fazinda oldugundan daha az kinetik enerji ile
lateral ve rotasyonal harekete sahiptir. Su kaybina bagh
olarak hiicrede hacim de azalir ve plazma membrani hiicre
duvarindan ayrilarak yalmiz plazmodezmler aracilifiyla
iliskisini siirdiirlir (plazmoliz). Gerilim altindaki plazma
membrani ve tonoplastta gergeklesen ¢okme, yirtilmalara
yol agabilir (8) ve bu durum, zarlar iizerinde yerlesmis
olan hidrolitik enzimlerin serbest kalmasi ve dolayisiyla
sitoplazmanin otoliziyle sonuglanabilir (9). Bu zarar,
normal hiicresel metabolizmay1 genelde kalici olarak
bozar.

on plants and the response and adaptation mechanisms of
plants against drought stress and the to update the
literature on this topic.

2. WHAT IS DROUGHT?

In the most general sense, drought can be defined as a
meteorological phenomenon: a period without rain long
enough to cause significant reduction in soil moisture
content and plant growth. The period of time without
rainfall actually needed to produce a drought depends
mainly on the water holding capacity of the soil and rate
of evapotranspiration by plants (4, 5).

Drought could be considered as water deficit and
desiccation separately (6).

1. Water deficit can be defined to be a moderate loss of
water which leads to stomatal closure and limitation
of gas exchange. In plants which are exposed to mild
water deficits that relative water content (RWC)
remains approximately 70%, carbon dioxide uptake
is limited because of stomatal closure.

2. Desiccation can be defined to be as an excessive loss
of water which can potentially lead to entirely
disruption of metabolism and cell structure and
eventually to the cessation of enzyme-catalyzed
reactions. As a general rule, most vegetative tissues
of desiccation-sensitive vascular plants, can not
recover if dried to a RWC below 30% (6).

3. EFFECTS OF DROUGHT STRESS ON PLANTS
3.1. Mechanical Effect

When water is lost in significant quantities from plant
cells, the immediate stress experienced as turgor is lost by
the plant, is mechanical (7). The structure of the plasma
membrane is consequence of the aqueous environment of
the cell; the hydrophobic phospholipids tails in the
membrane are repelled by water forming the bilayer
(Liquid-crystalline phase). As water leaves the cell, the
structure of the membrane alters; the hydrophilic head
groups of the phospholipids approach to each other and
membranes become compact (Gel phase). In this phase,
the membrane lipids have less kinetic energy and lateral
and rotational motion compare with the liquid—crystalline
phase. As water leaves the cell, cell volume begins to
decrease, resulting in plasmolysis, where the plasma
membrane withdraws from the cell wall, remaining
attached only at the plasmodesmata. The collapse places
the plasma membrane and tonoplast under tension, can
cause tearing (8) and tearing of either the plasma
membrane or the tonoplast causes a release of hydrolytic
enzymes, which, upon loss of their compartmentalization,
can autolysis cytoplasm(9). This damage inevitably
disrupts, often permanently the normal cellular
metabolism.
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3.2. Metabolik Etki

Hiicre igeriginin biiyiik bir kismin1 olusturmasi, tastyici
olmasi, hiicresel reaksiyonlar ve islevler i¢in ¢oziicii rolil
oynamasi gibi fonksiyonel &zelliklerinden dolay1 suyun,
hiicreden kaybi durumunda, normal regiilasyon devam
edemez ve metabolizma bozulur. Su kaybina bagli olarak
gergeklesen iyon-birikimi, membran biitlinliigiinin ve
proteinlerin yapisinin bozulmasma yol agarak hiicreye
zarar verebilir. Su kaybi sonucunda; proteinlerin
yapisinda bulunan hidrofobik ve hidrofilik amino asitlerin
su ile etkilesimleri bozulur (10) ve bu durum da protein
denatiirasyonlarina ve enzim inhibisyonlarina neden olur
(11). Kuraklik stresi sirasindaki hasarda bir baska faktor,
DNA ve RNA gibi niikleik asitlerin degradasyonudur.
Kessler’e gore (12), kuraklik stresine maruz kalmig olan
yapraklarda RNAaz aktivitesi artmakta ve bu da enzimin
bagli  durumdan  serbest duruma  gecmesinden
kaynaklanmaktadir. Niikleik asitlerin yikimindan sorumlu
diger molekiiller ise serbest radikaller olabilir.

3.3. Oksidatif Etki

Serbest radikallerin, ozellikle aktif oksijen tiirlerinin
[siiperoksit molekiilii (O,), singlet oksijen (‘O), hidrojen
peroksit (H,O,) ve hidroksil radikallerini (OH)]
olusumunu igerir. Serbest radikaller, eslesmemis elektron
iceren molekiiller olup oldukca reaktiftirler. Bu radikaller;
plazma membrani, mitokondri, ER membranlarinda da
olusabilir (8). Bununla beraber, suyun kisith oldugu
periyodlarda, vejetatif bitki dokularinda oksidatif stresin
en yaygin nedeni kloroplastta gerceklesen 1sik-klorofil
etkilesimleri diye diisiiniilmektedir (13). Su kisith hale
gelirken, bitki daha fazla su kaybetmemek igin, genelde,
stomalarmi kapatir; bu da fotosentezle fiksasyon igin
gerekli CO,’nin alimmin kisitlanmasma neden olur. Bu
durum; kuantum verimini azaltir ve fotosentetik aparatin
reaksiyon  merkezlerindeki  eksitasyon  enerjisinin
asirlhgma neden olur (14). Bu durumda; NADP*
(fotosentezdeki e akseptorii) kisith hale gelir ve
ferrodoksin NADP' yerine oksijeni rediikler; boylece,
fotosistem I (PSI)’in elektronlart O,’ye transferi
sonucunda reaktif O, radikali iiretilir (Mehler reaksiyonu)
(15). Birgok tiirde kuraklik stresi altinda artan O, olusum
hizi; lipid peroksidasyonuna, yag asidi doygunluguna ve
sonucta membranlarin biitiinliyle zarar gérmesine neden
olur (16). Stiperoksitin kendisi fazla reaktif degildir ve
daha ¢ok H,O, ve daha sonra OH' olusturmak suretiyle
etkili olur (17). Hidrojen peroksit Calvin dongiisiiniin
bir¢ok enziminin inaktivasyonuna yol agmaktadir (18, 19).
Stiperoksit ve hidrojen peroksitin  OH'  radikalini
olusturmak {izere tepkimesi sirasinda (Haber-Weiss
reaksiyonu), artan demir ya da bakir gibi diger gecis
metalleri, bu reaksiyonlar1 hizlandirmak suretiyle
oksidatif hasar1 daha da arttirabilir (Fenton reaksiyonu)
(6). Bunlarm yami sira, fotosistem II (PS II)’deki suyu
parcalayan bdlgede de serbest radikal olusabilir.
Bitkilerde, oksidatif zararin yol agtifi yikici etkilerle
miicadele etmek i¢in; yagda ¢oziinen ve membrana bagl
antioksidantlar [dogrudan lipid peroksidasyonunun serbest
radikallerini (triplet klorofil ve 'O,) gideren a-tokoferol, B-
karoten], suda ¢oziinen antioksidantlar [O,” ve H,O,’nin
detoksifikasyonunda rol oynayan glutatyon ve askorbat]
ve enzimatik antioksidantlar [siiperoksit dismutaz (SOD),

3.2. Metabolic Effect

When water is lost from cells, because of its functional
characteristics of filling the most part of the cell volume,
being a transport medium, playing the role as a solvent for
the cellular reactions and processes, regulation is no
longer present normally and metabolism disrupts. Ion-
accumulation which is originating from the water loss of
the cell, can damage the cell, disrupting membranes and
causing protein denaturation. As the results of the water
limitation, hydrophobic and hydrophilic amino acids
which proteins can not interact water anymore (10) and
without these interactions, the proteins are denatured and
enzymes are inhibited (11). Another factor in metabolic
damage during drought stress is the degradation of nucleic
acids such as RNA and DNA. According to Kessler (12),
in water stressed leaves RNAas activity increases and it is
due to the enzymes release from the bound state. Other
molecules responsible for the nucleic acid degradation can
be free radicals.

