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ABSTRACT

EFFECT OF BORON AND IRON STRESS ON PHYTOSIDEROPHORE
PRODUCTION IN BARLEY

Ince, Yetkin Caka
M.S., Department of Biology
Supervisor: Prof. Dr. Meral Yiicel

February 2015, 109 pages

Boron and iron are essential nutrients for growth and development of higher
plants. Deficiency and toxicity of them cause significant changes in physiological,
cellular and molecular make-up of plants. Iron uptake in barley is mainly achieved by
production and release of phytosiderophores to the environment. On the other hand,
production of phytosiderophores are affected by concentrations of boron and iron. Four
enzymes which function in phytosiderophore hydroxymugineic acid (HMA) production
namely NAS, NAAT, IDS2, and IDS3 showed differential expression profiles when
plants were treated with different concentrations of iron and boron. In this study, we
investigated the potential link between iron, boron, and phytosiderophore production in
barley. For this purpose the barley seedlings were treated with deficiency or toxicity of
boron and iron as well as combinations of these and expression levels of aforementioned
genes were examined.In addition to gene expression analysis, physiological parameters,
total boron, iron, and zinc content and photosynthetic performance of seedlings were

considered.

Keywords: barley, boron, iron, zinc, stress, phytosiderophore
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ARPADA BOR VE DEMIR STRESININ FITOSIDEROFOR URETIMINE ETKIiSI

Ince, Yetkin Caka
Yiiksek Lisans, Biyoloji Boliimii
Tez Yoneticisi: Prof. Dr. Meral Yiicel
Subat 2015, 109 sayfa

Bor ve demir yiiksek bitkilerin biiyiimesi ve gelisimi icin elzem besin
maddeleridir. Bu maddelerin eksikligi ve asir1 fazlalig: bitkilerin fizyolojik, hiicresel ve
molekiiler yapilarinda kayda deger degisikliklere yol acar. Arpada demir alimi baslica
fitosideroforlarin tiretimi ve ¢evreye salinimi ile olur. Diger yandan fitosiderofor iiretimi
bor ve demir konsantrasyonlarindan da etkilenir. Bitkiler farkli demir ve bor
konsantrasyonlarinda biiyiitiildiiklerinde, fitosiderofor hidroksimugineik asit (HMA)
tretiminden sorumlu dort enzim (NAS, NAAT, IDS2 ve IDS3) farkli ekspresyon
profilleri gostermektedir. Bu calismada arpada demir, bor ve fitosiderofor iiretimi
arasindaki olast baglantiyr arastirilmistir. Bu amagla, arpa fideleri bor ve demir eksikligi,
fazlaligi ve bu durumlarin kombinasyonlariyla muamele edilmis ardindan daha 6nce adi
gegen genlerin ekspresyon seviyeleri incelenmistir. Bunun yanisira, bitkilerin fizyolojik
parametreleri, toplam bor, demir ve ¢inko igerikleri ve fotosentetik aktiviteleri goz

oniinde bulundurulmustur.

Anahtar Kelimeler: arpa, bor, demir, ¢inko, stress, fitosiderofor
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CHAPTER 1

INTRODUCTION

1.1  Barley
Barley is a member of Triticeae tribe of Poaceae family. The species is self-

pollinating and diploid having 2n = 14. Archaeological remains of barley grains
indicates that it was domesticated 10,000 years ago in the Fertile Crescent [1].
Cultivated barley (Hordeum vulgare spp. vulgare L.) is one of the eight founder crops of
agriculture [2]. Barley ranks fourth in terms of production quantity and cultivation area
among other cereal crops [3] (Figure 1.1).

Barley is grown for a variety of purposes but used mainly as fodder for animals,
carnivorous fish feed, malt for a large list of alcoholic beverages including beer and
whiskey, component of various foods, bread, and nonalcoholic beverages [4]. Barley
grain is composed of mainly starch (60 — 64%), arabinoxylans (4.4 — 7.8%), B-glucans
(3.6 — 6.1%), cellulose (1.4 — 5.1%), simple carbohydrates (0.6 — 4.6%), proteins (8 —
15%), and lipids (2 — 3%) in dry weight [5]. Generally, barley cultivars with high protein
content are used for food and feeding whereas, starchy cultivars are used for malting.

Among other cereal crops, barley is one of the most widely adapted species. It is
grown in diverse environments like northern Scandinavia, Himalayan Mountains, and
monsoon paddies because of its genetic variation.

Average world production of barley between 2002 and 2004 is approximately 144
million metric tons (MT) annually (Figure 1.1). The top barley producer in the world is
Russian Federation. Turkey is ranked as the sixth country globally (Figure 1.2 [6]).
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Figure 1.1The cereal production in hectares and metric tons globally [3]

Barley is a model species for physiological and genetic research on Triticeae [7],
because of its wide diversity in genetics, morphology, and physiology and less complex
genome sequenced in 2012 [8]. Seven pairs of nuclear chromosomes, one mitochondrial

and one chloroplastic chromosome (total of 5000 Mbp) compose the genome [9].
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Figure 1.2 The top barley producing countries in 2012 [6]

1.1.1  Stress Conditions Affecting Growth of Barley
Its adaptable nature to many diverse environments makes geographic and

ecological range of barley quite wide compared to other cereals. However, there are
biotic and abiotic factors affecting the yield and growth of barley.

Biotic factors include viral, bacterial or fungal diseases. Blumeria graminis f.sp.
hordei causing powdery mildew [10], Rhynchosporium secalis causing leaf scald [11],
Puccinia hordei causing barley rust[12], certain species of Fusarium causing head [13],
and Cochliobolus sativus causing various diseases [14] are some of fungi species
responsible for biotic stress. In addition to fungal diseases, barley is susceptible to
bacterial blight caused by Xanthomonas campestris pv.translucens. There are also
several viruses like barley stripe mosaic hordeivirus (BSMV) and barleymild mosaic
bymovirus (BaMMYV) [15]causing diseases on barley.

Abiotic stress, the negative impact of non-living factors such as drought, salinity,
toxins, pesticides etc. on the living organisms, is considered as the most harmful factor



affecting crop growth and productivity worldwide [16]. Abiotic stresses affect barley
during stages of development including early stages of reproductive development [17].

Excess amounts of some elements such as Al, Mn, Cu,and B cause mineral stress
resulting large crop yield losses. According to Clark, mineral stress has negative effects
on about 25% of agricultural land [18]. Therefore, it is accepted as one of the main
reasons limiting the plant growth over the majority of the land [19].

Boron and iron stress are two important abiotic stresses for barley. It is reported
that cereals have low sensitivity to B deficiency [20].However, B deficiency can affect
barley adversely. Male fertility is depressed in barley under B deficiency, which is
resulted in grain set failure [21]. In addition, vegetative growth of barley can be either
enhanced [21] or depressed [22] under B deficient conditions. Mengel and Kirkby(2001)
regarded barley as moderately tolerant to B toxicity [23]. However, two Turkish barley
cultivars (Anadolu and Tarm-92) have been reported as B tolerant [24]. High soil
alkalinity, the common problem in semi-arid and arid soils is related to many types of
mineral stress including B toxicity and Fe deficiency. In Fe deficient conditions,
Graminaceous plants exhibit morphological and physiological changes including
alterations in root morphology [25] and stimulation of phytosiderophore release from
roots [26].

1.2 General Stress Tolerance Mechanisms of Plants
The responses of plants to various abiotic and biotic stresses are complex and

involve numerous adaptations in different manner. After stress exposure, activation of
ion channels, kinase cascades [27], and reactive oxygen species (ROS) [28]; and
accumulation of several different phytohormones [29] lead plant to reprogramme its
genetic machinery to minimize stress induced damage [30].

After sensing stress, reactive oxygen species (ROS) [31], [32]; Mitogen-Activated
Protein Kinase (MAPK) cascades [33], [34]; several phytohormones such as abscisic
acid, salicylic acid, jasmonic acid, and ethylene; and certain transcription factors are

activated to function as signaling molecules.



Low amounts of ROS regulate stress responses, whereas high levels cause serious
damage leading to even death of the cells on plants[35], [36]. The role of ROS in cell
communication [37], and as a secondary messenger functioning in defense gene
activation [38], [39][ have been shown. Since the excess amount of ROS is harmful to
plants, they need to be degraded after their function, and the increase of molecules
responsible for degradation of ROS is accepted as an indicator of stressed plants. These
antioxidant molecules responsible for ROS degradation are enzymes including
glutathione peroxidase (GPX), superoxide dismutase (SOD), mono dehydro ascorbate
reductase (MDHAR), glutathione reductase (GR), de hydro ascorbate reductase
(DHAR), catalase (CAT), ascorbate peroxidase (APX), glutathione S-transferase (GST)
and water-soluble compounds such as glutathione and ascorbate [40], [41].

The stress tolerance mechanisms of plants vary depending on the type of the
stress. However, the main tolerance mechanisms against excess mineral uptake are
shared among plants. Four mechanisms are defined; (i) restriction of uptake, (ii) active
efflux, (iii) compartmentation, and (iv) complexing the excess mineral with other

molecules.

I. Exclusion of excess mineral from the plant
Generally, accumulation of lower concentrations of an excess mineral in tolerant

cultivars compared to sensitive ones suggests exclusion is one of the main strategies to
cope with excess amounts of minerals. The ways that plants use to prevent excess
mineral uptake include precipitating or complexing of minerals around the roots.
Precipitation of metals can be achieved by increasing pH values of rhizosphere or
by anion excretion. It has been shown that tolerant Z. mays cultivar excrete P anions
against Al toxicity compared to sensitive one showing toxicity symptoms [42]. Organic
acids have also been accepted as possible chelates. There are several studies showing
increased amount of organic acids like malic acid, citric acid, oxalic acid more in
tolerant cultivars against Al toxicity [42]-[46]. However, other examples of organic acid

chelate function inside of the cells rather than the outside.



Exclusion of B from roots is also proposed as one of the main tolerance
mechanism against B toxicity. The comparison of tolerant and sensitive barley cultivars

under B toxicity showed that tolerant cultivars significantly accumulate less B [47].

ii. Active efflux
Although active efflux is accepted as a possible mechanism of tolerance to mineral

stress, there is very limited research on it. However, partially active efflux of B from
roots has been shown [47]. In addition, AtBOR4, a B transporter in Arabidopsis, has
been demonstrated as having B efflux activity in yeast cells [48]. Another possible
example of active efflux is loading metals to older leaves and shedding them to get rid of
excess amount of the metal [49].

iii. Compartmentation within vacuoles
Mineral tolerance could be achieved by compartmentation of them into places in

which they will not be able to react with other cellular substances. The most probable
sites for this kind of places are the vacuoles. In literature, several studies have
demonstrated the use of vacuoles to get rid of excess minerals. Under excess Zn content,
increase of vacuolar in barley leaves hold responsible for increase in total Zn content of
leaves [50]. Similar mechanism for salt tolerance, compartmentation of Na in vacuoles,
was also proposed [51]. Other species under different mineral stress conditions have
acted similarly, such as Z. mays under Al toxicity [52], D. caespitose under Zn toxicity
[53], N. tabacum under Cd toxicity [54]. In addition, compartmentation of B in vacuoles

have been proposed in wheat cultivars against B toxicity [55].

iv. Complexing
Making mineral unable to interact with other cellular substances can be achieved

by complexing them with substances specialized to bind them. Metallothioneins,
phytochelatins, organic acids, inorganic and organic ligands like phytate are used to bind

metals under toxic conditions to prevent damage.



In several different plant species, studies showed that the role of members of
metallothioneins, which are cysteine rich, low molecular weight proteins [56] in metal
tolerance of plants. Cu-binding protein in A. gigantean [57], metallothionein production
in A. thaliana for Cu tolerance [58], increased protein production to bind excess Cu in
tolerant S. oleracea [59] are some examples.

Like metallothioneins, phytochelatins are also cysteine-rich but they are non-
protein metal binding peptides [60]. Phytochelatins binding to excess Cu and Cd in Z.
mays [61], production of phytochelatin under excess Zn, Cu, and Cd in Rubia tinctorum
roots [62] and after exposure to Cd in N. tabacum [54] were observed.

Organic acids are also able to form complexes with metals inside or outside of
cells. There are several studies showing increased amount of organic acids like malic
acid, citric acid, oxalic acid more in tolerant cultivars against Al toxicity [42]-[46].
Furthermore, great increases in production of citric acid and malic acid and relatively
lower amounts of increases in production of succinate and fumarate were observed in Cu
and Zn tolerant N. plumbaginifolia cultivars under Zn or Cu toxicity [63].

Another possible metal complexing agent is phytate. Zn-phytate compexes were
detected in tolerant D. caespitosa roots more than in sensitive ones [53]. In addition,
several plants including Al tolerant Z. mays, have metal deposit associated phytate in

their vacuoles [52].

1.3 Boron
Boron (B) has intermediate properties between metals and non-metals[64].

Lithosphere and hydrosphere are quite rich with their B concentration 5-10 mg/kg in
rocks[65], 3-30 pg/kg in rivers[66] and ~4.5 mg/L in ocean[67]. B in soil is found
mostly combined in borax (Na;B4O;-10H,0), colemanite (CaB3;04(OH);-H,0), ulexite
(NaCaBs0g(OH)g*5(H20)), tourmaline (crystalline boron silicate mineral compounded
with elements such as Al, Fe, Mg, Na, Li, K) and borate minerals (boracite-
Mg3B;013Cl), which are inaccessible to plants. The only form of soil B that is accessible
to plants is water soluble boric acid (H3BOs3). It is a weak monobasic acid (pKa 9.24)

and un-dissociated under most soil pH conditions. Besides, boron is non-mobile in



plants, which requires supplementation of B continuously from soil or planting media in
all plant meristems. These properties of B make it unique among other essential

nutrients.

1.3.1  Functions of Boron on plants
Boron is essential for normal growth of higher plants [68]. However, the

requirements of B within the plant kingdom differ markedly, but generally dicots have a
greater requirement for B than monocots [69]. B in plant functions directly or indirectly
in cell wall synthesis and structure, membrane structural maintenance, sugar transport,
lignification, carbohydrate metabolism, respiration, nitrogen fixation, RNA metabolism,
phenol metabolism, and ascorbate metabolism [70].

