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ABSTRACT

EFFECT OF SALT, DROUGHT AND MECHANICAL WOUNDING STRESS ON
GENE EXPRESSION AND HORMONE PROFILES OF BRACHYPODIUM
DISTACHYON

The rising world population with limited arable lands and the severe effect of climate change
require an increase in crop yield. However, abiotic stress factors such as salinity, drought
and mechanical wounding also decrease agricultural productivity. The development of crops
that can cope with various environmental stress is the key to higher yield. Phytohormones
and their cross-talk control many physiological and molecular mechanisms and mediate
stress responses through activation of stress-responsive genes. Elucidation of stress-
responsive genes and phytohormone signaling are crucial to contribute to a deeper
understanding of their roles and relationship in complex response mechanisms of plants
under stress. In this study, Brachypodium distachyon (Bd21 line), a powerful monocot model
plant was used to determine the expression changes in multiple stress-responsive genes by
quantitative real-time polymerase chain reaction (QRT-PCR) and quantify the hormonal
changes via high-performance liquid chromatography (HPLC) under salinity, drought and
time-dependent mechanical wounding stress including local and systemic events. From
different gene families, 58 candidate multiple stress-responsive genes were identified by
orthology analysis and in accordance with the literature, and eight of these genes were used
for gene expression studies. EXPA2, GF14d, LOX3, P5CS1, PP2CA6 and WRKY36 genes
were up-regulated under drought, salinity and wounding. Under salinity, all genes were up-
regulated whereas under drought the genes rather than ERF/ and SUT2 were up-regulated.
In response to wounding stress, the highest fold-changes were observed at 24" hour at wound
sites compared to the gene expression levels at 0" and 6™ hours. Besides, wound sites had
higher gene expression levels than wound adjacent sites in general. On the other hand, in B.
distachyon, salicylic acid (SA) levels under drought, and abscisic acid (ABA) levels under
salinity and wounding stress showed increasing trends. Indole acetic acid (IAA) levels were
significantly reduced at all stress conditions. Characterization and overexpression studies of

determined genes can pave the way towards generating multiple stress-tolerant crops.



OZET

TUZ, KURAKLIK VE MEKANIiK YARALANMA STRESININ BRACHYPODIUM
DISTACHYON’ UN GEN EKSPRESYONU VE HORMON PROFILLERI
UZERINDEKI ETKISi

Artan diinya niifusu ile birlikte azalan ekilebilir alanlar ve kiiresel 1sinmanin siddetli etkisi
tah1l veriminde artis gerektirmektedir. Diger taraftan tuzluluk, kuraklik ve mekanik
yaralanma gibi abiyotik stres kosullar1 da tarimsal verimi ciddi bir sekilde diistirmektedir.
Cesitli ¢evresel streslere dayanikli tahillarin gelistirilmesi daha yiiksek verim elde etmenin
anahtaridir. Bitki hormonlar1 ve onlarin birbirleri ile etkilesimi bir¢cok fizyolojik ve
molekiiler mekanizmay1 ve stres genlerinin aktivasyonu ile stres cevaplarinin
olusturulmasini kontrol eder. Strese cevap veren genlerin ve bitki hormon sinyallerinin
aydinlatilmasi, stres altindaki bitkilerin karmasik cevap mekanizmalarindaki rollerinin ve
birbirleriyle olan iligkilerinin derinlemesine anlasilmasini saglayacaktir. Bu caligmada,
giiclii bir monokot bitki modeli olan Brachypodium distachyon (Bd21 hatti)’nda birden ¢ok
strese cevap veren gen ifadelerinin ger¢cek zamanl kantitatif polimeraz zincir reaksiyonu
(qRT-PCR) kullanilarak ve hormonal degisimlerin gézlemlenmesi i¢in yiiksek performansh
likit kromatografisi (HPLC) analizi yapilarak tuzluluk, kuraklik ve zamana bagli mekanik
yaralama stres cevaplarinin (lokal ve sistemik cevaplar dahil) aragtirilmasi amacglanmistir.
Farkl1 gen ailelerinden ¢oklu strese cevap veren 58 aday gen, ortoloji analizi ile literatiire de
uyumlu olarak belirlenmistir. Bunlardan 8 tanesi gen ekspresyon c¢alismasi igin
kullanilmistir. EXPA2, GF14d, LOX3, P5CS1, PP2CA6 ve WRKY36 genleri tiim stresler
altinda upregiile olmustur. Tuzluluk stresi tiim genlerin upregiilasyonuna sebep olurken,
kuraklikta ERFI ve SUT2 disindaki genler upregiile olmustur. Yaralanma stresi cevabinda,
gen ekspresyonundaki en yiiksek kat degisimi 0. ve 6. saate kiyasla 24. saatte
gozlemlenmistir. Bunun yani sira, genel olarak yarali bolgelerdeki ekspresyon seviyeleri
yaral1 bolgelere komsu dokulardakine gore daha yiiksek bulunmustur. Kuraklik ve yaralama
stresi altinda salisilik asit (SA) ve tuzluluk stresi altinda absisik asit (ABA) seviyeleri artig
trendi gdstermistir. Indol asetik asit (IAA) seviyeleri tiim stresler altinda istatistiksel olarak
anlamli oranda azalmistir. Belirlenen genlerin karakterizasyonu ve gen ifadelerinin