3.3. Oxidative Effect

Oxidative effect involves particularly the formation of
active oxygen species [superoxide (O,’) molecule, singlet
oxygen (‘O), hydrogen peroxide (H,O,) and hydroxyl
radicals (OH")]. Free radicals are rather reactive molecules
that include unpaired electrons. These radicals may be
formed in a number of sites as plasma membrane,
mitochondrion and endoplasmic reticulum membranes (8),
however, in vegetative tissues of plants; it is thought that
the most prevalent cause of oxidative stress during periods
of water limitation is the light-chlorophyll interactions
which occur in the chloroplast (13). As water becomes
limited, the plant generally experiences stomatal closure in
an effect to prevent further water loss, limiting the carbon
dioxide available for fixation by photosynthesis. This
results in a decrease in quantum efficiency and an excess
of excitation energy at the reaction centers of the
photosynthetic machinery (14). In this situation NADP"
(electron acceptor in photosynthesis) becomes limited and
ferredoxin selectively reduces oxygen instead, so reactive
O, radical is produced owing to the electron transport by
photosystem I (PSI) to O, (Mehler reaction) (15). In many
plant species, increasing O,  formation rate due to the
drought leads to lipid peroxidation, fatty acid saturation
and at last the membrane damage entirely (16).
Superoxide itself is not highly reactive and damage is
more likely to arise from subsequent formation of
hydrogen peroxide and even more so, from hydroxyl
radicals (17). Hydrogen peroxide can inactivate a number
of Calvin cycle enzymes (18, 19). As superoxide and
hydrogen peroxide reacts to form OH' radical (Haber-
Weiss reaction), elevated levels of iron or other transition
metals such as copper, can increase the oxidative damage
leading to accelerate these reactions (Fenton reaction) (6).
The site of water splitting in photosystem II (PSII) may,
too, give rise to the formation free radicals. Plants have a
complex protective system which is consists of lipid-
soluble and membrane associated antioxidants [o-
tocopherol, B-carotene which directly quench free radicals
(triplet chlorophyll and 'O,) of lipid peroxidation], water
soluble antioxidants [glutathione and ascorbate taking part
in the detoxification of O, and H,0,] and enzymatic
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katalaz (CAT), peroksidaz (POD), askorbat peroksidaz
(APX) ve glutatyon rediiktaz (GR)]’dan olusan karmagik
bir antioksidant koruyucu sistemine sahiplerdir. Kuraklik
stresine maruz kalan bitkiler antioksidant savunma
sistemlerin bazilarinin ya da tamaminin aktivasyonu ile
oksidatif stresin {istesinden gelebilirler (20,21,22,23).
Bununla beraber, uzun siireli ve akut; hatta bazen kisa
sureli stres durumunda bile, savunma mekanizmalarinin
kapasiteleri asilir ve bu durum, gozle goriiliir zararlara ve
hatta bitki 6liimiine neden olabilir (24).

4. KURAKL!GIN FOTOSENTEZ
ETKILERI

UZERINE

Kuraklik sirasinda fotosentezin gerilemesi biiyiik
Olgiide iki nedene bagli olarak gerceklesmektedir; orta
diizeydeki su noksanligi kosullar1 altinda stomalarin
kapanmasma bagli olarak gerceklesen stomatal
sinirlamalar ve genellikle daha uzun siireli ve daha siddetli
streslerde ortaya ¢ikan stomatal olmayan sinirlamalar.

4.1. Stomatal Sitmirlamalar

Kurakliga karsi olusturulan en erken tepkilerden biri,
kloroplastlara CO, diflizyonunu kisitlayan stoma
kapanmasi olayidir (25, 26). Kuraklik sirasinda bitkilerin
stomalarmi kapatmalarina neden olan iki temel etken,
hidrolik sinyaller (yaprak su potansiyeli, hiicre turgoru) ve
kimyasal sinyaller (absisik asit)’dir. Koklerde sentezlenen
ve transpirasyon akintisiyla bek¢i hiicrelerine tasinan
absisik asit (ABA), bekei hiicrelerindeki hipotetik ABA
reseptoriine baglanarak, kuraklik stresi kosullar1 altinda
stomalarm kapanmasim saglar (27). Onceleri stomalarm
kapanmasinda, yapraktaki su potansiyelinin ve hiicre
turgorunun azalmasmin etkili oldugu disiiniiliirken;
yaprak su potansiyelinde bir diisme olmaksizin stomatal
iletkenligin azaldigi 6rneklerin goriilmesi iizerine; stoma
kapanmasinin yapraktaki su potansiyelinden ¢ok, topragin
su potansiyeline bagli oldugu gorilmistir. Son
zamanlarda birgok arastirici tarafindan; ayni anda ya da
farkl1 zamanlarda gergeklesen hidrolik ve kimyasal sinyal
tipleri arasinda bir kombinasyon olduguna dair kanitlar
one stiriilmektedir (28, 29).

4.2. Stomatal Olmayan Simirlamalar

Siddetli su noksanligina maruz birakilan bitkilerden
izole edilen kloroplastlarda fotosentetik  elektron
transportu ve fotofosforilasyon kapasitelerinin azaldigi
gosterilmigtir ~ (6).  Fotosentetik  elektron  zincir
reaksiyonlarinin  inhibisyonu, fotoindirgeyici ya da
fotooksidatif hasara neden olabilecek aktif oksijen
tiirlerinin olusumuna neden olabilir (30). izole edilen
kloroplastlardaki ¢alismalar iki fotosistemin ve &zellikle
de PSII’ nin kuraklik stresi ile etkilendigini gdstermistir
(31). PSI’nin reaksiyon merkezinde yer alan D1 ve D2
proteinleri fotoinhibisyonun en etkili oldugu bolgelerdir
(32). Bitkiler stres durumunda D1 proteininin igerigini
sabit tutacak bir onarim sistemine sahiptir ve yapim
hizinin yikim hizina yakin olmasi nedeniyle hafif siddetli
stres kosullarinda PSII’nin D1 igeriginde biiyiik bir
degisiklik meydana gelmez. Stresin yeterince gii¢lii olmasi
durumunda D1 proteininin sentezi smnirli hale gelir ve
PSII’nin reaksiyon merkezinde D1’in degradasyonu
kacmilmaz olur. Bunun sonucunda ikinci reaksiyon
merkezi polipeptidi olan D2 proteini ve son olarak da tiim

antioxidants [superoxide dismutase (SOD), catalase
(CAT), peroxidase (POD), ascorbate peroxidase (APX)
and glutathione reductase (GR)]. Plants which are exposed
to drought stress are capable of overcoming the oxidative
stress by activation of some or all of these systems (20, 21,
22, 23). However, in the case of prolonged or acute, even
short stress, the capacity of the defense systems becomes
exhausted or overloaded and this leads to considerable
damages and even to plant death (24).

4. EFFECT OF DROUGHT ON PHOTOSYNTHESIS

During drought, photosynthesis decreases due mainly
to two reasons; stomatal limitations that occur due to
stomatal closure upon moderate water deficit conditions
and non-stomatal limitations that generally occurs upon
longer and more severe water stresses.