The role of B in cell wall structure and function has been demonstrated in radish
root cell walls by isolation and characterization of a B-polysaccharide complex [71]. The
capacity of B to form borate esters with apiose residues of rhamnogalacturonan Il (RG-
I1) [72] makes it essential for cell wall structure and function [73].

Another role of B is related on maintenance of integrity of plasma membrane [74].
In B deficient conditions, it was shown that membrane bound H* pumping ATPases
have lower activities [75]. ATPase activity was restored after B re-supply, indicating
effects of B on ion fluxes occur directly or indirectly by membrane bound ATPases.
Rather than direct effects on ATPase activity, possible binding of B to hydroxyl groups
of glycoproteins and glycolipids in plasma membranes may be the main reason for
alteration of membrane permeability [74]. B complexes in glycoproteins and glycolipids
help stabilization of membrane, providing an optimum conformation for enzymes and
channels [74], [76].

In addition to structural functions of B in plants, B complexes with NAD" can
cause disruption of metabolism [77] and other ribose containing molecules [78], [79],
and functional roles in regulatory or signaling processes as being a part of signal
molecules [80]. Moreover, roles in plant reproduction [81], abortion of flower initials
[82], premature flower and fruit drop [83], male sterility [84], impairment of male

gametogenesis [85], and pistil sterility [86] are reported.



1.3.2  Boron uptake in plants
The most common form of boron at soil pH values 5.5-7.5 is the soluble boric acid

(H3BO3) which is the available boron source for plants. Three different mechanisms for
boric acid uptake by plants are suggested depending on B availability in soil:

l. Passive diffusion of B across the lipid bilayer under adequate/excessive
conditions of B availability [87]. Theoretical considerations of lipid permeability
coefficient for boric acid suggested that plants achieve boron by passive diffusion [88],
which is supported experimentally [89], [90].

Il. Diffusion of B is facilitated by the major intrinsic protein (MIP) channels,
channels that transport neutral molecules [91]. A member of MIP superfamily, plasma
membrane intrinsic protein 1 (PIP1) expression resulted in 30% increase in B absorption
in Xenopuslaevis oocytes [92]. In addition, molecular studies in Arabidopsis thaliana
revealed a boric acid channel (AtNIP5;1), a member of the MIPs family [93]. Expression
of At- NIP5;1 is upregulated in B deficient conditions [93]. Having a close homolog
sequence to AtNIP5;1, OsNIP3;1 in rice has also been identified as a boric acid channel
and is required for normal growth under B deficient conditions [94]. Another study
demonstrated that H. vulgare PIP1;3 and PIP1;4 transformed cells of yeast are more
sensitive to boron [95].

M. A high affinity transport system depending energy is used under low B
conditions; it has been shown that active B uptake by roots occurs [90], [96]. The
expression of a BOR transporter in rice (OsBOR1) in root elongation zone of rice under

B deficiency suggests the active and efficient B uptake into root cells [97].

1.3.3  Boron Deficiency and Toxicity
Availability of B to plants is affected by many diverse physical factors including

rainfall, pH, soil texture and moisture, temperature, and clay mineralogy [23],
[98].Under high rainfall conditions, boric acid, the available B form to plants, can be
easily leached [65]. This leads to B deficiencies in many regions such as Japan, China,
USA, and Brazil. In contrast, B cannot bleached enough under low rainfall conditions

causing accumulation to toxic levels toxic [99]. Therefore, arid and semiarid regions are



found to be B toxic [100] like Central Anatolia (Konya, Eskisehir, Aksaray)and South-
eastern regions of Turkey [101] South Australia, California and Chile [102], [103].

Although the requirements of B within the plant kingdom differ markedly[69],
The requirement of Graminaceous monocots is 4 — 10 pug B /g dry weight andit is 20 —
55 ug B /g dry weight for dicots [23], [104].

The symptoms of B deficiency appear firstly at growing points. However, plant
species owing higher B in young leaves and growing parts are exceptions. Stunted
appearance, discolored leaves, poor pollination, hollow stems and fruit and brittle, and
loss of fruiting bodies are characteristics of B deficiency [23]. Most of the symptoms are
associated with requirement of B in the function and structure of cell wall[72].Moreover,
impairment of fruit formation under B deficiency has been reported in grapes because of
its requirement in pollen tube growth, pollen germination, and pollen viability [105].
Since, reproductive growth has higher requirement for B than vegetative growth [81],
impairments in crop production under B deficiency have also been reported. Other B
deficiency symptoms include inhibition of root and shoot elongation, loss ofcell wall
plasticity, and inhibition of cell division.

High concentration of soil B is mostly associated with lands showing volcanic
activity recently and receiving low rainfall [66]. B toxicity is frequently associated with
soils lacking of sufficient drainage [98]. B toxicity in plants can be diagnosed using
visible symptoms. Reduction of growth, and easily visible chlorosis followed by
necrosis on older leaves are typical symptoms of B toxicity [77], [103], [106], [107]. In
addition, symptoms of toxicity include fruit disorders, bark necrosis and stem dieback
rather thanleaf burn and necrosis [103] leaf cupping resulting from disturbance of cell
wall cross-linking and expansion [108].

A study on Dittrichia viscose revealed that B deficiency resulted in a significantly
decrease in growth. However, it has no negative effect on photosynthetic parameters
[109]. On the contrary, studies in citrus showed that chlorophyll content decreased more
under B deficiency than B toxicity [110].Another study evaluating photosynthetic
performance wheat cultivars under B toxicity by JIP test reported that B-tolerant cultivar
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exhibited a better photosynthetic performance compared to the sensitive cultivar,
concluding photosynthetic performance of cultivars can be used to determine their
resistance to B [111].

1.3.4  Molecular Aspects of B Stress
Although direct information on the signal transfer from B deficiency to nuclei is

not present, deficiency changes the expression level of genes involving in nitrogen
metabolism [112], B uptake [113], cell wall formation [114], and oxidative stress [115].

Three hypotheses were suggested to explain the signal transport mechanism to
nuclei: (i) the imbalance in cellular redox caused by B deficiency may induce a gene by
transfer of signal from cell wall to cytoplasm [115]; (ii) a mechanical cascade of signals
may be induced as a response to fluctuations in B concentrations [116]; (iii) B may
interact withtranscription factors directly as a cellular signal [117]. The second
hypothesisis supported by changes in cytoskeletal proteins polymerization pattern [118],
[119] and the endocytic pathway inhibition for internalization of B-cross-linked RG-
Ilpectins in brefeldin A-induced compartments [120] under B deficiency.

B toxicity induces changes in gene expression levels in Arabidopsis [121]. One of
identified genes is a zinc finger family transcription factor (Atlg03770). It could regulate
the expression level of genes involved in physiological response to toxicity of B [121].
The putative role of B, interactions with transcription factors as a cellular signal, might
be supported by this result. Another important late response was found as the induction

of jasmonic acid related genes under B toxicity [122].

14 Iron
Iron (Fe) is the most abundant element in the Earth by mass. Although Fe exists in

a wide range of oxidation states (—2 to +6), two most common ones are +2 (ferrous) and
+3 (ferric).Fe reacts with oxygen and forms various oxide and hydroxide compounds.
Iron (11,111) oxide (Fe30,), and iron (I11) oxide (Fe,O3) are the most common ones.
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1.4.1  Functions of Iron on plants
Iron is another essential micronutrient for many plant functions. Some of the

important functions of iron in plants include chlorophyll development and function,
energy transfer, constituent of certain enzymes and proteins, plant respiration and
metabolism, and nitrogen fixation.

Nearly 90% of the Fe is stored in the chloroplasts [123] where photosynthesis,
heme biosynthesis, and Fe-S cluster assembly take place. Chlorosis, the characteristic
symptom of Fe deficiency in plants (see section 1.3.4) is indication of decrease in
chlorophyll content. Fe is a crucial element in photosynthetic pigment metabolism and
ultrastructure of chloroplasts [124].

Mitochondria also employ Fe in respiration, heme biosynthesis and Fe-S cluster
synthesis [125]. For mitochondria function, proper Fe homeostasis is essential, allowing
transporters and Fe sequestering proteins to work. In rice pollen, mitochondria are
deformed under Fe deficiency, which reduced seed yield [126], because development of
flower is dependent on energy [127]. Many Fe related genes are highly expressed in

pollen containing anthers [128]-[131].

1.4.2  Iron uptake in plants
Fe is one of the most common elements in the earth; however, its availability for

plants is very low due to low solubility of Fe in soil [132]. In soil that are well aerated
and/or at physiological pH, ferrous (Fe?*) is readily oxidized to water insoluble ferric
(Fe*"). Plants need to solubilize Fe to take up it from the soil. Two different strategies

have been evolved by plants to take up Fe from soil.

Strategy | (Reduction-based strategy)

It is used by non-grasses. The first step is proton release under Fe-deficient
conditions. The pH of the soil is lowered by proton extrude in rhizosphere by epidermis
expressed Arabidopsis H*-ATPases (AHA) [133] leading increased Fe** solubility. It
was reported that Fe** becomes 100-fold more soluble for every one unit drop in pH

[134]. Under deficiency three different AHA genes were upregulated in root epidermis
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[135]. However, AHAZ2 has the highest expression level, it has been accepted as the
primary root AHA in response to deficiency of Fe [136].

Fe(lll) chelate reduction is second method that non-graminaceous species has
evolved in response to Fe deficiency . Fe**is reduced by ferric chelate reductases to the
more soluble Fe?*. Arabidopsis mutants having the defective copy of the gene (frd1)
developed severe chlorosis under Fe deficiency [137]. FRO2, being mapped to the same
location as frd, was expressed in epidermal cells of roots in Fe-depleted samples,
supporting that it is the main Fe(lll) chelate reductase in Arabidopsis [138].
Identification of Fe(lll) chelate reductases have also been achieved in tomato and pea
[139], [140].

Finally, after reduction, the divalent metal transporter AtIRT1 can transport Fe (1)
into the root epidermal cells [141]. Transportation of other elements including Zn, Mn,
Cd, Co, and Ni are also done by AtIRT1 [142]-[144]. IRT1 orthologs have also been
found in tomato [128], in pea [145] and in a strategy Il plant, rice [146].

Strategy Il (Chelation-based Strategy)

Siderophores are microbial originated Fe containing chelates and are found widely
bacteria and fungi [147]. Under Fe deficiency, grasses release another form of this
microbial origined chealtes, phytosiderophores [148]. However, this type of molecules
cannot be found in dicots [149].Phytosiderophores (PS) are non-protein amino acids that

have the ability to solubilize Fe** ions and form Fe-PS complexes.

Fn"

T R L ST

Mugm&lc Acid ernc Mugmeate

Figure 1.3 Structure of mugineic acid and its complex with Fe**, ferric mugineate
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Grasses use the chelation based strategy to uptake Fe. They release soluble
siderophores having high affinity for Fe**. Mugineic acid family (MA family)
phytpsiderophores bind Fe**in rhizosphere efficiently, and then complexes of Fe*-PS
(Figure 1.3) are transported into root epidermis through a high affinity uptake system
[26]. It has been discovered that grasses survive under more drastic Fe-deficient
conditions, because chelation strategy is more efficient than reduction [150].

1.4.3  Biosynthesis of phytosiderophores
2’-deoxymugineic acid (DMA), 3-epihydroxymugineic acid (epi-HMA), and 3-

epihydroxy 2’-deoxymugineic acid (epi-HDMA) are members of MA family
phytosiderophores. MA production and secretion in each grass differs but always
increases in response to Fe-deficient conditions confirming that tolerance to Fe-
deficiency is related with PS secretion [64]. Barley, being more tolerant to Fe-
deficiency, has MA, HMA, and epi-HMA; while other grasses including wheat, rice, and
corn use only relatively low amounts of DMA [151]. MAs are synthesized from S-
Adenosyl methionine (SAM) through several steps beginning with synthesis of the key
intermediate, nicotianamine (NA) by nicotianamine synthase (NAS) (Figure 1.4). NA
has the ability to bind Fe?* and Fe** and other metals both in grasses and non-grasses.
However, NA is not secreted, which suggests intra and intercellular role rather than the
extracellular role in both strategies. In grasses nicotianamine aminotransferase (NAAT)
converts NA to 3’-keto DMA [152] which produces the common precursor of all MAs,
DMA[151]. Two barley genes, iron deficiency sensitive 2 and 3 (IDS2 and IDS3) whose
expression is upregulated under Fe-deficiency supporting the catalyze activity to form
epi-HMA and epi-HDMA [153].
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Figure 1.4 Biosynthesis of mugineic acids [154]

1.4.4

Iron Deficiency and Toxicity
Iron stress is one of the important yield limiting factors in crop production.

Deficiency or toxicity occurs in a variety of soils.

Fe deficient soils are usually seen the areas where the pH value is higher than 6
[155]. Above pH 4, each unit increase in pH decreases Fe** solubility by about 1000
[156]. High levels of lime, heavy metals, nitrate, and organic matter content are
generally associated with Fe deficiency. In addition, poor aeration, unbalanced cation
ratios, root infections by nematodes, and high temperature differences are the signs of Fe

deficiency. It is a problem in calcareous soils[157] which is about 5.2 million hectares of

the world land surface [158].

Fe toxicity, which is not as common as deficiency, is seen in acid soils. On acid
soils, Fe®* form is favorable in such level that is toxic to plants. Poor drainage, highly
reducing conditions, and high sulphide concent, which are also characteristics of rice
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soils, are often associated with Fe toxicity [159]. Therefore, Fe toxicity is a serious
problem for rice production.

Both deficiency and toxicity of Fe can be easily identified by visual symptoms.
In the case of deficiency, first symptoms are seen in younger leaves as a chlorosis
developing interveinally in the new leaves. As the level of deficiency increases, the area
between the veins turns yellow to bleached-white. Unless the deficiency is not extremely
severe, the veins remain green [160]. In the early stage of growth, plants are more
susceptible to Fe deficiency.

Unlike deficiency symptoms, old leaves present first symptoms as a response to
Fe toxicity. Brown spots starting from tips of lower leaves in rice are the signs of Fe
toxicity in rice [161]. Fe toxicity may affect plants in two ways; (i) direct effect as death
of the plant when lethal doses, (ii) indirect effect causing nutritional imbalance when
longer but relatively lower doses are applied to plants. Excess Fe may inhibit uptake,
transport and utilization of other nutrients like P, K and Zn [162].