arttirllmasi, ¢oklu strese toleransl tahillarin iiretimine katki saglayacaktir.
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1. INTRODUCTION

Model plant systems are required to answer many molecular biology, genetics, biochemistry
and physiology questions. For many years, dicot plant Arabidopsis thaliana has been widely
used for this purpose. However, the crops are different from Arabidopsis thaliana in many
aspects and some processes are species specific. Brachypodium distachyon is a monocot
model plant with high agronomic value. It has a close relationship with cereal grains and
forage grasses. One of the greatest constrains in crop production is abiotic stress such as
salinity, drought, and mechanical wounding. They influence metabolism, growth and
development, therefore diminish the yield. Salinity stress causes both osmotic and ionic
stress; thereby impair growth and development due to high ion concentrations and toxicity
through the excess uptake of ions and their accumulation. Drought negatively affects growth
and development, and influences water relations of plants. Mechanical wounding stress
causes injuries in the plant tissues, nutrient loss, and leads to further damage by providing
entry for the pathogens. To be able to cope with stress, plants induce changes in their
metabolism. Plant responses to abiotic stress are highly complex. They involve many stress-
inducible genes and both molecular and biochemical mechanisms. Thus, the elucidation of
those responses through the discovery of stress-inducible genes and their functions is a
significant tool for contributing to the improvement of stress tolerance in crops. Many stress-
inducible genes are induced by multiple stress conditions, which suggest that there might be
similar mechanisms that control a wide range of stress responses. Since plants experience a
combination of stress in their natural environment, it is essential to determine multiple stress-

responsive genes to develop crops that can survive under multiple stress conditions.

Phytohormones also play a significant role in the regulation of growth, development, and
signaling networks associated with abiotic stress responses. The synergistic and antagonistic
activity of phytohormones and their coordination, involving the regulation of hormone
synthesis pathways and gene expression patterns, is vital in the adaptation of plants to abiotic
stress conditions. Comprehensive studies are required for the explanation of underlying
mechanisms of plant defence responses that plays a vital role in gene expression changes

and phytohormone signaling pathways under stress conditions.



In this study, in order to determine the expressional changes in selected candidate multiple
stress-responsive genes from ERF, EXP, SUT, P5CS, 14-3-3 and LOX gene families and
monitor the changes in phytohormones (ABA, SA and IAA), qRT-PCR and HPLC analysis
were conducted, respectively. Both gene expression and phytohormone quantification
studies were performed in model plant Brachypodium distachyon (Bd21 line) under salinity,
drought and time-dependent mechanical wounding stress including local and systemic
events by analysing both wounded and unwounded tissues adjacent to wound sites. Since
many of the stress-responsive genes have been identified in widely studied species such as
Arabidopsis thaliana, Oryza sativa and Triticum aestivum, their predicted orthologs in
Brachypodium distachyon were determined using nucleotide alignment tool. In accordance
with literature, 220 genes were obtained from databases. According to their alignment
scores, low scored genes were eliminated and 58 genes were found to be candidate stress
responsive genes in Brachypodium distachyon. Eight of these genes (ERF'I, EXPA2, GF14d,
LOX3, P5CS1, PP2CA6, SUT2 and WRKY36) representing different gene families were

selected due to their possible multiple abiotic stress responsiveness.