4.1. Stomatal Limitations

One of the earliest responses against drought is
stomatal closure that limits CO, diffusion towards
chloroplasts (25, 26). During drought two main reasons to
cause plants to close their stomata are hydrolic signals
(leaf water potential, cell turgor) and chemical signals
(Abscisic acid; ABA). ABA, synthesized in the roots can
also be transport to the guard cells via transpiration
stream, induces stomatal closure under drought stress
conditions by binding to hypothetical ABA receptor (27).
The earliest idea for control of stomata in response to soil
dryness was that as water supply decreased, leaf water
potential and cell turgor declined, and stomatal closure
was promoted. However, examples began emerging in
which stomatal conductance was reduced, but no
reduction in leaf water potential observed. In this case, the
response of stomata seemed to follow soil water potentials
more closely than leaf water potentials. Currently most
researchers seem to find evidence for a combination of
both hydrolytic and chemical types of signaling occurring
together or at different times (28, 29).

4.2. Non-Stomatal Limitations

It is shown that photosynthetic electron transport and
phosphorilation capacities in the chloroplasts isolated
from plants which are exposed to severe water deficit
reduce (6). Inhibition of photosynthetic electron chain
reactions can cause forming active oxygen species which
can lead to photooxidative damage or photoinhibition
(30). Studies on isolated chloroplasts show that two
photosystem, particularly PSII, are affected by drought
stress (31). Photoinhibition affects mostly D1 and D2
proteins which take place in the reaction centre of PSII
(32). Plants have repair systems that have capacity of
stabilising D1 protein content under stress condition and
upon mild stress conditions. D1 content of PSII does not
change significantly because of the rate of the synthesis is
almost equal the rate of the destruction. If the stress is
strong enough to limit the synthesis of DI protein,
degradation of DI in the reaction centre of PSII occurs
inevitably. Thereafter, second reaction centre polypeptide,
D2, and lastly whole PSII degrade (31). In leaves, most of
the chlorophylls are bound to the Light Harvesting
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PSII pargalanir (31). Yapraklardaki klorofilin bityiik bir
kismu, tilakoit membranlarda en ¢ok bulunan protein olan
151k tutucu kompleks (ITK) II’ye baghdir ve bu nedenle
stres kosullar1 altinda bu klorofil-protein kompleksinde
bilylikk miktarlarda singlet oksijen iiretilebilecegi
diistiniilmiistir. Bununla beraber, ITK II’deki pigment
molekiilleri O, gegirmez bir bariyer ile O,’den ayrilmig
gibi goriinmektedir ve bdylece ITK II tarafindan reaktif
oksijen tiirlerinin tretimi siirlanmistir (33). Bu bariyer,
ITK IT’yi tilakoit membranin diger kisimlarinda olusan
reaktif oksijen tiirlerinden de koruyor olabilir (15). ITK
[I’nin etrafinda yer alan lipid 6zelligindeki yap1 da oksijen
ve oksijen radikallerinin bu klorofil-protein kompleksine
girisini siurliyor olabilir (33). Her durumda ITK II
oksidatif hasara olduk¢a direngli gibi goriinmektedir.
Fotosentezin stomatal olmayan sinirlanmasi; kloroplast
lipidlerinin, pigmentlerinin ya da proteinlerinin oksidatif
olarak hasar gormesiyle iligkili olabilir (15). Bitkilerde
fotosentetik kapasite, ortamin 11k yogunlugu ve oransal
su kapsaminin (OSK) degisimine baghh olarak da
etkilenmektedir (Cizelge 1).

Complex (LHCII) which is the most abundant protein in
thylakoid membranes and so this chlorophyll protein
complex is considered to produce high amounts of singlet
oxygen under stress conditions. However, pigment
molecules in LHC II are seemed to be surrounded with an
O, impermeable barrier so as to prevent LHC II from
generation of reactive oxygen species (33). This barrier
may protect LHC II from reactive oxygen species
originating from the other parts of thylakoid membrane
(15). Lipid surrounding of LHC II can limit the entrance
of oxygen and oxygen radicals into the chlorophyll-protein
complex (33). In all conditions, LHC II is seemed to be
rather resistant to oxidative damage. Non-stomatal
limitation of photosynthesis may be related to the
oxidative damage to chloroplast lipids, pigments or
proteins (15). Also photosynthetic capacity of the plants is
affected with the change of the light intensity of the
environment and relative water content (RWC) (Table 1).

Table 1. Effect of dehydration on photosynthesis, and hypothetical mechanisms mediating these effects (34)
Cizelge 1. Su kaybinin fotosentez iizerindeki etkileri ve bu etkilere yol agan hipotetik mekanizmalar (34)

Light Intensity
Isik Siddeti
RWC (%) Low High
OSK(%) Diisiik Yiiksek
70-100 Effect: rapidly reversible decrease of photosynthesis at ambient [CO,]; little or no decrease at very high external [CO,]
Etki: ¢ok yiiksek digsal [CO,] yogunlugunda azalma yokken ya da ¢ok azken; ortamdaki [CO,] yogunlugunda
fotosentezin hizli ve geri-doniisiimlii azalmasi
Cause: decreased stomatal conductivity
Neden: stomatal iletkenligin azalmasi
30-70 Effect: rapidly reversible decrease of photosynthetic capacity Effect: slowly reversible decrease of
Etki: fotosentetik kapasitenin hizli ve geri-doniisiimlii azalmasi photosynthetic capacity
Etki: fotosentetik kapasitenin yavas ve
geri-doniisiimlii azalmasi
Cause: dark reactions (including ferredoxin-dependent reduction and ATP Cause: light reactions are affected by
formation) are inhibited because of: photoinhibition
a) increased anion concentrations which are inhibitory =~ Neden: 151k reaksiyonlari
for enzymes in the water phase and at the fotoinhibisyondan etkilenir
membrane-water interphase
b)  perturbations of metabolism by changed
substrate/product ratios
¢) protein crystallisation
Neden:
a)  artan anyon konsantrasyonlarinin su fazindaki ve membran-su
interfazindaki enzimlerin inhibisyonuna yol agmasi
b)  degisen substrat/iiriin oranlar1 nedeniyle metabolizmanin
bozulmasi
¢)  protein kristalizasyonu nedeniyle karanlik reaksiyonlar
(ferrodoksin-bagimli indirgenme ve ATP olusumu dahil) inhibe
olur.
<30 Effect: irreversible further decrease in photosynthetic capacity

Etki: fotosentetik kapasitede daha siddetli ve geri-doniisiimsiiz azalma

Cause: membranes are damaged by strong dehydration because of :
a)  excessive increases in internal salt concentration
b) decreases in membrane surface areas and membrane deletion during excessive cell shrinkage.

Neden:

a)  igsel tuz konsantrasyonlarindaki asir1 artiglar
b)  asirt hiicre biizigmesi sirasinda membran bozulmasi ve membranlarin yiizey alanlarindaki azalmalar
nedeniyle siddetli su kaybi sonucunda membranlar hasar goriir.
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5. KURAKLIK STRESINE KARSI GELISTIRiLEN
DAYANIKLILIK MEKANIZMALARI

Kuraklik stresi bitkilerde sinirli c¢evresel kosullara
adapte olmayi1 saglayacak bir¢ok fizyolojik, biyokimyasal
ve molekiiler cevabi indiiklemektedir (3). Vejetatif
dokularda kuraklik stresine karsi gelistirilen iki ana
savunma mekanizmasi stresten kagmma ve  stres
toleransidir (Sekil 1). Stresten kaginma
mekanizmalarindan ilki efemerlerde goriilen kagistir. Col
efemeri kurak mevsim sirasinda yalnizca dormant
tohumlar olarak varlik gostermek suretiyle kurakliktan
kagan tek yillik bitkilerdir. Protoplazmalar1 higbir zaman
siddetli negatif su potansiyellerine maruz kalmaz (9).
Diger bir kaginma mekanizmas: ise sukkulent bitkilerde
goriilir. Bu  bitkiler, kurakliga karsi, sukkulent
dokularinda su depolayarak direnir ve su kayip oranlarinin
son derece diisiik olmasindan dolay1 nem almaksizin uzun
periyodlarda canliliklarini stirdiirebilirler 9).
Protoplazmalar1 agir1 derecede negatif su potansiyellerine
maruz kalmadigindan ger¢ek anlamda kurakliga-toleransl
degillerdir. C6l herdem yesil bitkileri ise su noksanligt
boyunca dokularindaki turgoru siirdiirmek i¢in osmotik
koruyucular sentezleyerek kurakliktan kaginirlar (35).