As mentioned earlier, the first visible symptom of Fe-deficiency is chlorosis of
leaves, which is associated with loss of chlorophyll content even though chlorophyll
chelates Mg rather than Fe. Once Fe is uptaken into plant, it is sequestered by ferritin
located predominantly in plastids [163]. It was reported that Fe deficiency significantly
decreases the number of thylakoid membranes per chloroplast whereas the structures of
other Fe-rich organelles remains unchanged [164]. Fe deficiency also changes the active
Rubisco levels [165]. Furthermore, loss of photosystem | (PSI) activities under Fe
deficiency were reported [166], [167]. The light harvesting complex I (LHCI) was
drastically reduced whereas LHCII was not affected from Fe deficiency. The loss of PSI
is associated with reduce in LHCI. In addition, PSI contains Fe-S proteins functioning in
electron transfer to NADP™. Ferrodoxin, one of the most important Fe containing
proteins in photosynthesis, is considered as the direct recipient of electrons from the
pathway [168]. Therefore, negative effects of Fe deficiency on PSI can be explained by

decrease in number of Fe containing proteins.
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1.45  Molecular Aspects of Fe Stress
Under Fe deficient conditions a response called strategy | (described in section

1.3.2) is induced in all plants except grasses [132]. Increase in expression of genes
involved in this response such as Fe(lll) chelate reductase (FRO2) and the Fe(ll)
transporter (IRT1) are observed in Arabidopsis [169], [170]. IRT1 is the major protein
transporting Fe from soil [171]. The increase in expression of various metabolic
enzymes under Fe deficiency suggests dramatic changes in carbon metabolism [172],
[173]. Another study showed that roots and shoots of Arabidopsis respond differently to
Fe deficiency [174]. Moreover, same study reported a correlation between repression of
photosynthetic enzymes and increasing time to exposure to Fe deficiency. Other Fe-
deficiency induced genes in Arabidopsis include genes encoding enzymes involved in
glycolysis, the citric acid cycle, and the oxidative pentose phosphate pathway; products
involved in mobilization and export of carbon in the form of sugars and starch.

Grasses like barley and wheat use strategy Il (described in section 1.3.2) as Fe
deficiency response. Microarray results in barley roots grown in Fe deficiency revealed
that expression of genes involved in methionine synthesis (first product of MAs- see
section 1.3.3) [175]. Another study comparing abundances of proteins in barley under Fe
deficiency showed that three enzymes involved in PS production named iron deficiency
sensitive2 (IDS2), IDS3, and a methylthio-ribose kinase were increased [176]. In
addition, promoter analysis of IDS3 in Arabidopsis and tobacco showed that IDS3
promoter is Fe deficiency inducible and its expression is root specific [177]

As a response to Fe toxicity, four AtFergenes that encode ferritin, are
differentially expressed in both roots and shoots [178]. The same transcripts
accumulated in plants in response to H,O, treatment. H,O, and Fe(ll) can react to form
hydroxyl radicals. Thus, cells can be protected from damage of oxidative stress by
storing iron using ferritin. The protection of plant cells from damage of oxidative stress
caused by Fe toxicity can be achieved by increase in expression of AtFer genes. In
addition, Fe toxicity and production of abscisic acid (ABA) is correlated [179]. The
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reduction of ferritin levels in a maize ABA-deficienct mutant [180] also indicates the

ferritin-Fe toxicity interaction [145].

15 Zinc
Zinc is another important micronutrient for plants. It is a component of enzymes

functioning protein synthesis and energy production. It is also responsible for
maintenance of structural integrity of biomembranes and has an important role in seed
development. Zn enzymes are involved in regulation of main mechanisms of cells like
DNA-transcription, RNA-processing, and translation. A well-known motif for these
processes, zinc-finger motif composes up to 4% of the predicted proteins in Arabidopsis
[181]. In addition, all types of DNA-polymerases and RNA-polymerases, histone
deacetylases, splicing factors, and enzymes involved in RNA-editing in mitochondria
and chloroplasts are Zn dependent [182]. It has several other important functions in
chloroplasts and mitochondria [183]-[186]. Furthermore, the cytoplasm, lysosome, and
the apoplastic space are compartments with Zn-dependent hydrolytic activities [187]-
[190].

The importance of Zn in the present study comes from its availability conditions
in nature and relations with the given stress conditions. As in Fe and unlike B, the
availability of Zn to plants decreases in high pH soils. Thus, co-occurrence of Fe
deficiency, Zn deficiency, and B toxicity is possible, as indicated previously [191]-
[193]. In addition, studies have revealed that there is competition between Cu, Mn, Fe,
and Zn uptake [194]-[197]. There are reports confirming Fe deficiency increases Zn
uptake and vice versa [198]-[201]. This relation between Fe and Zn is not limited to
graminaceous plants, Fe deficiency causes excess Zn uptake also in tobacco and
Arabidopsis [199], [202].

1.6 Fe-B-Zn-PS relations in plants
As mentioned in section 1.4, co-occurrence of Fe deficiency, Zn deficiency, and B

toxicity is possible [191]-[193]. Thus, it is important to understand the relation between

these three elements and the molecules responsible for uptake of two.
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To begin with, Fe and Zn interactions have been studied over years. It has been
reported that competition between Zn and Fe for the transporters HvIRT1 and HVIRT2
[203] and ZmYS1 [204] is present. In addition, uptake of Zn increased 15-fold and
accumulation of Zn increased 16-fold in Zea mays under Fe deficiency [201]. This result
is expected since two pathways for the uptake of Zn from Zn-phytosiderophores in
grasses was proposed, one via the transport of the free Zn cation and the other via the
uptake of nondissociated Zn-phytosiderophores [205]. However, the relation between Fe
and Zn is not limited to graminaceous plants, Fe deficiency also causes increased Zn
uptake also in tobacco and Arabidopsis [199], [202]. The role of AtIRT1 and AtIRT 2 in
transportation of both Zn and Fe was detected [141], [143].

In the case of Fe and B, Lukaszewski and Blevins showed that’s quash and alfalfa
root tips contained high concentrations of Fe accumulated in root cell wall under B
deficiency [206]. In addition, low levels of ascorbate were also detected, which might
prevent the reduction of iron to the ferrous form that plants can use. Precipitation of
phosphorus by ferric and formation of a type of Fe plaque inhibiting root uptake
efficiencies was suggested [105].

Gene expression analyses in barley roots by microarray in response to Zn and Fe
deficiency revealed that NAS and NAAT were upregulated, which was also confirmed
by Northern Blot analysis [154].

In 2007, Patterson et al. investigated protein abundances from B-tolerant (Sahara)
and B-intolerant (Clipper) barleys grown under B non-toxic conditions by using iTRAQ
peptide tagging (iTRAQ) [176]. Among the proteins that they investigated, 1IDS2 and
IDS3 showed an increased abundance in tolerant plants. Sahara seedlings accumulated
significantly more B under Fe deficiency, but Clipper accumulated similar amounts of B
under both Fe-deplete and Fe-replete conditions. When Fe concentrations were
compared, it was found that Sahara accumulated slightly more Fe than Clipper in both
Fe-replete and Fe-depleted conditions.

Oz (2012) found that NAS, IDS3, and NAAT were down-regulated according to
microarray results in B-tolerant Tarm-92 after 5 d of B deficiency [207] (Table 1.1).The
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conclusion was that transcriptome modulation might occur under B deficiency to
decrease or stop the uptake of other micronutrients such as iron. A possible competition

between B and other micronutrients for uptake might explain this.

Table 1.1 Down regulated genes related with phytosiderophore production in root tissues of
Tarm-92 under B deficiency[207]

Fold Change Putative function Probe Set ID
33.53 | IDS3 Contig12916 s _at
3217 | IDS3 D37796_at

30.85 | NAS 1 Contig10741_at
15.99 | NAAT A Contig7288_at
5.82 | IDS3 AB024007_at

Zn-B relation has been also studied on different species. It was reported that B
toxicity was more severe and appeared first in Zn deficient barley plants in comparison
to Zn sufficient ones [208]. Zn-fertilization studies in wheat cultivars revealed large
differences in shoot B concentration under Zn deficiency and fertilization [209]. It was
proposed that Zn can inhibit thenegative effect on excess B uptake on plants [209].
Another study in tomato about effect of Zn on the alleviation of excess B uptake was
confirmed the relation between Zn and B [210]. Zn application revealed the symptoms
of B toxicity partially. In addition, microarray analysis of barley cultivar Tarm-92

revealed a slight increase of zinc transporter under B deficiency [207]

1.7  Aim of the study
Elevated B levels in soil constrain agricultural production in arid and semi-arid

regions in the world including Turkey, California, Chile, and South Australia. Having
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more than 70% of B reserves of world, agricultural production in Turkey suffers from B
toxicity symptoms including decreases in yield of cereals such as wheat and barley
Studies are needed to understand B resistance mechanisms and take necessary
actions to reduce the damage caused by B toxicity on agriculture. Recent studies
revealed that there might be a relationship between B content of barley and
phytosiderophores responsible for Fe uptake in grasses both in mRNA and protein
levels. The relation between B and Fe might lead us not only understanding the B
tolerance mechanisms of grasses, but also potential use of B fertilizers in abnormal Fe
conditions in soil. Therefore, this study aims to understand potential link between iron,
boron, and phytosiderophore production by investigating gene expression levels of NAS
and IDS3, two of four enzymes responsible for phytosiderophore mugineic acid, in B
tolerant barley Tarm-92 under different concentrations of B and Fe. In addition to gene
expression analysis, physiological parameters, total B, Fe and Zn content and

photosynthetic performance of seedlings were considered.
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CHAPTER 2

MATERIALS & METHODS

2.1 Materials
2.1.1 Plant Material
The seeds of Turkish cultivar Tarm-92 were obtained from Central Research

Institute for Field Crops (Ankara, Turkey) and were used as plant material.

2.1.2  Growth Media
Half-strength Hoagland’s nutrient solution [211] was used for seedling growth. Boric

acid (H3BO3) solution was used for application of B stress. The compositions of growth
solution and stress application solutions are given in Appendix A (Table A.1). Sterilized
distilled water by autoclaving 20 min at 121°C was used to prepare growth media and all
of its components. Adjustment of pH to 5.7 — 5.8 was done after sterilization of the

media.

2.1.3  Culture conditions
Hydroponic cultures of plants were maintained in growth chambers at 22+2°C with 16 h

light (300 pmol m™ s™) and 8 h dark photo-cycle and with 70% relative humidity.

2.1.4  Chemicals, Reagents and Kits
The chemicals and reagents were purchased from AppliChem GmbH (Darmstadt,

Germany), Life Technologies (Carlsbad, CA, US), Thermo Scientific (Ontario, Canada),
Merck KGaA (Darmstadt, Germany),Sigma-Aldrich (St. Louis, MO, US), and Ambion
(Austin, TX, US). Distilled or ultrapure water were used to prepare all of the media and

solutions.
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2.1.5 Primers
Primers (Table 2.1) were designed using a Primer3 Input v.0.4.0 program

(http://bioinfo.ut.ee/primer3-0.4.0/) and OligoAnalyzer 3.1 (Integrated DNA
Technologies  -https://eu.idtdna.com/analyzer/Applications/OligoAnalyzer/)  using

regions of the corresponding sequences available at NCBI

(http://www.ncbi.nlm.nih.gov) aligning Affymetrix Barleyl available at NetAffx™

Analysis Center (http://www.affymetrix.com/analysis/index.affx). All primers were
ordered from Alpha DNA (Montreal, Canada). Detailed information on sequences and

probes are given in Appendix B.

Table 2.1 Primer sequences and product sizes

Name Sequence (5’-3’) Product Size

(bp)

HvGAPDH/Sense GTGAGGCTGGTGCTGATTACG 198

HvGAPDH/Antisense | TGGTGCAGCTAGCATTTGAGAC

HVNAS/Sense GTGTGGTCAGCATCCATACG 151

HvNAS/Antisense ACTTGGCACACTACCCTCGT

HvIDS3/Sense CACCGTGCAATGACAAACTC 195

HvIDS3/Antisense TGTGAGATTGAGCGATGACC

2.1.6  Instruments
The growth of plants was performed in SGC1700 plant growth chamber manufactured

by Weiss Gallenkamp Ltd (Loughborough, UK).

In conventional PCR experiments thermal cycler manufactured by Bio-Rad
Laboratories Inc (Hercules, CA, US) was used. Real-time PCR was performed using
Corbett Rotor-Gene™ 6000 (Qiagen, Valencia, CA, USA). Centrifugations were done
using 3-16PK and 3K30 centrifuges (Sigma GmbH; Osterode, Germany). Spectroscopic
measurements of nucleic acids were perfomed using Nanodrop 2000(Thermo Scientific,

Ontario, Canada). Gel electrophoresis was performed using systems manufactured by
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Bio-Rad Laboratories Inc (Hercules, CA, US). Gel documentation was done using
GelDoc-It Imaging System (UVP Ltd; Cambridge, UK).

B, Fe, and Zn content in tissues was quantified using IRIS Intrepid inductively
coupled plasma-atomic emission spectroscopy (Thermo Elemental, USA). The
polyphasic, OJIP fluorescence transient measurements were performed with a Handy
PEA fluorimeter (Hansatech InstrumentsLtd., Norfolk, UK).

2.2  Methods
2.2.1  Seed Surface Sterilization, Germination and Hydroponic Culture

Barley seeds were surface sterilized for 20 min with gentle continuous mixing in 3%
(w/v) sodium hypochlorite with 0.05% (v/v) Tween-20 at room temperature. The seeds
were rinsed using sterile distilled water for 4-5 times.

Sterile filter papers were used to dry surface sterilized seeds. Then the seeds were
placed in plastic petri dishes containing sterile filter papers (60-70 seeds per dish) and
covered with a single layer of sterile filter paper. Then filter papers were moisturized
with 3-5 mL of 2 Hoagland’s nutrient solution and petri dishes were maintained in
growth chambers at dark for germination for 2 days. After 2 days, germinated seeds in
petri dishes were placed in plastic pipette tip containers filled with half-strength
Hoagland’s solution supplemented with 10 uM H3BOs; and 50 uM NaFe(lII)EDTA
which is sufficient for barley, and grown for 7 days in growth chamber at given
conditions. The transparent lids of the containers were kept closed for 2 days to protect
seedlings from drying and then opened. The solution was refreshed regularly. Stress
applications took place at the end of 9 days (2+7) after sowing.