All selected genes were found to be multiple stress-responsive and up-regulated upon
salinity and wounding stress. Drought also caused the up-regulation of the genes except for
ERF1, LOX3, and SUT2. Moreover, WRKY36, GF14d, EXPA2, P5CS1, and PP2CA6 genes
were all up-regulated under all stress conditions. In wounded tissues, gene expression levels
were increased as the time passed and the highest fold-changes were observed at 24 hour
after wounding at wound sites compared to the gene expression levels at 0" and 6™ hours.
Wound sites had higher gene expression levels than wound adjacent sites, except SUT2 gene
and this showed the clear difference between local and systemic response. On the other hand,
salicylic acid (SA) levels under drought and abscisic acid (ABA) levels under salinity
showed increasing trends, however the changes were not significant. Indole acetic acid

(IAA) levels were significantly reduced at all stress conditions.

Elucidation of multiple-stress responsive genes and associated signaling molecules will
provide a better understanding of the stress response mechanisms in monocot species and

thereby pave the way for the crop improvement studies.



2. LITERATURE REVIEW

2.1. PHYLOGENY AND EVOLUTION OF BRACHYPODIUM DISTACHYON

Crop production is under threat due to the factors such as misuse of arable lands, urbanization
and climate change. In 2050, the population of the world is expected to reach over 9.8 billion
according to the United Nations. Thus, global food production needs to be increased by 70
percent until then to be able to meet the drastically increased food and feed demand [1,2].

Focusing on crop research holds the key to obtain higher production rates.

As one of the largest families of flowering plants, the grass family (Poaceae) is composed of
10,000 species and 700 genera including economically important cereals such as wheat, rice,
maize, sorghum, barley, rye and oat. Grasses exist in all continents and they show dominance
over other plant families [2,3]. They are significant sources for human nutrition and
production of sustainable energy [4]. The genus Brachypodium belongs to Brachypodieae, a
sister group to Triticeae, Aveneae, Poeae and Bromeae tribes. The species Brachypodium
distachyon belongs to Pooideae subfamily which is one of the 12 subfamilies of Poaceae
(Figure 2.1.) [2,5]. Even though it is a native species to Mediterranean and Middle East
regions, it has been dispersed all around the world having almost 20 species in temperate

regions [6].

Brachypodium genus harbour species with a varying number of chromosomes in somatic
cells as 2n= 10, 14, 16, 18, 20, 28 and 30 with basic chromosome numbers of x =5, 7, 8, 9
and 10. The first karyological analyses of Brachypodium showed varying putative ploidies;
the three cytotypes were 2n =10, 20 and 30. They thought to be autopolyploid series having
the same base chromosome number x= 5 [7]. However, the following cytogenetic studies
that used technologies such as fluorescence in situ hybridization (FISH) with total genomic
DNA, ribosomal DNA with bacterial artificial chromosomes (BACs) were elicited three
somatic chromosome number of 2n=10, 20 and 30 and that showed the existence of three
different cytotypes having chromosome numbers of x=10 (Brachypodium distachyon) and
x=20 (Brachypodium stacei) and 2n= 30 (Brachypodium hybridum), being their generated
allotetraploid [8].



Generally, the grasses possess high synteny within the group that they belong to. Hence,
Brachypodium distachyon (hereafter Brachypodium) also shows high collinearity with
cereal grains and forage grasses. It is especially close to rice and wheat. When their
sequences are aligned, Brachypodium and rice possess whole chromosomes and
chromosome arms with high similarity. Besides, when wheat and Brachypodium compared,
the alignments show abundant rearrangements in sequenced regions and genetic maps.
However, in many cases, the smaller the sequenced region compared, the higher the synteny

is [9].