Stresten kacinan bitkiler yalnizca orta siddetteki
kuraklik stresi durumunda hayatta kalirken strese
toleransli bitki gruplari ise koruyucu mekanizmalarini
calistirmak suretiyle ¢ok daha siddetli kuraklik stresi
durumunda hayatta kalabilirler. Kurumaya-toleransli olan
bitki gruplart igerisinde yer alan dirilen (resurrection)
bitkilerde, suyun kisith oldugu periyodlarda vejetatif
dokulardaki  bagil su igeriginin  %5’ine  kadar
kaybedilebildigi ve suyun yeniden alinabilir olmasi
durumunda rehidrasyonun gergeklesebildigi oldukga farkls
bir strateji izlenir (35). Bu bitkilerin vejetatif dokulari 151k
varliginda gerceklesen asirt kuraklikla iligkili streslerle
miicadele edebilme yetenegine sahiptir (36). Fotooksidatif
stresten kacinmak igin gelistirdikleri stratejiye gore 2
gruba ayrilirlar:

1. Klorofil Alikoyucu Dirilen Bitkiler
(Homiochlorophyllous Resurrection Bitkiler):
Kuruma sirasinda  klorofillerini  alikoyarlar.
Klorofil-isik  etkilesimlerinin  tehlikeleri ise
klorofilin saklanmasi ile Onlenir. Yapraklarin
kivrilma ve  katlanmasi  1g1k  stresinden
kaginmada 6nemli bir mekanizmadir (36).

2. Klorofil Kaybeden Dirilen Bitkiler
(Poikilochlorophyllous Resurrection Bitkiler):
Tim klorofilleri yikarlar ve kloroplastlarin
tilakoit membranlarini pargalarlar (36). Boylece,
kloroplastta serbest radikal olusturan
reaksiyonlar gergeklesemezler. Suyun tekrar
alinmasiyla beraber, fotosentetik aparat tekrar
olusur ve fotosentez yeniden baglar. Bunu
bagarmak i¢in; bitki tarafindan rehidrasyon
strasinda onarim proteinleri sentezlenir.

Kurumaya kars1 duyarli olan bitkilerde turgor kaybiyla
beraber, hiicre membranlarina ve hiicre ¢eperine
uygulanan mekanik basing ortadan kalkar ve bunun
sonucunda genellikle hiicre c¢eperi ¢okiisii ve membran
zarar1 gerceklesir; bu zararlar onarillamaz (37). Bununla

5. TOLERANCE MECHANISMS DEVELOPED
AGAINST DROUGHT STRESS

Drought stress induces several physiological,
biochemical and molecular responses which provide
plants to plants to adapt limited environment conditions
(3). Avoidance and tolerance are the two main defense
mechanisms induced against drought stress in vegetative
tissues (Fig 1). First of the avoidance mechanisms are
escaping that can be seen in ephemerals. Desert
Ephemerals are annual plants that escape the drought by
existing only as dormant seeds during the dry season.
Their protoplasm is never subjected to the severe negative
water potentials (9). Another avoidance mechanism is
characteristic for succulents. These plants resist the
drought by storing water in their succulent tissues and
because water rate of loss is so extremely low that they
can exist for long periods without added moisture (9).
Because their protoplasm is not subjected to extremely
negative water potentials, succulents are drought avoiders
and are not truly drought tolerant. Desert evergreens avoid
drought by synthesing osmoprotectants for turgor
maintenance in their tissues during water deficit (35).
Stress avoiders are just able to survive during water deficit
whereas stress tolerant plants are able to survive during
more severe drought stress relying on their protective
mechanisms. Resurrection plants, involved in desiccation
tolerant plant groups, use an uncommon strategy that they
can lose bound-water in their vegetative tissues about to
5% during water limited conditions and can rehydrate
when water becomes available (35). Vegetative tissues of
these plants are able to cope with the stresses related to
extremely drought conditions that occur because of light
existence (36). Resurrection plants are two types
according to their strategies of avoiding photooxidative
stress:

1. Homiochlorophyllous Resurrection Plants:
disassemble  their  chlorophylls on drying.
Chlorophyll-light interactions are progressively
prevented by shading chlorophylls. Leaf folding and
curling are important mechanisms to avoid light

stress (36).

They

2. Poikilochlorophyllous Resurrection Plants: They loss
all their chlorophylls and dismantle thylakoid
membranes of chloroplasts (36). Thus, reactions that
product free radicals can not occur in chloroplast.
When rehydration begins, photosynthetic machinery
constitutes and photosynthesis starts again. Repair
proteins are synthesized by the plant in order to
accomplish it.

In desiccation-sensitive plants, once turgor is lost, the
mechanical strain on the cellular membranes and cell
walls usually results in cytorhysis and membrane damage,
which is irreparable (37). However, in resurrection plants,
the mechanical stress associated with cell volume
reduction is counteracted by number of different
protection mechanisms. In some species such as
Myrothamnus flabellifolius, Craterostigma wilmsii (13,
38) and Eragrostis nindensis (39), mesophyll cells show
significant cell volume reduction associated with a
regulated phenomenon of cell wall folding. In other
resurrection plants like Xerophyta humilis, Xerophyta
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beraber, dirilen bitkilerde, hiicre hacmindeki azalmayla
iliskili olan mekanik stres ¢esitli koruma mekanizmalar
araciligryla  engellenir.  Myrothamnus  flabellifolius,
Craterostigma wilmsii (13, 38) ve Eragrostis nindensis
(39) gibi bazt tiirlerde mezofil hiicreleri, hiicre
duvarlarindaki katlanmayla iligkili olarak hiicre hacminde
belirgin bir azalma gosterir. Xerophyta humilis, Xerophyta
viscosa (13, 40) ve Eragrostis nindensis (35) gibi diger bir
grup dirilen bitkilerde ise demet kini hiicreleri, cok sayida
(kiigiik) vakuol olusturmak suretiyle hiicre hacminin
degismeden kalmasini saglar. Bu vakuollerde su, prolin
gibi osmotik diizenleyiciler araciligtyla yeniden kazanilir
37).

6. KURAKLIK STRESINE KARSI OLUSTURULAN
CEVAPLAR

Su noksanligmma karst olusturulan cevaplar; tiire,
genotipe, su kaybi siddetine ve uzunluguna, bitkinin
gelisme durumuna, yasina, organ ile hiicre tipine ve
hiicresel kompartmanlagmaya (hiicre ¢eperi ve hiicre zar1
gibi)’a bagh olarak degigmektedir (11). Olusturulan bu
cevaplar birkag saniye i¢inde gerceklesebilir (Bir proteinin
fosforilasyon derecesinde meydana gelen bir degisiklik
gibi) ya da dakikalar veya saatler siirebilir (Gen ifadesinde
meydana gelen bir degisiklik gibi) (11). Strese karsi
olusturulan cevapta yer alan genler iki tiptir:

1. Erken Cevap Genleri: Cok hizli (dakikalar

icinde) ~ve  gecici  olarak  indiklenir.
Indiiklenmeleri ~ yeni  protein  sentezine
gereksinim  duymaz; ¢linkii  tim  sinyal

bilesenleri dnceden mevcuttur.

2. Geg¢ Cevap Genleri: Strese karsi daha yavas
(saatler iginde) indiiklenir ve ifadeleri
cogunlukla devamlidir. Strese cevapta yer alan
genlerin bilylik bir kismini olustururlar.