2.2.2  Stress application
Nutrient solutions of 9-day-old seedlings were replaced with half-strength

Hoagland’s solutions (Appendix A) prepared for stress conditions (Fe-deficient, B-
deficient, B-toxic(5 mM), B-toxic(25 mM), Fe-deficient+B-deficient, Fe-deficient+B-
toxic(5 mM), Fe-deficient+ B-toxic(25 mM)), as listed in Table A.2 in Appendix A.
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Control groups were maintained in fresh solutions containing 50 uM NaFe(III)EDTA
and 10 ].LM H3BO:s.

2.2.3  Collection of Plant Material
Root tissues of seedlings were used as material for RNA isolation. The tissues were

blotted dry, harvested by using scissors cleaned with 70% (v/v) ethanol, frozen
immediately in liquid nitrogen and stored at -80°C for further use. Collection of samples
was done at the 0™, 1%, and 5™ days of stress application. Tissues of 10 to 12 seedlings
were pooled in order to minimize variation between individuals.

Shoot tissues of barley seedlings were used in determination of B, Fe, and Zn
content. The tissues were harvested by using scissors and let to dry in an oven at 50° C

for a week before measuring weights.

2.2.4  Physiologic Parameters

2.2.4.1 Fresh and Dry Weight Analysis

At the 14th day of growth the weight of shoot and root tissues from control and
stressed groups were recorded as fresh weight (FW). Then shoots tissues were floated on
distilled water for 24 hours at room temperature. The weights of hydrated shoot tissues
were recorded as turgid weights (TW). After three days of the drying in an oven at 80°
C, dry weights (DW) were taken.

2.2.4.2 Relative Water Content
The shoot samples which were collected at the 5th day of stress treatment were

used to determine relative water content (RWC) according to Smart and Bingham [212];
RWC (%) = (FW-DW) / (TW-DW) * 100

2.2.4.3  Length of Shoots and Roots
At the 14th day of growth the length of shoot and root tissues from control and

stressed groups were recorded by using a ruler.
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2.2.5 RNA Isolation and Characterization
2.2.5.1 Decontamination

All solutions and equipments contacting with RNA samples were treated by
overnight incubation in 0.1% (v/v) Di ethyl pyro carbonate (DEPC) in a vertical laminar
flow and autoclaved at 121°C for 20 min to get rid of RNase contamination. Heat-labile

equipments, benches, and gloves were cleaned using RNaseZap (Ambion).

2.2.5.2 Total RNA Extraction
A single-step method of RNA isolation from barley root tissues was performed

according to previous description[213] using TRIzol reagent (Life Technologies). The
tissues weighting 100 — 150 mg were powdered in pre-cooled mortars by pestles and
liquid nitrogen. Powdered samples were immediately transferred to pre-cooled 2 mL-
tubes and suspended in 1 mL TRIzol reagent then vortexed vigorously for 15 min at
room temperature in order to dissociate nucleoprotein complexes completely. Samples
were then centrifuged at 21,0009 for 5 min at room temperature to precipitate insoluble
material. 900 pL of the supernatant were transferred to clean 1.5 mL-tubes and 200 pL.
of chloroform were added. The mixtures were vortexed vigorously for 15 sec and
incubated at room temperature for 3 min. Samples were then centrifuged at 21,0009 for
15 min at 4°C for phase separation. Then 450 — 500 pL of the upper aqueous phase were
transferred to clean 1.5 mL-tubes and 200 pL of chloroform was added once more. The
mixtures were vortexed vigorously for 15 sec and incubated at room temperature for 3
min. Samples were then centrifuged at 21,0009 for 5 min at 4°C.

After phase separation, 375-400 uL of the upper phase were transferred to clean 1.5
mL-tubes. Then 0.3 M NaOAc (pH 5.2) was added into transferred solutions. One-
volume of pre-chilled isopropanol was added on the tubes and mixed gently for RNA
precipitation. Samples were incubated at -20°C for 30 min and then centrifuged at
21,0009 for 10 min at 4 °C. RNA is often visible as a white pellet after centrifuge. The
supernatant was discarded carefully and RNA pellet was washed with 1 mL pre-chilled
75% (v/v) ethanol. Samples were mixed gently and briefly and centrifuged at 21,0009
for 5 min. The supernatant was discarded and ethanol washing step was repeated. After
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washing the pellet with pre-chilled 75% (v/v) ethanol twice, leftover ethanol was totally
removed by brief air drying for 5 — 10 min. The pellet was not dried completely as this
greatly decreased RNA solubility. Finally the RNA pellet was dissolved in DEPC-

treated ultrapure water.

2.2.5.3 RNA Clean-up and DNA Removal
DNA contamination in RNA samples was removed using RapidOut DNA Removal

Kit (Thermo Scientific) according to instructions of the manufacturer. In a total reaction
volume of 20 uL, approximately 2 pg of total RNA was incubated at 37°C for 30 min in
the presence of 1 U DNase | and 1X DNase buffer with MgCl(supplied by
manufacturer). DNase Removal Reagent (DRR) was used to remove DNase from the
mixture. After vortexing vigorously, 2 uL. of DRR for each unit of DNase I added and
the mixture was incubated at room temperature for 2 min by gently mixing 2-3 times to
resuspend the DRR without splashing. Then the tube was centrifuged at >800 g for 0.5 —
1 min to pellet the DRR. The supernatant, containing DNA-free and DNase-free RNA

was transferred into a new tube.

2.2.5.4  Determination of RNA Quality and Quantity
The concentrations ofDNA-free and DNase-free RNAs were determined by

recording the absorbance at 260 nm using Nanodrop 2000(Thermo Scientific, Ontario,
Canada).

The ratio of OD at 260 and 280 nm (OD260/0D280) was used to determine the
RNA purity. RNA preparations having ratio values of ~2.0 for OD260/0D280 were
accepted as pure. Agarose gel electrophoresis was used to check quality and integrity of

isolated total RNA by using major rRNA species as references.

2.2.6  cDNA Synthesis
cDNA synthesis from total RNA samples was performed using RevertAid First

Strand cDNA Synthesis Kit (Thermo Scientific) according to the instructions of the

manufacturer. 0.5 pg of total RNA and 1.2 pL of primer mix composed of random
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hexamer and oligo (dT)ig primers (1:5 molar ratio) was mixture in a total volume of 12
pL using nuclease free water and incubated at 65°C for 5 min. After chilling on ice, 4 uL
of 5X reaction buffer (supplied by manufacturer), 1 uL of RiboLock "™ Ribonuclease
Inhibitor (20 U/uL), 2 uL of ANTP mix (10 mM), and 1 uL of M-MuLV RT (200 U/uL)
was added making a 20 uL-mixture. The reaction mixture was incubated in a thermal
cycler at 25°C for 5 min followed by 42°C for 60 min. The reaction was terminated by
incubation at 70°C for 5 min. The mixture was stored at -20°C if it will be used in a

week (-80°C was used for longer storage).

2.2.7  Polymerase Chain Reaction (PCR)
Conventional PCR was performed by using MyCycler™ Thermal Cycler (Bio-Rad,

Hercules, CA, US) to check primers-samples and to find optimal annealing temperature.
Taqg DNA Polymerase (Thermo Scientific) buffered with 10X Taq Buffer with
(NH;).SO,4 was used in all PCR. Reaction and cycling conditions of conventional PCR
are given in Table 2.2 and Table 2.3 respectively.

Gene expression level changes under aforementioned stress conditions were
measured on Corbett Rotor-Gene™ 6000 using two-step Q-PCR method (Qiagen,
Valencia, CA, USA). All Q-PCR was performed using Maxima SYBR Green/ROX
gPCR Master Mix (2X) (Thermo Scientific). Reaction and cycling conditions of Real
Time PCR are given in Table 2.2 and Table 2.3 respectively.

29



Table 2.2 Reaction conditions for conventional PCR

Final
Reagent Concentration
Primer | 0.3 uM
Primer Il 0.3 uM
dNTPs 0.2mM
10X Taq Buffer with (NH4),SO4 1X
MqgCl, 1.5mM
Taq DNA Polymerase 0.05 units/pl
DMSO 3%
cDNA 2.5 ng/ul

Table 2.3 Cycling conditions for conventional PCR

Cycle Conditions
95 °C 3 min
95 °C 20 sec
55%°C 30 sec

72 °C 1 min
30 X cycle to step 2
72 °C 5 min
4°C o0

*55 °C was accepted as optimal for all three of the genes.

30




Table 2.4 Reaction conditions for Real Time PCR

Reagent Final Concentration
Primer | 0.15 uM
Primer Il 0.15 uM
Maxima SYBR Green/ROX gPCR Master

Mix (2X)* 1X
cDNA 2.5 ng/ul

*Provides a final concentration of 2.5 mM MgCl,

Table 2.5 Cycling conditions for real time PCR

Relative quantification, target gene (NAS and IDS3) - the control gene (GAPDH)
amount ratio, was performed to analyze gene expression level changes. This ratio is then
compared between control and stress induced samples. The genes are separately
amplified using same sample. Equal amounts (0.5 ug) from all RNA samples were
pooled after DNA removal in a single tube. Then this pooled cDNA was used to
determine amplification efficiencies of genes of interest. A tenfold dilution series from
the cDNA pool were prepared. Then each dilution series was amplified in real-time Q-
PCR. Standard curves were constructed for all three genes by using CT values obtained.

Cycle Conditions

95°C 10 min
95 °C 15 sec
55°C 15 sec
72 °C 30 sec

35X cycle to step 2

The amplification efficiencies (E) for each target were calculated by:
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E=100Y9-1

equation in which “S” equals to slope of the standard curve. Second, efficiency

comparison was done by plotting the difference in Ct values against log template

amount. The difference in PCR efficiency was determined by calculating slope of the

line. If the slope of the resulting straight line is <0.1, amplification efficiencies are

comparable.

After efficiency comparison, two different analyses were used:

I. It was used for IDS3 which showed different amplification efficiency since the

slope of the resulting straight line is not <0.1. In this method;

GAPDH was chosen as an appropriate endogenous reference whose
expression level does not change under the experimental conditions or
between different tissues

A dilution series of tenfold dilutions from pool cDNA was prepared to
construct standard curves for IDS3 and GAPDH

Real-time PCR/Q-PCR was performed

The Ct values for the standards and the samples of interest were determined
Standard curves for both IDS3 and GAPDH by plotting CT values (Y -axis)
against the log of template amount or dilution (X-axis) were constructed

The amount of target and reference in the samples of interest were
calculated using their Ct values and the corresponding standard curve

To calculate the normalized amount of target, the amount of target was
divided by the amount of reference (because replicate reactions were
performed, the average value was used)

Three calibrator samples were defined (Control in Day 0, Day 1, and Day 5)
and the relative expression level of the target gene in the samples of interest
was compared by dividing the normalized target amounts by the value of the
calibrator

Fold changes according to calibrator samples were calculated and showed in

graphs
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Il.  For NAS, which showed comparable amplification efficiency since the slope of

the resulting straight line is <0.1, AACt method was used. In this method;

e The ACt value was determined by subtracting GAPDH Ct value from NAS
Ct value for each sample

e Three calibrator samples were defined (Control in Day 0, Day 1, and Day 5)
and the AACt value was determined by subtracting the calibrator ACt value
from the ACt value of each sample

e The normalized level of target expression relative to the calibrator was

calculated by using the formula 2744

2.2.8  Determination of Boron, Iron, and Zinc Content in Shoots
After 9, 10 and 14 day of growth (0, 1 and 5 day of stress treatments), the shoot

tissues were collected and dried at 50°C for a week. The dried tissues were weighted and
cut into small pieces to fit in crucibles using scissor. About 0.2-0.3 g of dried samples
were ashed at 550 °C for 6 hours, and dissolved in 65% HNOs3. After incubation 15
minutes in room temperature, solutions were diluted with distilled water to 25 mL. Then
the solutions were filtered by using filter papers into new containers after another
incubation step for 30 minutes. The filtered samples were stored at 4 °C for further use.
The B, Fe, and Zn content (ppm) in tissues was quantified using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES, IRIS Intrepid, Thermo Elemental,
USA) analysis in Department of Mining Engineering, Hacettepe University (Ankara,
Turkey).A tenfold dilution series from the standards of each element were prepared in
ppm values. Then, the standard curves for each element were prepared. After the
measurement of elements, each of the samples was quantified by using the standard

curves and comparing the standard values.

2.2.9  Chlorophyll (Chl) a fluorescence measurements
The polyphasic, OJIP fluorescence transient measurements were performed with

a Handy PEA (Hansa tech Instruments Ltd., Norfolk, UK) fluorimeter on selected leaves
of the cultivars at room temperature. Following a 30-min dark adaptation, samples were

illuminated with continuous light (650 nm peak wavelength; 3,000 pmol(photon) m 2 s~
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'maximum light intensity for 1 s) provided by three LEDs, and the Chla fluorescence
signals were recorded according to Strasser and Strasser [214]. The OJIP transient was
analyzed by the JIP test based on the energy fluxes theory for biomembranes in a
photosynthetic sample, which leads to the equations and calculations for the efficiencies
for the whole energy cascade from absorption to the reduction of the end electron
acceptors at the PSI acceptor side and the performance indexes [215]. The fluorescence
parameters (Appendix C, Table C.1) were calculated by Microsoft Excel and also
according to the JIP test [215].

2.2.10 Statistical Analysis
The experiments, arranged in a completely randomized design, were repeated three

times. Differences among treatments were tested using MINITAB statistical program.
Statistical variance analysis (ANOVA) of the data was performed and data were

compared using Tukey’s test at the 5% level.
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CHAPTER 3

RESULTS & DISCUSSION

3.1  Physiologic Parameters
3.1.1 External appearance of cultivars

The effects of given stress conditions to barley cultivar Tarm-92 on some
parameters of growth and physiology were investigated after 5 days of stress. Necrotic
and yellowish leaves were observed in seedlings treated with stress solutions containing
toxic dosage of boric acid after 5 days (Figure 3.1) as previously described in literature
[106], [216].In addition, lateral root growth was inhibited as boric acid concentration
increases. Effect of deficiency conditions on leaves or roots is not visually
distinguishable compared to control. When Fe-deficiency was applied accompanied with
B-toxicity (either 5 mM or 25 mM), still there are no clear visual effects on leaves or

roots.