Erken cevap genleri tipik olarak ge¢ cevap genlerini
aktive edecek transkripsiyon faktorlerini kodlamaktadir
(41).

viscosa (13, 40) ve Eragrostis nindensis (35), bundle sheat
cells maintain cell volume by multiple (small) vacuole
formation. Water is replaced within these vacuoles by
compatible solutes such as proline (37).

6. RESPONSES TO DROUGHT STRESS

Plant responses to water deficit are changed depending
on the species and genotypes, the length of and intensity
of water loss, the age and stage of development, the organ
and cell type and the cellular compartment (eg. cell wall
and cell membrane) (11). Responses to drought stress may
occur within a few seconds (such as a change in the
phosphorilation status of a protein) or within minutes and
hours (such as a change in gene expression) (11). Stress
responsive genes can be considered as ‘early-response
genes’ and ‘delayed-response genes’:

1. Early-Response Genes: They are induced very
quickly (within minutes) and often transiently.
Their induction does not require new protein
synthesis because all signaling components are
already in place.

2. Delayed-Response Genes: They are activated by
stress more slowly (within hours), and their
expression is often sustained. They constitute
the vast majority of the stress-responsive genes.

The early-response genes typically encode transcription
factors that activate downstream delayed-response genes

A1).
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Water Stress in Vegetative Tissues
(Coping Mechanisms)
Vejetatif Dokularda Kuraklik Stresi
(Dayamikhihk Mekanizmalari)

Strain Avoidance
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;

NN
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Drought reduced water Protective solutes,
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dormant periods/ water uptake turgor maintenance to .
short life cycle (eg.Succulents) continue functioning Rate of water loss Rapid Water loss
Kurakhikt th h water deficit ( retarded, determined by
(cg.Ephemerals ) Kura ! .an Drouﬁ water delieit (eg. predominantly rely environment, rely
Kurakhktan acinma: Desert evergreens ) on protection predominantly on
Kagis: kurakliktan su Kurakhk To.leran.m mechanisms during repair during
dormant kaybini (Kuraklik Direnci): dehydration rehydration
periyoda onleyerek ya da su kitlig1 boyunca turgoru (eg. Resurrection
girme/kisa su alimint stirdiirmek igin koruyucu Asirt su kaﬂ)ﬁ mo.sses and algac)
yasam dongiisii arttirarak solutlar senFezl‘en'le (@ ) sirasinda cesitli
segme kaginma herdem yesil bitkileri gibi) koruyucu Cevredeki hizh su
(Efemerler gibi) (W mekanizmalart kaybinin neden oldugu
o kullanarak etkili bir etkiyi ,suyun normal

diizeye donmesi
sirasinda tamir
mekanizmalarmin
kullanilmast yoluyla
etkili bir sekilde
giderme (Dirilen
yosunlar ve algler gibi)

sekilde su kayip
hizin1 azaltma

Y

Homiochlorophylly
v Klorofil alikoyucu
Survive Moderate Water Stresses dirilen bitkiler

Orta Dereceli Kuraklik Stresinde
Hayatta Kalirlar (Craterostigma
wilmsii
Myrothamnus
flabellifolius)

Poikilochlorophylly
Klorofil kaybeden
dirilen bitkiler

(Xerophyta humilis
Eragrostis nindensis )

—

Survive Severe Water Stresses
Siddetli Kuraklik Stresinde Hayatta
Kalirlar

Figure 1. Classification of mechanisms utilized by plants in coping with water stress (35)
Sekil 1. Kuraklik stresi ile miicadelede bitkiler tarafindan kullanilan mekanizmalarin siniflandirilmasi (35)

7. STRESIN HUCRESEL ALGILANMASI

Kuraklik  stresine  karst  olusturulacak  cevabin
regiilasyonundaki ilk basamak stresin algilanmasidir.
Hiicreden suyun kaybi, hiicresel bir sinyal iletim yolunu
tetiklemektedir. Bu durumda su kaybimin hiicresel
algilanmasini takiben, bir sinyal mekanizmasi ile spesifik
genler aktive edilmektedir (11). Bazi genler kuraklik
stresine oldukca hizli cevap verirken; digerleri ABA
birikiminden sonra, yavas olarak indiiklenmektedir. Su
kayb1 ABA firetimini tetikler ve sentezlenen ABA cesitli
genlerin indiiklenmesini uyarir. Su stresi ile indiiklenen
birgok gen disaridan uygulanan ABA’ya cevap vermez.
Bu bulgular; kuraklik stresinin baglangic sinyali ile
spesifik genlerin ifadesi arasinda ABA-bagimli ve ABA-
bagimsiz olmak {lizere iki sinyal iletim yolunun varligini

7. CELLULAR PERCEPTION OF THE STRESS

The first step in the regulation of the water deficit
response is the recognition of the stress. Loss of water
from cell triggers a cellular signal transduction pathway.
Following cellular perception of water loss, signaling
mechanisms must be activated to induce specific genes
(11). Some genes induce rapidly against drought stress
while the others induced slowly following the
accumulation of ABA. Water loss triggers ABA synthesis
and ABA induced the induction of various genes. Many
drought-inducible genes do not response exogenous ABA.
These findings suggest the existence of both ABA-
independent and ABA-dependent signal transduction
cascades between the initial signal of drought stress and
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gostermektedir (42).

8. KURAKLIK STRESi IiLE
GENLERIN FONKSiYONLARI

INDUKLENEN

Kuraklik stresi kosullari altinda indiiklenen genler;
hiicreleri, su noksanligindan yalnizca 6nemli metabolik
proteinlerin iiretimi yoluyla korumak {izere fonksiyon
gostermez, ayni1 zamanda kuraklik stresi cevabinda sinyal
iletim genlerinin regiilasyonunda goérev alir. Bu genlerin
iiriinleri iki gruba ayrilir (Sekil 2). Tk grup muhtemelen
stres  toleransinda  fonksiyon gdsteren proteinleri
icermektedir: su kanal proteinleri, osmotik koruyucularin
(sekerler, prolin, glisin-betain) biyosentezinde gorev alan
enzimler, LEA (ge¢ embriyogenez) proteinleri, saperonlar,
mRNA’ya baglanan proteinler gibi makromolekiilleri ve
membranlari koruyan proteinler, proteazlar,
detoksifikasyon enzimleri gibi. Ikinci grup ise strese karst
cevapta rol oynayan genlerin ifadesinin ve sinyal
iletiminin ileriki regiilasyonunda yer alan proteinleri
icermektedir: protein kinazlar, transkripsiyon faktorleri ve
fosfolipaz C gibi (43).

8.1. Kurakhk Stresine
Fonksiyonel Proteinler

Cevapta Rol Oynayan

Su kanal proteinleri

Bitki hiicrelerinde plazma ve vakuol membraninda
bulunan integral su-secici proteinlerdir (44, 45). Bir
membrandaki ~ proteinlerin  ortalama  %35-10’unu
olustururlar. Major integral proteinleri (MIP) siiperailesi
icinde yer alirlar (44). Bir membranda su kanallarinin
varlig1, membramn osmotik hidrolik iletkenligini (m. sn™.
MPa') 10-20 kata kadar arttirmaktadir (46). Dizilim
homolojisine dayanarak bitki su kanal proteinleri ii¢ alt
gruba ayrilir: tonoplast integral proteinleri (TIPler),
plazma membran1 integral proteinleri (PIPler) ve
legimenlerde azot-fiksasyonunda rol oynayan nodiillerin
peribakteroid membranlarinda yer alan nodulin 26-benzeri
MIPler (47). Kuraklik durumunda MIP genlerinin
ifadelerindeki ~ artis  membranlardan  su  gecisini
arttirmaktadir. Su kanallar1 dogrudan da regiile edilebilir.
Fosforilasyon, hiicrelerde protein aktivitesini diizenleyen
son derece Onemli bir mekanizmadir. Protein
fosforilasyonundan sorumlu olan kinazlar kuraklik ve
kuraklik stresini de igeren birgok stres durumunda
sinyallere cevap olarak indiikklenmektedir (48).

Saperonlar

Is1 soku protein (ISP) ailesi i¢inde yer alirlar. Bitkilerde
1s1-soku proteinlerinin molekiiler agirliklar 15-28 kD olan
kiigiik ISP leri, ISP 60, ISP 70, ISP 90, ISP 100 gibi birgok
sinift mevcut olup (49) bu molekiiller hem sitoplazmada
hem de niikleus, mitokondri, kloroplast ve endoplazmik
retikulum gibi organellerde yer almaktadirlar (50). Is1 soku
proteinlerinin bir¢ok farkli sinifi protein metabolizmasinda
molekiiler saperonlar olarak fonksiyon gosterir (51).

Molekiiler saperonlar olarak; translasyonun hemen
ardindan proteinlerin katlanmalarindaki ve membran
transportuna uygun bir yapiya doniismelerindeki

fonksiyonlarina ek olarak; kurakliga, sicakliga ve diger

streslere  bagli olarak denatiire olmus proteinlerin
kiimelesmesini  onlerler ve kiime olmus protein
molekiillerinin renatiirasyonunu saglarlar (50).

the expression of specific genes (42)

8. FUNCTION OF DROUGHT STRESS INDUCIBLE
GENES

Genes induced during water-stress conditions are
thought to function not only in protection cells from water
deficit by the production of important metabolic proteins
but also in the regulation of genes for signal transduction
in the water stress response. Thus, these gene products are
classified into two groups (Fig 2). The first group includes
proteins that probably function in stress tolerance: water
channel proteins, the enzymes required for the
biosynthesis of various osmoprotectants (sugars, proline,
glycine-betaine), proteins that may protect
macromolecules and membranes, late embryogenesis
abundant (LEA) proteins, chaperons, mRNA binding
proteins, proteases, detoxification enzymes. The second
group contains protein factors involved in further
regulation of signal transduction and gene expression that
probably function in stress response: protein kinases,
transcription factors and phospholipase C (PLC) (43).

8.1. The Role of Functional Proteins in Drought Stress
Response

Water Channel Proteins (Aquaporins)

They are water selective intrinsic proteins placed in
both plasma membrane and vacuolar membrane in plant
cell (44, 45). Water channel proteins are abundant proteins
that may account for 5% t0%10. They are members of the
major intrinsic protein (MIP) family (44). The presence of
aquaporins in a membrane can increase the osmotic
hydraulic conductivity of the membrane (m. sn'. MPa™)
by 10 to 20 folds (46). Based on sequence homology,
plant water channel proteins can be classified into three
subfamilies: tonoplast intrinsic proteins (TIPs), plasma
membrane intrinsic proteins (PIPs) and nodulin 26-like
MIPs which occur in the peribacteroid membranes of
nitrogen-fixing nodules in Legumes (47). In drought
conditions, induction of the MIP gene expression
increases the movement of water from membrane. Water
channels may also be directly regulated. Phosphorilation is
a major mechanism which regulates protein activity in the
cells. The kinases responsible for protein phosphorilation
are induced in response to a number of signals, including
drought or water stress (48).

Chaperones

They are involved in the heat shock protein (HSP)
family. Most major classes of HSPs are present in plants
and include the small HSPs (ranging in molecular weight
from 15 to 28kD), HSP 60, HSP 70, HSP 90 and HSP 100
(49). These molecules are located in both cytoplasm and
organels such as the nucleus, mitochondria, chloroplast
and endoplasmic reticulum (ER) (50). Several different
classes of heat shock proteins play role as molecular
chaperones in protein metabolism (51). As molecular
chaperons in addition to their function in folding and
transformation of protein to suitable for membrane
transport following to translation; they prevent the
aggregation of denaturated proteins caused by drought,
heat and other stresses and ensure the renaturation of
aggregated proteins (50). Their functions are not only
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Fonksiyonlari yalniz sicaklik durumunda degil diger stres
gesitlerine kars1 direngte de 6nemlidir (52).

Proteazlar

Kuraklik sirasinda yeni proteinlerin ve enzimlerin
sentezlenebilmesi igin eskilerinin yikimini ve bdylece de
protein doniisiimiinii saglarlar (43).

Gec¢ embriyogenez (LEA) proteinleri

Tohum gelisiminin kurumadan 6nceki ge¢ evrelerinde,
bitki embriyolarinda (53) yiiksek konsantrasyonlarda ve
ayni zamanda disaridan absisik asit uygulamasina ve
dehidrasyon, osmotik stres ve diigiik sicaklik streslerinin
etkisinde kalmis vejetatif dokularda birikirler (54). LEA
proteinlerinin bilyiik bir kismi1 olduk¢a hidrofiliktir ve belli
amino asitler bakimindan (6rnegin Alanin, Glisin,
Glutamik asit ve Treonin) zengin ve belli amino asitler
bakimindan (6rnegin Triptofan ve Sistein) ise yoksuldurlar
(55). Bu nedenle LEA proteinleri, hidrofilinler olarak
adlandirilan ve hiperosmotik kosullara karsi cevapta yer
alan evrimsel olarak korunmus genis bir hidrofilik protein
grubunun iyeleridirler (56). Farkli LEA protein gruplari,
su kaybini en aza indirmek iizere suyun baglanmasindan,
protein ve membranlarin kararlihgimm devamliliginin
saglanmasi, kademeli iyon gegisinin korunmasi ve aktif
oksijen tiirlerinin yok edilmesine kadar bir¢ok fonksiyona
sahiptirler (57). Ayrica LEA proteinleri farkli gruplarin ya
da farkli tiyelerin 6zgiil fonksiyonel roller iistlendiklerini
disiindiirecek sekilde c¢esitli hiicresel (subselular) ve
dokuya has yerlesim ozellikleri sergilemektedirler (54).
LEA protein ifadesi genellikle geng fidelerde kurumaya
(58), tuza (59) ve dona (60) karst dayaniklilik ile de
yakindan iligkilidir.

important in the response to heat but also to the other
kinds of stress (52).

Proteases

They destroy previously synthesized proteins and
enzymes to syntheses new ones and hence, ensure protein
turnover during drought (43).

Late Embryogenesis Abundant (LEA) Proteins

They accumulate to high concentration in plant
embryos during the latter stages of seed development
before desiccation (53). That also accumulate in
vegetative tissues exposed to exogenous abscisic acid as
well as dehydration, osmotic and low temperature stress
(54). They majority of LEA proteins are highly
hydrophilic and display preponderance (eg. Ala, Gly, Glu,
and Thr) or lack (eg. Trp and Cys) of certain amino acid
residues (55). Thus, LEA proteins are part of a larger,
evolutionarily conserved group of hydrophilic proteins
termed ‘hydrophilins’ involved in various responses to
hyperosmotic conditions (56). Various functions have
been proposed for different groups of LEA proteins
ranging from water binding to minimize water loss and
protein and membrane stabilization or protection to ion
sequestration and scavenging of active oxygen species
(57). LEA proteins also display diverse subcellular and
tissue-specific localization patterns, suggesting that
different groups or group member fulfill specific
functional roles (54). Expression of LEA proteins closely
related to desiccation (58), salt (59) and freezing (60) in
young seedling.
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Figure 2. Kuraklik stresine karsi cevap ve toleransta indiiklenen gen diriinleri: Fonksiyonel proteinler ve regiilator

proteinler (43)

Sekil 2. Inducible gene products in drought tolerance and response: Function proteins and regulatory proteins (43)

Kuraklk Stresine Cevapta Osmolit Sentezi icin
Gerekli Enzimler

Kurakligin bir sonucu olarak osmotik strese maruz
kalan bitkiler, osmolitler olarak bilinen ve turgorun
devamimi  saglayan katilar1  biriktirirler.  Osmotik
koruyucular biiyiik 6l¢lide organeller de dahil olmak iizere