3.1.2  Length of Shoots and Roots
As a primary phenotypic effect of induced stresses, significantly reduced shoot

growth in both of 25 mM boric acid treatments, and reduced root growth in conditions
with 5 mM and 25 mM boric acid treatments was observed (Figure 3.2). Reduced
photosynthetic rate and water use efficiency have been suggested as the cause of the
restriction of growth [217]. It is reasonable to expect reduced photosynthetic activity in
necrotic leaves, which is also confirmed by JIP-test results (see section 3.3). Fe-
deficiency did not seem to have a significant effect on the shoot and root growth when
applied with other stress conditions, as in comparison to optimal growth conditions.

Although reduced shoot growth in response to other stress treatments was present, even
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Figure 3.1 Leaves of Tarm-92 seedlings in control (a), B-deficiency (b), 5 mM B-toxicity (c), 25
mM B-toxicity (d) solutions after 5 days.
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for conditions including 5 mM boric acid treatment, they are not significantly different
from control or others. However, significantly reduced root growth in 5 mM boric acid
treatment with or without Fe-deficiency was also present. Root growth reduction in
response to B toxicity has previously been observed in barley [106], [55], wheat[218],
and tomato [219].

3.1.3  Fresh Weight of Shoots and Roots
B-toxicity (5 mM and 25 mM) with or without Fe-deficiency caused a significant

reduce in fresh weight (FW) of shoot tissues (Figure 3.3). In addition, 25 mM treatments
were different from 5 mM treatments. As in length results, Fe-deficiency did not affect
fresh weight values of shoots when applied with other stress conditions. However, fresh
weight of roots showed a little different response than the shoots. Root fresh weight
results of all stress conditions were significantly different from control treatment.
Since,roots are the first region of plants that faced with stress and forced to adopt several
structural and functional modifications[220], it is expected to see such a significant
decrease in root fresh weights rather than shoots. Furthermore, 25 mM boric acid
treatments were significantly different from other stress conditions as well, indicating
severity of stress among others. Although accompany of Fe-deficiency to other stress
conditions did not have a significant effect on root fresh weight, slight decreases in Fe-
deficient root fresh weights compared to corresponding stress conditions were observed.
The similar influence of B toxicity on growth parameters of barley is also shown in
previous studies[106], [55].
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Figure 3.2 The length of shoots and roots of Tarm-92 exposed to given stress conditions after 5
day (14™ day of growth). Each value represents the mean + SEM of six independent replicates.
Values that do not share a letter are significantly (P<0.05) different from each other according to
the Tukey’s test in conjunction with ANOVA

38



Fresh Weight of Shoots and Roots

450

400 - T

350 -
g 300 -
£ 250 -
%D 200 B Shoots
g _

Roots

ﬁ 150 -
— I
% 100 - = - -

50 a * = =

_ b b bc be ] de i .
0 T T T T T T T T 1
> 2 & & D 5 D 5
9 ]2 ;N2 ] 3 Q) N Q)
% é\ ,6\ %
(100 @ < é\\<<e 0&, @\\Qz +Q</,, @\\Qe
& & & & &
o Q
O SH

Figure 3.3 The fresh weight of shoots and roots of Tarm-92 exposed to given stress conditions
after 5 day (14th day of growth). Each value represents the mean + SEM of six independent
replicates. Values that do not share a letter are significantly (P<0.05) different from each other
according to the Tukey’s test in conjunction with ANOVA

3.1.4  Dry Weight of Shoots and Roots
Similar to fresh weight results, B-toxicity (5 mM and 25 mM) with or without

Fe-deficiency caused a significant reduces in dry weight (DW) of shoot tissues (Figure
3.4). 25 mM treatments were also significantly different from 5 mM treatments. Effect
of Fe-deficiency was not significant for both shoot and root dry weight compared to
other conditions and control group. Unlike the fresh weight results and effect of 25 mM
treatments, 5 mM boric acid treatments did not reduced root dry weight. Tarm-92 is a
B-tolerant barley cultivar [24], so insignificant reduction in dry weight in response to 5

mM B treatment is expected.
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Figure 3.4 The dry weight of shoots and roots of Tarm-92 exposed to given stress conditions
after 5 day (14th day of growth). Each value represents the mean + SEM of six independent
replicates. Values that do not share a letter are significantly (P<0.05) different from each other
according to the Tukey’s test in conjunction with ANOVA

Relative Water Content of Shoots
Relative water content(RWC) has long been in use as an appropriate estimate of

3.15

plant water status [221]. Both leaf water potential and osmotic adjustment can be
estimated by this simple method. Depending on species, RWC normally range between
98% in fully turgid transpiring leaves to about 30-40% in severely desiccated and/or
dying leaves. At around initial wilting, the typical RWC of the most crop species is
about 60% to 70%, with exceptions. In the case of barley cultivar Tarm-92 with given
stress conditions, the values range between about 90% and 60% depending on the
severity of the stress. RWC values of treatments B-toxicity (25 mM) and B-toxicity (25
mM) accompanied with Fe-deficiency were significantly different from the control and

the rest of the stress treatments (Figure3.5). However, B-toxicity (5 mM) treatment alone
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and accompanied with Fe-deficiency was not significantly different from control,
confirming the cultivar is B-tolerant. As in FW and DW results, effect of Fe-deficiency

was not significant both for other conditions and control group.
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Figure3.5 The relative water content (%) of shoots of Tarm-92 exposed to given stress
conditions after 5 day (14th day of growth). Each value represents the mean + SEM of six
independent replicates. Values that do not share a letter are significantly (P<0.05) different from
each other according to the Tukey’s test in conjunction with ANOVA

Overall, changes in physiological parameters were detected in all of the given
stress conditions. Especially, the conditions with 25 mM boric acid treatment disrupted
the growth of seedling in every aspect, where Fe-deficiency did not significantly affect
the growth when applied with other stress conditions. In addition, as a B-tolerant barley

cultivar [24], Tarm-92 showed fairly a good growth performance under 5 mM B
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treatment. Further, B deficiency did not result in significant decrease in any of the
growth parameters, except root fresh weight.

3.2 Element Analysis
Element analysis of seedlings under mineral stress is important to determine the

effectiveness of stress response mechanisms of plants against induced stress conditions.
Determination of shoot element contents for the corresponding mineral and other
minerals which are considered as related to stress response mechanism against that
particular stress or general can provide meaningful data to understand the response
mechanism in a great extent. From the data, the role of the transporters, enzymes, and
other metabolites (phytosiderophores in our case) involving in the stress response
mechanism can be predicted. Therefore, B-Fe-Zn content of shoots were determined
using ICP-AES in the 1% and 5" day of the stress treatment to help understanding of the

overall stress response mechanism under aforementioned stress conditions.

3.21  Shoot B-content
B accumulates in a pattern from leaf base to tip. The older the leaf, the more B

accumulation occurs. This leads marginal or tip chlorosis and necrosis [216] as
observed in the present study (see section 3.1.1). As expected, toxic levels of B resulted
in significant increase in B-uptake for both 1 day and 5 day after stress induction (Figure
3.6). A previous study on wheat cultivars under different toxic B stress conditions
showed similar results to ours [111]. However, other stress conditions did not affect the
B status of plants. A study investigating Fe status and B uptake on barley cultivars
showed that B-tolerant barley accumulated more B in Fe-deficiency significantly after
110h, which was not observed for B-intolerant cultivar [176]. However, Fe-deficiency
did not result in significant increase of B accumulation after 120 h of stress application
according to our data. In addition, it was not affected B-content when applied with B-
toxicity. The difference between two studies can be explained by the difference in
cultivars, or there is no relation between Fe-status and B accumulation of B-tolerant

barley cultivars. However, it should be noted that Patterson and colleagues (2007) used

42



oldest leaves for determination of B content where entire shoots were used as material in

the present study.
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Figure 3.6 The B content of shoot tissues of barley cultivar Tarm-92 exposed to given stress
conditions after 0, 1 and 5 day. Each value represents the mean £ SEM of three independent
replicates. Values that do not share a letter are significantly (P<0.05) different from each other
according to the Tukey’s test in conjunction with ANOVA

3.2.2  Shoot Fe and Zn-content:
The relation between plant’s B, Fe and Zn status was studied over the years

[201], [205], [209], [210]. In addition, it was reported that alkaline soils contain low
concentrations of Zn and Fe and high concentrations of B [191]-[193]. uptake of Zn
increased 15-fold and accumulation of Zn increased 16-fold in Zea mays under Fe
deficiency [201]. Zn-fertilization studies in wheat cultivars revealed large differences in

shoot B concentration when Zn depleted or repleted [209]. Another study in tomato
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about effect of Zn on the alleviation of excess B uptake was confirmed the relation
between Zn and B [210]. Zn application revealed the symptoms of B toxicity partially.
Significant decrease in Fe and increase in Zn content of B-tolerant and B-intolerant
barley cultivars under Fe-deficiency was also observed starting the first day of the stress
application [176]. However, our results did not show any significant difference for both
Zn and Fe content in any of the induced stress conditions (Figure 3.7 and Figure 3.8).
First, no change in Fe content at least in Fe deficiency is an interesting result.
However, it can be explained by the fact that usage of entire shoots for element analysis.
The youngest leaves are used generally for Fe content determination[176], because Fe is
a microelement and plants Fe status before the application of stress conditions is already
adequate for survival of the seedlings. The stored Fe in old leaves before the stress
application can be used by younger leaves, keeping total Fe status constant. In addition,
after the first mechanisms detected Fe deficiency, seedlings may take necessary cautions
to collect all of the remaining Fe in the media, e.g. increasing the biosynthesis of
phytosiderophores. In nature, the element composition of the surroundings of the plants
does not change in days. Therefore, the overall responses to element stress conditions
should be long termed, because if limited Fe is available around the plant, it would not
change until the roots grow enough to find a Fe-rich area. The first step of a long time
response might be collecting all of the present Fe in surroundings, so plant will not need
Fe for relatively long time. The constant Fe content in 5 day of stress may be explained
by this. The number of phytosiderophores increased in a great amount to collect the
remaining of Fe from previous media and stored for further use. Thus, Fe content

remained the same in comparison to control.
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Figure 3.7 The Fe content of shoot tissues of barley cultivar Tarm-92 exposed to given stress
conditions after 1 and 5 day. Each value represents the mean + SEM of three independent
replicates. No values are significantly (P<0.05) different from others according to the Tukey’s
test in conjunction with ANOVA

Zn content was determined to be used as a supporting data of response mechanism of
seedlings. However, we failed to observe the leading data, change in Fe content, in the
present study. The increase in Zn content under Fe deficiency is detected in several
studies [176], [201], suggesting the role of phytosiderophores in Zn uptake [205]. The
steady Zn content under Fe deficiency in the present study can be explained by
proposing that the number of phytosiderophores did not increase. However, the
expression levels of MRNAs of phytosiderophore producing enzymes (see section 3.4)
did not confirm this statement. Further investigation is needed to explain the situation.
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Figure 3.8 The Zn content of shoot tissues of barley cultivar Tarm-92 exposed to given stress
conditions after 1 and 5 day. Each value represents the mean + SEM of three independent
replicates. No values are significantly (P<0.05) different from others according to the Tukey’s
test in conjunction with ANOVA

3.3  Chlorophyll Fluorescence and Photosynthetic Performance
The reduced growth of seedling under stress is related to decrease in

photosynthetic activity [217]. Chlorosis and necrosis in leaves, which are also observed
in the present study, are associated with the loss of chlorophyll content. In addition, B-
toxicity results in severe effects on biochemical processes including reduction in
chlorophyll (Chl) contents and photosynthetic rates [103], [111], [222], [47]. The
changes in the photosynthetic processes can be determined by the help of chlorophyll
fluorescence which is defined as a noninvasive and quantitative tool [223]. Especially,
the effects of B toxicity that induces chlorosis and/or necrosis in leaves can be

investigated by studying Chl a fluorescence which is sensitive to a variety of abiotic
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stresses [224]. The JIP-Test is a method for analysis of fast OJIP fluorescence induction
Kinetics [214]. The test quantifies in vivo energy fluxes passing through reaction centres
(RCs) and photosystems (PS), evaluating photosynthetic performance of plants [214],
[225]. Information about the structure, conformation and function of the photosynthetic
apparatus in any physiological state can be provided by JIP test [215]. Different steps
and phases of the transient with the redox states of PSII is linked through the test
allowing correlation of phases with the efficiencies of electron transfer (ET) in the
intersystem chain between PSII and PSI and to the end electron acceptors at the PSI
acceptor side [215].

Photosynthetic activity of plants is affected negatively by various abiotic
stresses, which eventually cause reduced growth [217]. B stress induced damage in
various plants, as an abiotic stress, has been studied by evaluation of Chl a fluorescence
[226], [227]. Recently, photosynthetic response of two wheat cultivars under B toxicity
has been investigated [111]. However, photosynthetic response data on B stress induced
barley cultivars is not available.

In addition to B-stress, Fe-deficiency is another important condition when
considering photosynthetic activity because important steps in photosynthetic pigment
metabolism, and ultrastructure of chloroplast, are directly dependent on iron [228].
Studies on the structure andfunction of the photosynthetic apparatus of the green
unicellular algae Chlamydomonas reinhardtii under Fe-deficiency revealed that the
antennaprotein complexes are affected differently,where light harvesting complex |
(LHCI) is drastically reduced and LHCllabundance remains fairly constant [229]. The
other photosynthesis related effets of Fe deficiency includes decreased number of
thylakoid membranes [164], changes in active Rubisco levels [165], loss of photosystem
I (PSI) activities [166], [167]. PSI contains Fe-S proteins functioning in electron transfer
to NADP®. Ferrodoxin, one of the most important Fe containing proteins in
photosynthesis, is considered as the direct recipient of electrons from the pathway [168].
Therefore, negative effects of Fe deficiency on PSI can be explained by decrease in

number of Fe containing proteins.
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The analysis of changes in Chl a fluorescence kinetics in B-tolerant barley
cultivar Tarm-92 [24] can provide valuable information on structure and activity of PSII
under various B-treatments and response of a B tolerant barley cultivar against different
toxic concentrations of B. As expected, Chl a fluorescence kinetics measurements
showed alterations in the photosynthetic apparatus’ efficiency of stress induced plants in
the present study. The results of selected JIP test parameters (Appendix C) are showed in
Figure 3.9as a radar-plot. In addition to radar-plot presentation, the results of each
parameter are given in details containing the results of Tukey’s test in conjunction with
ANOVA (Figure 3.10 to Figure 3.20). The value of each parameter was normalized by

dividing the value of control.
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Figure 3.9 The radar-plot presentation of selected JIP test parameters quantifying
photosynthetic efficiencies of dark-adapted leaves of Tarm-92 exposed to given stress
conditions after 5 day. Mean values of parameters were plotted relative to their respective
control values (n = 8)
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OJIP fluorescence transient measurements were performed after 30-min dark adaptation,
because in the dark adapted state of the photosynthetic apparatus, QA is accepted as
fully oxidized [215].