The Enzymes Required for the Biosynthesis of Various
Osmolytes in Response to Drought Stress

Plants which exposed to osmotic stress as a result of
drought accumulate solutes known as osmolytes and
ensure the maintenance of turgor. Osmoprotectants are
largely confined to the cytoplasm (including the
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sitoplazmada birikmekte ve vakuolde neredeyse hig
bulunmamaktadir (61). Osmotik diizenleme, hiicresel
¢evrenin su potansiyelindeki diigiise cevap olarak, hiicrede
organik ve inorganik katilarin aktif birikimini icermektedir
(62). Biriken organik bilesikler hiicre iginde kararli
durumda bulunmakta, kolaylikla metabolize edilememekte
ve yiiksek konsantrasyonlarda birikimleri durumunda bile
hiicresel ~ fonksiyonlara karst  herhangi bir etki
yapmamaktadirlar  (50). Osmotik  diizenleme, su
noksanligma cevapta, katilarin net birikimlerine bagh
olarak, osmotik potansiyelin diisiiriilmesini ifade etmekte
ve biliylime, fotosentez ve stomalarin acilmasi gibi
fizyolojik fonksiyonlar iizerinde stresin etkilerinin
sinirlanmasini  saglayan yiiksek bir turgor potansiyeli
devamiyla sonuglanmaktadir (63). Prolin, betainler,
dimetilsiilfoniopropionat (DMSP), polyoller (mannitol,
sorbitol, pinitol), trehaloz ve fruktanlar osmotik
koruyuculara 6rnektir (64). Bunlardan prolin, osmotik bir
koruyucu olup subselular yapilarin korunmasi ile serbest
radikallerin uzaklastirilmasinda rol oynarken (65); glisin
betain (GB), yiiksek tuz konsantrasyonlarinda ve asiri
sicakliklarda, kompleks protein ve enzimlerin dordiinciil
yapilarinin ve membranlarin korunmasinda diger osmotik
koruyuculara goére ¢ok daha etkilidir (66). Sukroz, su
noksanligt (67), tuzluluk (68) ve diisiik sicaklik (69) gibi
cevresel streslere karsi cevapta bircok bitki dokusunda
birikmekte ve osmotik diizenleme ile koruyucu rol
oynamaktadir (70). Ayrica sukruz, membran sistemlerinde
su uzaklastifi zaman, fosfolipidlerin devamliligim
saglayarak, membran g¢ift tabakasini sivi-kat1 fazda devam
ettirmekte ve ¢oziiniir proteinlerdeki yapisal degisiklikleri
onlemektedir. Indirgeyici sekerlerin (glukoz ve fruktoz)
adaptasyon mekanizmasindaki rolii daha tartigmalidir ve
hatta  bunlarin  birikimi  birgok  ydnden  zararh
olabilmektedir (71). Sukroz sentezi indirgeyici sekerlerin
miktarlarin1  azaltir. Transgenik bitkilerde, hiicresel
mannitol konsantrasyonlarmin belirgin bir osmotik
diizenleme saglamak i¢in ¢ok az olmasindan dolay1
mannitoliin  koruyucu etkisini, artan oksidatif stres
direncinde  radikal  (Ozellikle hidroksil  radikali)
uzaklastirma mekanizmalarinda kullaniyor olabilecegi
diigtintiliir (72). Kuraklik stresine cevapta olusturulan
osmotik diizenleme yukarida belirtilen osmolitlerin
sentezinde gorev alan spesifik enzimler (prolin-5-
karboksilat sentetaz, prolin-5-karboksilat rediiktaz, betain
aldehid dehidrogenaz , kolin monooksidaz gibi) ile
saglanmaktadir (11, 61).

8.2. Kuraklik Stresine Cevapta Rol Oynayan Regiilator
Proteinler

Bitkilerde sinyal iletiminde MAP kinazlarin rolii

MAP kinazlar (Mitogen-activated protein kinases) tim
okaryotlarda bulunan serin/treonin protein kinazlarn
olduk¢a genis bir ailesi tarafindan kodlanmakta (73) ve
MAP kinaz yollar1 hiicre dis1 sinyallerin hiicre ici
hedeflere iletiminde yer alan modiiller olarak gorev
yapmaktadir. MAP kinaz yollarinin ¢ogunlukla bir¢ok
farkli reseptor araciligiyla algilanan sinyalleri biitiinledigi
bulunmustur. MAP kinazlarmn aktivasyonu treonin ve
tirozin siralarinin  fosforilasyonu yoluyla diger MAP
kinazlar araciligiyla saglanir. Her MAP kinaz kinaz
(MAPKK) ancak spesifik bir MAP kinazi aktive edebilir.

organelles) and are almost absent in vacuole (61). Osmotic
adjustment, as a response of cell to low water potential of
the environment, involves active accumulation of organic
and inorganic solvents (62). These organic compounds
exist in stable form inside cells and are not easily
metabolized, but neither do they have any effect on cell
functions, even when they have accumulated in high
concentrations (50). Osmotic adjustment refers to the
lowering of osmotic potential due to net accumulation of
solutes in response to water deficits, and results in the
maintenance of a higher turgor potential that may
contribute to limiting the effects of stress on physiological
functions such as stomatal opening, photosynthesis and
growth (63). Proline, betaines, dimethyl
sulfonioproprionate (DMSP), polyols (mannitol, sorbitol,
pinitol), trehalose and fructans are the examples for
osmoprotectants (64). Proline, an osmoprotectants, plays
role the protection of subcellular structures and
scavenging free radicals (65), whereas glisine betaine
(GB) is much more effective in the protection of
membranes and the quaternary structures of complex
proteins and enzymes against to high salt concentrations
and extremely temperature compared to the other
osmoprotectants (66). Sucrose is accumulated in many
plant tissues in response to environmental stress, including
water deficit (67), salinity (68) and low temperature (69)
for playing a role in osmoregulation and cryoprotection
(70). Furthermore, sucrose acts in water replacement to
maintain membrane phospholipids in liquid—crystalline
phase and to prevent structural changes in soluble
proteins. The role of reducing sugars (glucose and
fructase) in the adaptive mechanism is more controversial;
and even their accumulation can be detrimental from
several points of view (71). Synthesis of sucrose reduces
the amounts of reducing sugars. In transgenic plants,
because of low concentration of cellular mannitol to
ensure a significant osmoregulation, it is considered that
mannitol may use its protective effect in scavenging
radicals (especially hydroxyl radical) in response to
increasing oxidative stress resistance (72).
Osmoregulation involved in drought stress, is obtained
by the specific enzymes [(A’-proline-5-carboxylate
synthetase(PSCR), A’-proline-5- carboxylate reductase,
betaine aldehyde dehydrogenase, colin monooxidase etc.]
which are play role in the synthesis of the osmolytes
mentioned above (11, 61).

8.2. Regulatory Proteins Played Role in the Response
to Drought Stress

Roles of MAP kinase in signal transduction in plants

Mitogen-activated protein kinase (MAPKs) are
encoded by a large family of serine/treonine protein
kinases that carboxylate are found in all eukaryotes (73)
and MAP kinase partways are modules involved in the
transduction of extracellular signals to intracellular targets.
MAPK pathways are often found to integrate signals
generated from a number of different receptors. Activation
of MAPKs is bought about by upstream MAP kinases
thought phosphorilation of the conserved threonine and
tyrosine residues. A given dual specificity can only
activate a specific MAPK. Activation of a MAPK module
results in the sequential phosphorilation and activation of
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Bir MAPK modiiliiniin aktivasyonu komplekste yer alan
protein  kinazlarin  sirasiyla  fosforilasyonu  ve
aktivasyonuyla sonuglanir. Cogunlukla, MAP kinazin
fosforilasyonu, kinazin modiilden ayrilip niikleusa
translokasyonu  ile  sonuclanir. Burada MAPK,
transkripsiyon faktorlerinin fosforilasyonu ve aktivasyonu
araciligiyla kuraklik stresinde rol oynayacak belirli
genlerin ifadelerini aktive eder (74).