Krause and Weis were defined initial fluorescence intensity (Fo) as the
representation of the fluorescence emission by the excited antenna Chl a molecules
before the migration of excitation to the reaction centres (RCs) [230]. Fo is measured
when all RCs of PSII are open.Fq values increased significantly in B-toxicity (25 mM)
with or without Fe-deficiency (Figure 3.10). Other treatments did not result in

significant change.
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Figure 3.10 The normalized F, values shoot tissues of barley cultivar Tarm-92 exposed to given
stress conditions after 5 day. Each value represents the mean £ SEM (treatment/control) of eight
independent replicates. Values that do not share a letter are significantly (P<0.05) different from
each other according to the Tukey’s test in conjunction with ANOVA

"Letters in OJIP describes the time steps where the parameters were calculated; O step- at 0 s; J step- at 2
ms; | step- at 30 ms; P step- time to reach peak or maximum value
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Increase in Focan be the sign for an irreversible damage to PSII caused by the
physicalseparation of LHCII from the PSII core complexes [231]. Increase in Fy value
occurs when the number of functional Chls not connected to the RCs of PSII
increases.In other words, the lower the value of Fo means the higher number of active
and open RCs [232]. The results showed that Tarm-92 is tolerant to B-toxicity even for
high B concentrations (5 mM).However, deadly concentrations of B (25 mM)disrupt the
photoprotective capacity resulting in a higher degree of damage than other treatments.
The fairly small and regular increases in treatments involving Fe-deficiency are

expected, but insignificant to cause serious damage.

ABS
RC \
TR,
/ ABS
TR, \_ ET,
RC \ /_ABS
ET,
/ TR,
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Figure 3.11 A scheme of the energy cascade from PSII light absorption to electron transport
[214]
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Figure 3.12 The normalized TRo/ABS values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

A simplified scheme is given in the Figure 3.11where ABS is photon flux
absorbed by the antenna pigments and creating excited Chl; TR is channeled excitation
energy as trapping flux to RC to be converted to redox energy by reducing QA to QA
and ET is the electron transport further than QA" leading ultimately CO, fixation [215].
The ratios of these values give valuable information on PSII activity of the seedlings.

The ratio of TRo/ABS ([Fm — Fo]/Fm = Fu/Fwm) describes the potential yield of the
primary photochemical reaction of PSII[233]. It was defined as the most widely used
PSII efficiency indicator [234]. Biotic and abiotic stresses lead significant decreases in
Fv/Fm[230]. Fum value describes the maximum fluorescence yield , where the reduction
of all QA is achieved. The TRo/ABS value in B-toxicity treatments containing 25 mM
boric acid decreased significantly compared to control (Figure 3.12). Change in other

treatments is not significant. A severe decrease in 25 mM B containing treatments
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indicates that effect on the donor side is relatively higher than that of the acceptor side
indicating the cessation of PSII activity in those treatments.

The probability that a trapped exciton moves an electron into the electron
transport chainfurther than QA", ETo/TRy = 1-V;. Only the values for 25 mM boric acid
containing treatments significantly decreased (Figure 3.13). Although it was not
significantly affected, decrease in Fe deficiency is expected for this parameter because

electron transfer from QA" to QB is achieved by a reaction involving Fe [230].
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Figure 3.13 The normalized ET,/TR, values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA
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Figure 3.14 The normalized ET,/ABS values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

The ratio of ETo/ABS = (TRo/ABS).(ETo/TRy) describes the quantum yield for
electron transport at t=0, and the overall expression of the PSII activity.The values in
seedlings decreased significantly again only after 25 mM B treatment with or without
Fe-deficiency (Figure 3.14). Therefore, it can be said that PSII activity of barley cultivar
Tarm-92 is diminished only by conditions with 25 mM B treatment.
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Figure 3.15 The normalized RE(/ET, values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

REWET,, (1-V))/(1-V)), is the efficiency of an electron movement from
intersystem electron acceptors to PSI final electron acceptors [225]. Since Fe deficiency
results in loss of PSI activities [166], [167], and Fe containing compounds involves in
several steps of PSI, the effect of Fe deficiency should be present at this parameter. As
seen in Figure 3.15, there is no significant difference detected among the stress
conditions. However, slight decreases in all of Fe deficient conditions are present

compared to corresponding values.
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Figure 3.16The normalized RE,/ABS values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

REG/ABS is the quantum vyield of electron transport from QA- to PSI final
electron acceptors [225]. Unlike the RE/ETy, it gives valuable information about the
activity of the system in a wider range starting from PSII to the end of PSI. Significant
decrease was present again in only 25 mM B treatments (Figure 3.16). The similar effect
of Fe deficiency may be expected since the value also includes information about PSI
activity, but there is not. It may indicate that the damage on PSII activity is more serious
than PSI’s.
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Figure 3.17 The normalized ABS/RC values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

Effective antenna size of an active RC (ABS/RC= [TRo/RC]/[TR¢/ABS]) can be
expressed as the total number of photons absorbed by the Chl molecules divided by the
total number of active RCs [215]. Therefore, it gives the average absorption per RC. The
high value of ABS/RC means that total number of RCs is greater than the number of
active RCs. However, the photons are absorbed by Chl molecules associated with both
active and inactive RCs. Significantly high ABS/RC values of conditions with 25 mM B
concentration indicate a decrease in the antenna size and could result from PSII
inactivation and excitation energy transfer from inactive PSII to active PSII units (Figure
3.17).
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Figure 3.18 The normalized DIo/RC values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

Absorbed energy may be lost by heat and fluorescence emission and energy
transfer to systems other than electron transport, which refers to dissipation. The
equation, DIo/RC = (ABS/RC) — (TRo/RC), represents the dissipation per RC, the ratioof
the total dissipation of untrapped excitation energy from all RCs to the number of active
RCs [225]. In the present study, a significant increase of DIo/RC meaning an activation
of dissipation process was observed under high toxic (25 mM) B concentrations (Figure
3.18). It reflects the loss of connectivity where the trapped energy does not go to RC and
is dissipated. When the excitation energy in the antenna of the RCs is in excess of
required for trapping, excess energy is probably dissipated as heat. The reductions in
Fv/Fm and REG/ET, were correlated with an increase in DIo/RC suggesting that B

treatments induced the dissipation of damaging excess energy.
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Figure 3.19 The normalized Pl(abs) values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

The performance index (PI) can be a suitable parameter for evaluating a large
number of genotypes for stress tolerance [235]. In the present study, the effect of given
stress conditions on photosynthetic activity was quantified by the values for Pl(abs), the
overall expression for PSII activity and Pl(total), the overall expression of both PSII and
PSI. The PI expresses the three functional steps (energy absorption, energy trapping, and
energy conversion into the electron transport). The Pl(total), measuring the performance
from PSII to the PSI end electron acceptors, is the combination of all of the
aforementioned parameters [235].Thus, the overall change in OJIP parameters can be
deducted in the expression of Pl(total). The effect of stress treatments on Pl(abs) and
Pl(total) values was found to be insignificant except for 25 mM B containing conditions
(Figure 3.19 and Figure 3.20). In addition, such a similarity between Pl(abs) and

Pl(total) values indicates that the main damage is on PSII rather than PSI activity.
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Figure 3.20 The normalized PI(total) values shoot tissues of barley cultivar Tarm-92 exposed to
given stress conditions after 5 day. Each value represents the mean + SEM (treatment/control)
of eight independent replicates. Values that do not share a letter are significantly (P<0.05)
different from each other according to the Tukey’s test in conjunction with ANOVA

The overall evaluation of photosynthetic activity by JIP test revealed that
photosynthetic performance of Tarm-92 cultivar was affected significantly only by the
25 mM B treatment conditions. As a B tolerant cultivar, it can sustain its photosynthetic
activity even in 5 mM B treatments. In addition, although slight decreases in PSI
activity were observed under Fe deficiency, they are not significant to decrease its

overall photosynthetic activity.

3.4  Gene Expression Analysis
Previous studies have reported that 5 d of B deficiency results in decrease

between 15 to 35 fold in expression of NAS, NAAT, and IDS3 genes at mMRNA level
[207] (Table 1.1), and Fe deficiency results in increase of IDS2 and IDS3 proteins in B
tolerant barley [176]. Expression analyses of NAS and IDS3 genes were performed in

order to predict phytosiderophore production rate under given stress conditions. For this
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purpose, HVNAS and HvIDS3 gene expression profiles were monitored under Fe-
deficiency, B-deficiency, B-toxicity (5mM), Fe-deficiency/ B deficiency, and Fe-
deficiency/B-toxicity at 0™ 1%, and 5" days of stress application. Analysis of data was

done according to relative quantification method as explained in section 2.2.7.

3.4.1 RNA Integrity
Integrity of RNA is the main factor affecting the results of Q-PCR. The integrity

of RNA was checked by separation of rRNA species using agarose gel electrophoresis
(Figure 3.21). Discrete bands of rRNA species, with a little smearing between bands in

electrophoresis demonstrated integrity of RNA samples.

Figure 3.21 Electrophoretic separation of representative total RNA samples isolated from root
tissues used for Q-PCR in agarose gel

3.4.2  Conventional PCR
Before beginning Q-PCR, conventional PCR was performed with the primer pairs

of IDS3, NAS, and GAPDH and pool cDNA. Three different annealing temperatures

(50°C - 53°C - 55°C) were tried in order to optimize the annealing temperature for Q-
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PCR, and 55°C was selected as optimal (Figure 3.22). Because primer dimers were seen
in the gel, primer concentration for all three genes was decreased in half when Q-PCRs
were performed. Other optimization attempts like changing concentration of reaction
mixture components other than the primers were not tried, since the Q-PCR mixture has
one fixed reaction mixture including all reagents except primers. Thus, considering the
fact that amplification of desired products is achieved, it was decided to continue Q-PCR

with only decreased primer concentrations.
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Figure 3.22 Conventional PCR results done by primers designed for HvIDS3 (195 bp),HVNAS
(151 bp), and HYGAPDH (198 bp). No template (NT) and no reverse transcription (nRT) controls
were included. As a control for efficiency of RT reaction, Human GAPDH RNA and primers (496

bp) provided by the manufacturer were also used.

343 Q-PCR
After conventional PCR optimization, a brief optimization labor with Q-PCR kit

was took place. Three different primer concentrations (0.075, 0.15, and 0.3 uM) were
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tried at 55°C annealing for 40 cycles. Because SYBR green detection is based on the
ability of SYBR green to bind double stranded DNA including primer dimmers,
contaminating DNA, and unspecific PCR products, melting curve was constructed to
confirm only desired amplicon is detected following every Q-PCR. Agarose gel
electrophoresis results and the melt curves are given in Figure 3.23. According to these

results; it was decided to use 0.15 uM primers.

P-GAPDH I | P-NAS | P-1DS3
50bp 0.075 0.15 0.3 0.075 0.15 0.3 0.075 0.15 NTs
ladder pM um umM um UM um um um

Figure 3.23 Agarose gel of PCR products shows that only the desired amplicons were obtained

3.4.3.1 Standard Curve Construction
For standard curve construction of target genes (NAS and IDS3) and control

gene (GAPDH), all of the isolated RNA samples were pooled into a single tube. A
dilution series from the cDNA pool were amplified in Q-PCR and the Ct values for each
dilution and each gene were obtained (Table 3.1) Standard curves were constructed for
all three genes by using Ct values obtained (Figure 3.25).

Melt curve analysis of GAPDH and NAS (Figure 3.26a,c) showed only narrow
peaks indicating amplification of only the desired amplicons. However, IDS3 melt curve
analysis (Figure 3.26b) showed wider peaks. As indicated earlier in conventional PCR

results (Figure 3.22), the peaks were probably indication of primer dimers. The peaks
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become higher when the concentration of the cDNA added into reaction decreased
(Figure 3.26). Therefore, primers bind each other if there is not enough cDNA to bind,

confirming the formation of primer dimers.
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Figure 3.24 Optimization of primer concentrations in Q-PCR. Melt curve of GAPDH (a), IDS3

(b), NAS (c); the curves show 0.3, 0.15, 0.075 yM primer concentrations respectively from up to
down
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Table 3.1 The Ct values of standards

Log ng total Ct ACt
RNA CtGAPDH | NAS | CtIDS3 NAS ACt IDS3
4 12.65 16.06 20.14 341 7.49
4 12.66 16.35 19.83 3.69 7.17
4 12,51 16.34 20.2 3.83 7.69
3 15.76 20.94 22.24 5.18 6.48
3 15.89 20.88 22.51 4.99 6.62
3 15.83 20.63 22.16 4.8 6.33
2 18.79 22.68 24.55 3.89 5.76
2 18.96 23.02 24.93 4.06 5.97
2 19.05 23.75 25.31 4.7 6.26
1 21.84 25.42 28.31 3.58 6.47
1 22.31 25.76 28.29 3.45 5.98
1 22.08 26.4 28 4.32 5.92
0 25.07 28.24 29.82 3.17 4.75
0 25.22 29.99 28.69 4.77 3.47
0 25.43 29.21 30 3.78 4.57

Table 3.2 Correlation Statistics of Standard Curves

GAPDH IDS3 NAS
R | 0.99960 | 0.98973 | 0.98903
R | 099919 | 0.97957 | 0.97819
-3.152 -2.479 -3.084
25.242 29.955 | 29.213

1.08 1.53 1.11
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Figure 3.25 Standard curve of GAPDH(a), IDS3 (b), and NAS(c)
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GAPDH Standard Melt Curve
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Figure 3.26 Melt curve of standards; GAPDH (a), IDS3 (b), and NAS(c); arrows show primer
dimmers

3.4.3.2 Calculation and Comparison of Amplification Efficiencies
Amplification efficiencies were calculated in order to decide which relative

quantification method will be used. For this purpose, first the amplification efficiencies

(E) for each gene were calculated as indicated in the section 2.2.7. Then, efficiency
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comparison was done by plotting the ACt values against log template amount. Slope of
the line was used to determine the difference in PCR efficiency (Figure 3.27).
Amplification efficiencies were accepted as comparable, if the slope is <0.1. According
to this method, the amplification efficiencies of GAPDH and NAS were comparable,
while they were different for GAPDH and IDS3.

GAPDH vs. IDS3 act Slope = 0.6727
10
8
[12]
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Figure 3.27 Efficiency comparison GAPDH vs. IDS3 and GAPDH vs. NAS

3.4.3.3 IDS3 and NAS Expression Level Changes
Different amplification efficiencies of the target gene and the endogenous

reference gene are usually seen because efficiency of primer annealing, GC-content of

the sequences to be amplified, and PCR product size of two genes are usually quite
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different. This is the case for IDS3 and GAPDH amplification efficiencies. Therefore,
standard curves were prepared for the IDS3and GAPDH separately.

After calculation of amount of IDS3 and GAPDH in the samples by using their
Ct values and the corresponding standard curves (Appendix D), the average amount of
IDS3 was divided by the average amount of GAPDH to calculate the normalized amount
of IDS3 in samples. Then, the relative expression level of IDS3 was calculated by
dividing the normalized amounts of IDS3 by the value of the assigned calibrators which
are control in Day-0, Day-1, and Day-5. Calculated fold changes according to
corresponding calibrator samples were given in Appendix D.

For NAS, amplification efficiencies were comparable with a slope of
0.068(Figure 3.27). AACt method, an analysis for comparable amplification efficiencies,
uses a approach in which ACt value of each sample was calculated by subtracting
GAPDH Ct value from NAS Ct value. Three calibrator samples (control of Day-0, Day-
1, and Day-5) were defined and the AACt value was calculated by subtracting the
calibrator ACt from the sample ACt. Then, the normalized level of NAS expression was
calculated by using the formula 2724,

The expectation was down-regulation of IDS3 and NAS under B-deficiency up-
regulation under Fe-deficiency when the previously mentioned studies were considered
[176], [207]. Set-2 and Set-3 samples gave the similar results almost in all conditions
and time scales. However, the results of Set-1 have not internal consistency and are also
quite incompatible with other sets (Appendix D). The different and incompatible results
of Set-1 may be contamination of samples during RNA isolation or even in growing
stage. RNA isolation of samples was performed for every set at different times, so the
difference may be explained by that. In addition, a contamination in growing solution
might be the answer, because sets were grown at different times with independently
prepared growing solutions. Any contamination that was seen in Set-1growing solution
would not affect the other two sets. Aside from the incompatible results of Set-1, the
results of other two seem compatible. Therefore, further comments will be on the

average results of Set-2 and Set3 only.
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3.4.3.3.1 Fold changes of IDS3and NAS in Day-1
Fe-deficiency: As expected, up-regulation of IDS3 and NAS is observable after

1d of Fe deficiency. When the calibrator sample was assigned as control in Day-0, fold
changes of IDS3 in Day-1 are 16.21 and 4.87 for Set-2 and Set 3 respectively with an
average value of 10.54 (Table 3.3and Appendix D). Results resemble each other even
more when control sample of Day-1 was assigned as calibrator. In that case, the fold
changes are 16.87 and 18.02, 17.45 in average. The same goes for NAS expression
levels. The fold changes are 9.03-6.08 (av.7.56) according to Day-0 and 9.78-10.93 (av.
10.35) according to Day-1 calibrator.

B-deficiency: The expected results for samples under B deficiency were not
compatible with the obtained ones. Up-regulation of IDS3 and NAS with similar results
is clear for both calibrators. However, it should be noted that mRNA was obtained after
5 d of stress treatment in the previous study [207]

Fe-deficiency/B-deficiency: The analysis of barley seedlings under Fe-deficiency
accompanied with B-deficiency was done in order to observe combined effects of two
stress conditions on phytosiderophore producing genes. The results obtained from Fe-
deficiency and B-deficiency alone supported to expect even a higher number in fold
change. The fold changes for IDS3 were 24.78 and 15.23(av. 20.01) for calibrator Day-
0, and 25.79-56.30 (av.41.04) for Set-2 and Set 3 respectively. For NAS, the numbers
are 9.29-17.94 (av.13.61) according to Day-0 and 10.06-32.22 (av. 21.14) according to
Day-1 calibrator.

B-toxicity: There is no data in literature on expression levels of phytosiderophore
producing genes under B-toxicity to best of our knowledge. The results show up-
regulation of IDS3 and NAS with average values of 2.42-4.77 for IDS3 and 5.32-7.48
for NAS according to calibrator Day-0 and Day-1 respectively.

Fe-deficiency/ B-toxicity: Up-regulations of IDS3 and NAS were also observed
when both Fe-deficiency and B-toxicity applied to seedlings. Similar results to B-
toxicity were seen with average values of fold changes 1.95 - 4.48 for IDS3 and 4.03 —

5.98 for NAS according to calibrator Day-0 and Day-1 respectively.
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The results of fold changes of IDS3 and NAS in Day-1 showed that both IDS3
and NAS were up-regulated in all stress conditions given. It is also notable that the
values for both genes are quite compatible (Table 3.3 and Figure 3.28). However,
application of B-toxicity accompanied with Fe-deficiency was lowered the numbers
compared to Fe-deficiency alone. In addition, the results of Fe-deficiency/B-toxicity
grown samples were slightly lower than the B-toxicity alone. Fe- deficiency is seen if
the soil is too alkaline (pH > 6.5). The similar case is also applied for B-toxicity (pH >
7.5). A common mechanism for barley to cope with B-toxicity and Fe-deficiency may
evolve, since the two stress condition may occur simultaneously in nature. In addition, it
was reported that Fe- deficiency results in increased uptake of Zn [176]. It is also known
that B-toxicity symptoms were partially alleviated in tomato plants grown with applied
Zn [210]. In the absence of applied Zn, plants were collected significantly higher
amounts of B under B-toxicity. Furthermore, Zinc fertilization of B-toxic soil
significantly increased grain yield of a great variety of wheat cultivars up to 40 % [209].
However, there was no significant change in Zn content of stress induced plants in our
study (see section 3.2.2). Maybe, this mechanism is useful only for long term stresses or

IS used as a minor action to cope with stress.
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Table 3.3 Average fold changes (AFC) of NAS and IDS3 according to calibrators Day-0, Day-1,
and Day-5

AFC Day-0 AFC Day-1 AFC Day-5
Samples(Day) IDS3 NAS IDS3 NAS IDS3 NAS
Control (0) 1,00 1,00 - - - -
Control (1) 0,62 0,74 1,00 1,00 - -
Fe- def (1) 10,54 756 | 17,45 | 10,35 - -
B-def (1) 4,37 4,71 | 10,51 6,33 - -
Fe- def / B-def (1) 20,01 13,61 41,04 21,14 - -
B- tox (1) 2,42 5,32 4,77 7,48 - -
Fe-def/B-tox (1) 1,95 4,03 4,48 5,98 - -
Control (5) 95,01 16,19 - - 1,00 1,00
Fe- def (5) 177,08 22,33 - - 4,44 1,81
B-def (5) 69,67 | 17,98 - - 3,63 1,17
Fe- def / B-def (5) 6,86 1,20 - - 2,39 0,09
B- tox (5) 2,56 3,37 - - 1,26 0,23
Fe-def/b-tox (5) 3,22 5,84 - - 0,03 0,83
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Average Fold Changes of IDS3 and NAS according to Day-0 Calibrator
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Figure 3.28 Average fold changes (AFC) of NAS & IDS3 according to calibrators Day-0 & Day-
1
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3.4.3.3.2 Fold changes of IDS3 and NAS in Day-5
Unlike the results of Day-1, results of Set-2 and Set-3 samples were quite different

from each other when calibrator sample was defined as control of Day-0. However,
when control of Day-5 was designated as calibrator, the results resemble each other
(Figure 3.29 and Table 3.3). Since the ratio between 5™ day’s control sample and stress
induced sample is used in calculation of fold change according to calibrator Day-5, it

was not observed in that calculation.

Average Fold Changes of IDS3 and NAS according to Day-5 Calibrator
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Figure 3.29 Average fold changes (AFC) of NAS & IDS3 according to calibrator Day-5

Fe-deficiency: As in Day-1, up-regulation of IDS3 and NAS is still observable in
Day-5. However, as mentioned earlier, the IDS3 values for Set-2 and Set-3, which are
12.23-341.93 respectively, are quite different from each other according to Day-0

calibrator. Similar situation is seen for NAS of which values are 6.87-37.79 respectively
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for Day-0 calibrator. The average results according to calibrator control of Day-5 are
4.44-1.81 for IDS3 and NAS respectively.

B-deficiency: Again, up-regulation of IDS3 and NAS seen in Day-1 continues for
both calibrators.

Fe-deficiency/B-deficiency: Unlike Day-1, the values for both genes are smaller
than the values of samples which are treated with only one stress. So much that, NAS
seems down-regulated in both Set-2 and Set-3 when the calibrator sample is assigned as
control of Day-5. In addition, IDS3 expression decreases dramatically in Set-3. Use of
average values for this situation may be quite confusing. Average value of 4.74 and 0.03
Is 2.39 and still suggests up-regulation of gene; however, the value of 0.03 means that
the expression decreased about 30 fold. Therefore, average values may not reflect the
actual situation because of the calculation method.

B-toxicity: Similar situation with Fe-deficiency/B-deficiency is also observed for
B-toxicity. Down-regulation of NAS for both Set-2 and Set3, and IDS3 for only Set-3
were observed. However, the IDS3 value of Set-2’s sample still suggests it is up-
regulated. Again, the average values are useless when the mathematical method behind
it is considered.

Fe-deficiency/ B-toxicity: The results show inconsistency like B-toxicity and Fe-
deficiency/B-deficiency. However, the values of IDS3 according to calibrator Day-5
significantly decreased as an indication of down-regulation about 30 fold.

The evaluation of the gene expression analyses of NAS and IDS3 showed the
increase is higher in Day 1 and following a similar pattern for both of the genes.
However, this is not applicable in Day 5. The first response of seedlings after detection
of stress conditions may be increase in expression of corresponding genes to collect the
remaining Fe molecules, so more regular increase in day 1 expression can be explained.
However, the mission of the phytosiderophores may be ceased after 5 day, and
especially first enzyme in the biosynthesis of phytosiderophores, NAS did not continue

to increase as in day 1.
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CHAPTER 4

CONCLUSION

B level in toxic concentrations is a big obstacle for agricultural production in arid
and semi-arid regions in the world including Turkey, California, Chile, and South
Australia. The co-existence of B-toxicity and Fe- deficiency because of the soil pH and
water content requires co-evaluation of those conditions. Recent studies revealed that
there might be a relationship between B content of barley and phytosiderophores
responsible for Fe uptake in grasses both in mMRNA and protein levels, confirming the
co-evaluation of those stress conditions are necessary. The relation between B and Fe
might lead us not only understanding the B tolerance mechanisms of grasses, but also
potential use of B fertilizers in abnormal Fe conditions in soil. In this study, we
investigated the potential link between iron, boron, and phytosiderophore production in
barley.

For this purpose the B-tolerant barley cultivar Tarm-92 seedlings were treated
with deficiency or toxicity of boron and iron as well as combinations of these and
expression levels of two of the phytosiderophore hydroxyl mugineic acid (HMA)
producing genes namely NAS and IDS3 were examined. In addition to gene expression
analysis, physiological parameters, total B, Fe and Zn content and photosynthetic
performance of seedlings were considered.

Changes in physiological parameters were detected in all of the given stress
conditions. Especially, the conditions with 25 mM boric acid treatment disrupted the
growth of seedling in every aspect, where Fe-deficiency did not significantly affect the
growth when applied with other stress conditions. In addition, as a B-tolerant barley

cultivar, Tarm-92 showed fairly a good growth performance under 5 mM B treatment.
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Further, B deficiency did not result in significant decrease in any of the growth
parameters, except root fresh weight.

Element analyses revealed that toxic levels of B resulted in significant increase
in B-uptake for both 1 day and 5 day after stress induction. However, other stress
conditions did not affect the B status of plants. In addition, Fe-deficiency did not result
in significant increase of B accumulation after 120 h of stress application according to
our data, conflicting with previous studies. It was also not affected B-content when
applied with B-toxicity. The evaluations of Fe and Zn content also conflict with the
previous studies. Our results did not show any significant difference for both Zn and Fe
content in any of the induced stress conditions.

The photosynthetic activity evaluation by JIP test revealed that photosynthetic
performance of Tarm-92 cultivar was affected significantly only by the 25 mM B
treatment conditions. As a B tolerant cultivar, it can sustain its photosynthetic activity
even in 5 mM B treatments. In addition, although slight decreases in PSI activity were
observed under Fe deficiency, they are not significant to decrease its overall
photosynthetic activity.

The gene expression analyses of IDS3 and NAS in Day-1 showed that both IDS3
and NAS were up-regulated in all stress conditions given. It is also notable that the
values for both genes are quite compatible. However, application of B-toxicity
accompanied with Fe-deficiency was lowered the numbers compared to Fe-deficiency
alone. In addition, the results of Fe-deficiency/B-toxicity grown samples were slightly
lower than the B-toxicity alone. Moreover, increase of NAS and IDS3 expression were
higher in Day 1 than the Day 5 and followed a similar pattern for both of the genes.
Although changes in expression levels of Day 5 were present, they were not regular.

The overall evaluation of physiological parameters, element analyses,
photosynthetic activity, and gene expression confirmed that Tarm-92 is a B-tolerant
cultivar. Although deadly concentration of B (25 mM) caused significant reduce in
growth and photosynthetic activity of the cultivar, its responses against high B

concentration (5 mM) for especially physiological parameters and photosynthetic
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activity were quite remarkable. In addition, other stress conditions, Fe deficiency and B
deficiency did not affected the cultivar at all, showing strength of its response
mechanisms against those stresses.