Bitki AP2/EREBP ve bZIP transkripsiyon faktorleri

Gen ifadesinin transkripsiyon faktorleri araciligiyla
diizenlenmesi organizmalar arasinda oldukca yaygin bir
mekanizma olup sekans (dizi)-spesifik olarak DNA’ya
baglanan proteinler ile ilgili genlerin promotor ve etki
artirict  (enhansir) bolgelerinde yerlesmis sis-elementler
(aymt  etkili elementler) arasindaki etkilesimlere
dayanmaktadir. Bitkiler; diisik sicaklik, yiliksek tuz
konsantrasyonlart ve kuraklik gibi olumsuz c¢evresel
kosullara, strese adaptasyonda rol oynayan ¢esitli genlerin
indiiklenmesi de dahil olmak iizere bir¢ok biyokimyasal
ve fizyolojik degisiklikler yoluyla tepki vermektedirler
(75). Birgok gen, daha sonra strese cevapta yer alan
genlerin ifadesini diizenleyecek olan bZIP ve AP2/EREBP
regiilatér faktor iyelerini kodlamaktadir. Bitkilerdeki
birgok transkripsiyon faktor ailesi iginde AP2/EREBP
ailesi oldukg¢a yeni ve yalmizca bitkilere 6zgldiir. Bu
proteinlerin yaygin 6zelligi, DNA’ya baglanan bdlge
olarak fonksiyon yapan ve AP2 bolgesi olarak adlandirilan
yaklagik 70 amino asitten olusmus korunmus bdlgelerdir
(76). bZIP (basic leucine zipper) ailesi ise yedi sirali bir
16sin tekrart ile takip edilen, temel amino asitler
bakimindan zengin bir bolge ile karakterize edilir. Losin
tekrarlar1 bZIP faktorlerinin dimerizasyonunu ve DNA ile
etkilesimlerini saglarken, temel bolge sekans-spesifik
olarak DNA’ya baglanir (77).

Osmotik stresle aktive olan fosfolipid sinyali

Membran fosfolipidleri strese karsi  olusturulan
cevaplar sirasinda 6nemli yapisal roller yapmalarinin yan
sira inositol 1,4,5-trifosfat (IP;) diagilgliserol gibi ¢ok
sayida sinyal molekiillerini ireten dinamik bir sistem
olusturmaktadir. Bitkilerde fosfolipidlere dayali sinyal
hala tam olarak agiklanamamigtir (78). Cesitli bitki
sistemlerinde hiperosmotik strese cevapta IP; seviyelerinin
hizla arttig1 gosterilmistir (79, 80, 81, 82). IP; seviyeleri
Vicia faba bekgi hiicrelerinin protoplastlarinda (83) ve
Arabidopsis fidelerinde (84) disaridan ABA uygulanmasi
ile de artmaktadir. Bekgi hiicrelerinde tutulmus olan 1IPs,
sitoplazmada Ca®" artigii tesvik eder ve stomalarin
kapanmasini tetikler (85). Ekzojen IP; izole edilmis
vakuollerden ve tonoplast vezikiillerinden Ca®"y1 serbest
birakmaktadir (86). Sitoplazmik Ca”’nin artisi osmotik
stresle indiiklenen genlerin ifadelerini tetikleyebilir (87).

9. SONUC

Genel olarak yagisin, yeralti veya ylizey sularmin
ortalama degerlerinin altinda olmasi olarak tanimlanan
kuraklik, diinyadaki dogal afetler arasinda Onem
bakimindan ilk sirada yer almaktadir. Fosil yakitlarin
yanmasi, ormanlarin yok edilmesi, endiistriyel etkinlikler
gibi insan aktiviteleri beraberinde “sera gazlari” denilen
karbondioksit, metan,0zon ve diazot monoksit gibi
gazlarin atmosferde artmasina yol agmakta ve bu gazlarin

the protein kinases in the complex. The phosphorilation of
the MAPK often induces the dissociation of the kinase
from the module followed by translocation into the
nucleus where the MAPK activities expression of certain
sets of genes that will act in drought stress through
phosphorilation and activation of transcription factors
(74).

Plant AP2/EREBP and bZIP transcription factors

Regulation of gene expression by transcription factors
is central mechanisms utilized among organisms and relies
on interactions between sequence-specific DNA-binding
protein with cis-elements located in the promoter and
enhancer regions of the corresponding genes. Plants
respond to adverse environmental conditions, such as low
temperature, high salt concentrations and drought, through
a number of biochemical and physiological changes,
including the induction of a variety of genes (75). Many
such genes encode number of the bZIP and AP2/EREBP
regulatory factors, which in turn regulate the expression of
downstream genes involved in the stress response. Among
the several families of plant transcription factors, the
AP2/EREBP family is relatively new and unique to plants.
The common feature of these proteins is a conserved
stretches of about seventy amino acids that functions as a
new type of DNA-binding domain, the so-called AP2
domain (76). The bZIP (basic leucine zipper) family of
transcription factors is characterized by a region rich in
basic amino acids following by a heptads leucine repeat.
The basic region binds sequence-specifically to DNA,
whereas the leucine repeats mediate dimerization of bZIP
factors and contribute to the interaction with DNA (77).

Phospholipid signal activated by osmotic stress

Membrane phospholipids constitute a dynamic system
that generates a multitude of signal molecules such as
inositol 1,4,5-threephosphate (IP;). diacylglycerol in
addition to serving important structural roles during stress
responses. The potential of phosplipid-based signaling in
plants is still underexplored (78). Several studies have
shown that in various plant system IP; levels rapidly
increase in response to hyperosmotic stress ((79, 80, 81,
82). IP; levels also increased upon treatment with
exogenous ABA in Vicia faba guard cell protoplasts (83)
and in Arabidopsis seedlings (84). In guard cells, caged
IP;, induced Ca*" increase in the cytoplasm and triggered
stomatal clause (85). Exogenous IP; releases Ca*" from
isolated vacuoles or tonoplast vesicles (86). Increases in
cytoplasmic Ca”* could lead to the expression of osmotic
stress-responsive genes (87).

9. CONCLUSSIONS

Drought, which is generally defined as the rainfall
values below the average of underground and surface
water values, is in the first place of the natural disasters in
the world. Human activities like burning of fossil fuel,
destroying forests, industrial activities cause increasing the
“greenhouse gases” such as carbon dioxide, methane,
ozone and dinitrogen and as a result of that the climatic
changes increases in the world. This phenomenon is called
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yarattig1 sera etkisi sonucunda diinya ylizeyinde sicaklik
artmaktadir. Kiiresel 1sinma olarak tanimlanan bu olay
iklim degisikliklerine neden olmakta ve aragtirmalara gore
2030 yilinda Tiirkiye dahil Giliney Avrupa’yi igine alan
bolgenin olduk¢a kuru ve sicak bir iklimin etkisine
girecegi bildirilmektedir. Diinyadaki dogal kaynaklarin
niifusu besleme kapasitelerinin azalmasina ve bunun
sonucunda milyonlarca insanin agliktan 6lmesine neden
olabilecegi g6z Online alindiginda, kuraklik, diinya
tizerindeki tiim canli yasami igin tehlike olusturmaktadir.
Bu nedenle, kuraklik stresine dayamikli bitki tiirlerinin
belirlenmesi, tolerans mekanizmalarinin agiklanmasi,
kurumaya dayanikli bitkisel gen kaynaklarinin korunmasi
ve aktarimi ¢aligmalart yoniindeki arastirmalar, 6zellikle
insanlarin neden oldugu kiiresel 1sinma sonucunda etkisini
giderek arttiran kurakligin, ilerde tiim canlilar igin bilyiik
bir sorun haline gelmesini 6nlemede rol oynayacaktir.
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