Future studies may include testing other B-tolerant barley cultivars and/or
species against Fe deficiency. In addition, investigations of B-sensitive cultivars and/or
species for similar parameters are also necessary to understand the differences. For gene
expression analyses, a narrower time scale, not in days but in hours (e.g. 1h, 6h, and
12h) can be used to determine changes at earlier stages of stress conditions. Further, the
analyses of related miRNAs may give important information about the process. In the
case of phytosiderophore production determination, direct detection of
phytosiderophores will be more useful to understand the response and its correlation
with corresponding gene expression. Changing the stress conditions and concentrations
of minerals is also an option. For instance, application of one day of Fe deficiency
followed by one day of Fe toxicity to 9d old seedlings may help to detect element
content changes easily. Finally, including Zn in the system as Zn deficiency and/or Zn
toxicity is also important to understand the effects of Zn on the relation with B and
phytosiderophore production.

Although further investigations to understand the relation between Fe, B and
phytosiderophore production are needed, the results of this thesis confirmed: (i) Tarm-92
is B-tolerant both in terms of physiological parameters and photosynthetic performance;
(if) Tarm-92 is also tolerant to B and Fe deficiency; (iii) up-regulation of PS genes under
Fe deficiency occurs; and (iv) tolerance to Fe deficiency may be an indication of

common response mechanism against B toxicity and Fe deficiency.
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APPENDICES

A. COMPOSITION OF HOAGLAND’S SOLUTION

Table A.1 Composition of 72 Hoagland’s Solution

Final
Component concentration
MgSQ,.7H,0 0.5mM
Ca(NO3),.4H,0 1.15 mM
KH,PO, 0.25 mM
KNO; 1.25 mM
MnCl,.4H,0 2.3 uM
ZnS0,4.7H,0 0.2 uyM
Na,M00,4.2H,0 0.1 uM
CuS0,4.5H,0 0.1 yM
NaFe(IINEDTA 50 uM
H3BOs 10 uM

Table A.2 Iron and Boron compositions of stress conditions

Conditions Final NaFe(II)EDTA conc. Final H3BOsconc.
Control 50 uM 10 uM
Fe-deficient - 10 uM
B-deficient 50 uM -
B-toxic(5) 50 uM 5mM
B-toxic(25) 50 uM 25 mM
Fe-deficient+ B-deficient - -
Fe-deficient+ B-toxic(5) - 5mM
Fe-deficient+B-toxic(25) - 25 mM
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B. ALIGNMENT RESULTS OF AFFYMETRIX BARLEY1 PROBES AND
CORRESPONDING MRNA SEQUENCES

Table B.1 Alignment results of AB011269.1 and Contigl0741_at sequences using Blast
(http://blast.ncbi.nim.nih.gov/Blast.cgi). Arrows show the start point of HYNAS primer binding

Score Expect Identities Gaps Strand
625 bits{338) 0.0 343/345(99%) 1/345(0%) Plus/Plus

Query 898  ToCATGCCAATOAACGTCCCAACGGEGECGTEOTORACAGTAL-CooEaCalaaTACCGATG S48

Sbjct 1 ToCATGCCAATAACGTCCCAACGEEATEATORACAGTACGCGOEECOCGaTACCGGTG 68

Query 949  QTCAGCCCGCCOTECAGGTTCOOTGAGATEATGECGEACOTGACCCACAAGAGAGAROAD 1888

Sbjct 61 ATCAGCCCGCCaTaCAGETTCOOTGAGATEATGCEEACETRACCCACAAGAGAGARGAD 128

Query 1885 TTCACCAACGCOGAAGTEECCTTCTGATCETTGCOAGGOAATGAAAATGAAGETGOACGT 1868

, LLDEREEEREREEREER R e EE Rt e e Ee e e e e e e e ey |
Sbict 121\TTEACCAACGCGEMGTGECCTT-cTGATCETTGCGAGEGAATGMMTGMGGTGGACGT 180

Query 1869 TOOCTECCTACTTCATCGCTTGCAATCGTACTACTACCTA 1128

Sbjct 181 GTETGETCAGCATCCATACGTGGCTGCCTACTTCATCGCTTGCAATCGTACTACTACCTA 244

Query 1129 CCTATGCAGTTCAAGTCATGTGTTGTCAATATAAGTGTGATGTTTACACTAGTCTATGAA 1188

, LLDEREEETELEER e e e e et e e e en et e i e e e e |
Sbjct 241  CCTATGCAGTTCAAGTCATGTGTTGTCAATGTAAGTGTGATGTTTACACTAGTCTATGAA 380

Query 1189 TTT?AGGGCA CAGTGTGTCATT 1233

Sbjct 391  AGGCAGGGCAGACGAGGGTAGTGTGCCAAGTAAAAGTATGTCATT 345
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Table B.2 Alignment results of AF136941.1 and Contigl0741 at sequences using Blast
(http://blast.ncbi.nIm.nih.gov/Blast.cgi). Arrows show the start point of HYNAS primer binding

Score Expect Identities Gaps Strand
6525 bits{338) 0.0 343/345(99%) 1/345(0%) Plus,/Plus

Query 982  TOCATGCCAATGAACGTCCCAAC-GECGTEATORACAGTACGCGOGGCGCGaTECCaaTG 96

Sbijct 1 TGCATGCCAATGAACGTCCCAACGEECGTEOTORACAGTACGIGOEGCGCGOTACCAOTG 68

Query 961  GQTCAGCCCACCOTECAGGTTCOOTEAGATGOTOECEEACOTEACCCACAAGAGAGAGOAD 1820

Sbijct 61 GTCAGCCCACCaTECAGET TCOOTEAGATEATOECEEACOTEACCCACAAGAGAGADOAGD 128

Query 1821 TTCACCAACGCOGAAGTEOCCTTCTEATCAT TACOAGGOAATGAARATGRAGETGRACGET 1880

, LLCCEERELELELELELELEEE e e e ER e e R e e ey iy |
sbict 121\ TTCACCAACGCGGAAGTGGCCTTCTGATCGTTGCGAGGGAATGAAAATGAAGGTGGACGT 180

Query 1881 GQTGETGGTCAGCATCCATACGTOGCTGCCTGCTTCATCGCTTGCAATCGTACTACTACCTA 1148

LLLCERLELELELELELELETELEEEE PR T ELELE e ettty |

Shjct 181  ENGTGGICAGCATOOATALGETGGCTGCCTGCTTCATCGCTTGCAATCGTACTACTACCTA 248

Query 1141 CCTATGCAGTTCAAGTCATATOTTOTCAATATAAGTATGATATTTACACTAGTCTATGAR 1280

Sbjct 241  COTATGCAGTTCAAGTCATGTOTTGTCAATOTAAGTOTGATGTTTACACTAGTCTATGAA 328
Query 1281 AGGCAGGOCA QTGTGTCATT 1245

II|IIIIIIIMIIIIIIIIII

Sbjct 381  AGGCAGGOCAGACGAGGEGTAGTGTGCCAAGTAAAAGTGTGTCATT 345
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Table B.3 Alignment results of D37796.1 and Contigl2916 s at sequences using Blast
(http://blast.ncbi.nIm.nih.gov/Blast.cgi). Arrows show the start point of HvIDS3 primer binding

Scora Expect Identities Gaps Strand
525 bits(333) 0.0 358/358(97%) \ 0/368(0%) Flus/Plus

Query 2563 AGGTTOTCACAAATGGOT TGTTAAAGAGCATAGAG AGCGC 2622

|11
Sbjct 168  AGGTTGTGACAAATGGGETTGTTAAGGAGCATAGAGCATCGTGCGATGACAALCTCGATGE 219

Query 2823 TTGCACGCACATCGGTOECTACCTTTATCATGCCTACTCAAGAATGTCTTATTGGTCCCG 2682

Sbjct 228 TTGECACGCACATCGETGGCTACCTTTATTATGCCTACTCAAGAATGTCTTATTGGTCCCG 279

Query 2883 COAAGGAGTTCCTTAGCAAAGAAAACCCACCOTOCTACCOUACCACCATOTTTCGTGALT 2742

Sbjct 288  CGAAGGAGTTCCTTAGTGAAGAAAACCCACCGTGCTACCGCACCATCATGTTTCAGTGACT 339

Query 2743 TCATGCGCATCTACAATGTTOTCAAGCTT CCARATCTCA 2882

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIMIIIIIIIII

Sbjct 348  TCATGCGCATCTACAATGTTGTCAAGCTTGGGTCATCGCTCAATCTCACARCCAATCTCA 3499

Query 2883 AGAACGTCCAGAAGGAGATATASAGCAAATCTACAAGATTCCTTCAAGATCTEGAATTAT 2862

, [CLCLEREEEEEEEE e e e v ee e et e et FEEe e errrantl
Sbjct 408  AGAACGTCCAGAAGGAGATATAAAGCAAATCTACAAGACTCCTTCAAGATCTGGAATTAT 459

Query 2863 CCTATTCCCACTTGTTATGTTTCTTACCTATGCCATAGATCTCAGTTGTGTCCAATTGTT 2922

Sbjct 468  CCTATTCCCACTTGTTATGTTTCTTACCTATGCCATAGATCTCAGTTGTGTCCAATTGTT 519
Query 2923 GCTATGCA 293@

Sbjct 528  GCTATGCA 527
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C. PHOTOSYNTHETIC PARAMETERS

Table C.1 Summary of the formula and terms of JIP test parameters and their description [215],
[225]

Parameter Formula/Explanation

Extracted and technical fluorescence parameters

Fo Initial fluorescence intensity, when all RCs of PSII are open

F300-Fs-F Fluorescence intensity at K-step (300 ps), J-step (2 ms), I-step (30 ms)

Fum Maximal fluorescence intensity, when all RCs of PSII are closed

t(Fm) Time to reach Fy, in ms

V-V (Fk-3-) — Fo)/(Fm — Fo), relative variable fluorescence at the K-J-1 step

Mo or (dV/dt)0 4 (Fs00 — Fo)/(Fm — Fo), approximated initial slope (in ms—1) of the fluorescence transient V = f(t)
Area Total complementary area between fluorescence induction curve and Fy

Swm Area/(Fy — Fo), normalized total complementary area above the OJIP (reflecting multiple-

turnover QA reduction events) or total electron carriers per RC

Quantum efficiencies or flux ratios

®P, or TRo/ABS 1 — Fo/Fy or Fy/Fy, maximum quantum yield of primary photochemistry att=0
®E, or ETo/ABS (1 - FolFm) % Wo, quantum yield for electron transport att = 0
Yo or ETo/TRg 1 - V,, probability (at t = 0) that a trapped exciton moves an electron into the electron transport

chain beyond QA™

OR, or RE(/ETy 1 - Vy)I(d - V), the efficiency with which an electron can move from the reduced intersystem
electron acceptors to the PSI end final electron acceptors

@R, or RE(/ABS oPo x Yo x ORy, the quantum vyield of electron transport from QA— to the PSI end electron
acceptors

Specific fluxes or specific activities

ABS/RC Mo % (1/V;) x (1/9Py), absorption flux per RC at t = 0 or a measure for an average antenna size
TR/RC Mo % (1/V;), trapped energy flux per RC att =0

ETo/RC Mo % (1/V;) x o, electron transport flux per RC att =0

Phenomenological fluxes or phenomenological activities

ABS/CS, Fo or other useful expression, absorption flux per CS at t = 0*

TRo/CSo ®Po x (ABS/CS,), trapped energy flux per CS att =0

ETo/CSo ®Po x Yo x (ABS/CSy), electron transport flux per CS att =0

RC/CS, ®Po x (V3/Mg) x Fo, amount of active PSII RCs per CS at t = tFM

Pl(abs), Pl(total) (RC/ABS) x [@Po/(1 — @Pg)] * [Wo/(1 — Wo)] * [ORo/(1 — dRy)], total PI, measuring the performance

up to the PSI end electron acceptors
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D. Q-PCR SUPPLEMENTARY DATA

Table D.1 Fold changes of IDS3 expression according to Day 0, Day 1, and Day 5 controls

FC - Day 0 (calibrator)

FC - Day 1 (calibrator)

Samples(Day) | Set1l Set2 | Set3 Setl Set 2 Set 3
Control 0 1.00 1.00 1.00 - - -
Control 1 250.31 0.96 0.27 1.00 1.00 1.00
Fe- def 1 94.35 16.21 4.87 0.38 16.87 18.02

B-def 1 14.00 4.26 4.49 0.06 4.43 16.59

Fe-def/B-def 1 4.49 2478 | 15.23 0.02 25.79 56.30

B-tox 1 0.40 3.15 1.69 0.00 3.27 6.26
Fe-def/B-tox 1 0.89 2.04 1.85 0.00 2.12 6.84

FC - Day 0 (calibrator)

FC - Day 5 (calibrator)

Samples(Day) | Set1l Set2 | Set3 Set 1 Set 2 Set 3
Control 5 19.98 1.73 | 188.29 1.00 1.00 1.00
Fe- def 5 252545 | 12.23 | 34193 | 126.38 7.07 1.82
B-def 5 39.60 11.36 | 127.99 1.98 6.57 0.68
Fe-def/B-def 5 | 94.28 8.20 5.52 4.72 4.74 0.03
B-tox 5 - 4.34 0.77 - 251 0.00

Fe-def/B-tox 5 1.66 0.05 6.40 0.08 0.03 0.03
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Table D.2 Fold changes of NAS expression according to Day 0, Day 1, and Day 5 controls

FC - Day 0 (calibrator) FC - Day 1 (calibrator)
Samples(Day) Set 1 Set 2 Set 3 Set 1 Set 2 Set 3

Control 0 1.00 1.00 1.00 - - -
Control 1 30.06 0.92 0.56 1.00 1.00 1.00
Fe- def 1 7.70 9.03 6.08 0.26 9.78 10.93
B-def 1 1.75 5.98 3.45 0.06 6.48 6.19
Fe-def/B-def 1 1.00 9.29 17.94 0.03 10.06 32.22
B-tox 1 1.19 5.84 4.81 0.04 6.32 8.63
Fe-def/B-tox 1 1.34 3.51 4.55 0.04 3.80 8.17

FC - Day 0 (calibrator) FC - Day 5 (calibrator)

Samples(Day) Set 1 Set 2 Set 3 Set 1 Set 2 Set 3
Control 5

21.86 2.94 29.45 1.00 1.00 1.00

Fe-def'5 4193 | 687 |37.79 | 192 | 234 | 1.28
BN 935 | 363 | 3233 | 043 | 124 | 110

Fe-0ef/B-0efS | 545 | 030 | 207 | 025 | o011 | o007
B- tox 5

0.33 0.73 6.00 0.02 0.25 0.20
1.15 4.16 7.52 0.05 1.41 0.26

Fe-def/B-tox 5
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