Many studies showed that the Brachypodium is evolutionarily closer to wheat than the rice
is. Rice and wheat underwent divergence 50 to 55 million years ago, whereas Brachypodium
and wheat diverged from each other 15 million years later. Therefore, the divergence of rice
and wheat took place many years before by going through many insertions, deletions,

duplications and translocations [9,10].

Tropical
Temperate cereals cereals
Forage Oats Rye Wheat Barley Bromus Brachypodium Rice  Maize
grasses distachyon
|
| _Pooideae
| Oryzodeae
| Panicoideae
Poaceae
5 mm TRENDS in Plant Science

Figure 2.1. The representation of phylogenetic relationships of Brachypodium with other

small grain cereals [11].

While selections based on obtaining plants with desired attributes such as non-shattering
seeds, high seed number and bigger seed size, they also led to unfavorable alterations in

genetic diversity due to bottleneck effects. When compared with wild ancestors, many cereal



crops have lost their diversity during domestication. On the other hand, Brachypodium was

not gone through any domestication process thus protected its genetic diversity [12,13].

2.2. BRACHYPODIUM DISTACHYON AS A MODEL ORGANISM

Plant model systems are required to conduct investigations on specific plant families. A
model system should have the crucial features such as small stature, quick generation time,
high fertility, simple growth requirements, ease of genetic transformation and small genome

size (Table 2.1.).

Table 2.1. Comparison of model plant species [4,14,15].

Brachypodium | Arabidopsis Triticum Oryza Hordeum Z
. . R . ea mays
distachyon thaliana aestivum sativa vulgare
Genome size 272 Mb 135 Mb 17 Gb 430 Mb 53 Gb 2.4 Gb
Chromosome
number 10 (2n) 10 (2n) 42 (2n) 24 (2n) 14 (2n) 20 (2n)
Height (cm) 15-20 15-20 50-100 100-120 50-120 120-300
Easy to grow Yes Yes Yes No Relatively Relatively
Generation 8-12 8-12 10-20 20-30 16-20 8-20
(weeks)
Pollination Self Self Self Self Cross Self
. . Not Very Labour Labour
Transformation Very efficient Very easy efficient efficient intensive intensive

A. thaliana, a dicotyledonous plant, has been the most widely used plant model by scientists,
in a great variety of research areas such as plant biochemistry, genetics physiology and
molecular biology. It paved the way for significant contributions to plant science. However,
some processes might be specific to families, genera, species or even in some cases, to
population [16]. Also, dicots and monocots went through evolutionary separation a long time
ago which resulted in important alterations in their genomes [17]. Hence, Arabidopsis
thaliana has limited adequacy for monocot-specific studies. For the monocot research,
cereals such as rice, maize, barley and wheat have been used over time. However, the
attributes such as having large and complex genomes or special growth requirements restrict

their usage in molecular breeding, genetic and genomic researches. There was an emerging



need for temperate grass model for the elucidation of the questions that arise in the

improvement of food and feed crops [18-20].

Brachypodium was introduced as a powerful monocotyledonous model plant species in 2001
for the first time [5]. The small genome of Brachypodium holds great agronomic importance
since it facilitates genomic studies. The studies for the elucidation of gene functions and the
cloning of genes from the crops are significant contributors to the improvement of grain
crops. Since it is non-domesticated, conservation of high genetic variability makes
Brachypodium a strong model for the identification of genes that can be utilized for other

crop species with complex genomes [21-23].

2.3. GENOMICS AND RESOURCES OF BRACHYPODIUM DISTACHYON

There are broad sets of available tools and resources for Brachypodium (Figure 2.2.).
Brachypodium (Bd21 line) was sequenced using whole-genome shotgun sequencing by the
International Brachypodium Initiative. High quality ~272 Mb genome sequence of the
Brachypodium was measured by flow cytometry and verified with cytogenetic analysis,
physical maps and BACs. Over 25,000 protein-coding gene loci were estimated. The 5.6
percent of the genes were found to be grass species-specific, while 77-84 percent of the gene
families were common in Brachypodium, sorghum and rice. The genome structure is quite
compact and has a low repeat content. Retrotransposons covers 21.4 percent of the whole
genome which is lower than other main crops such as rice, sorghum, maize and wheat [9].
More than 500 miRNAs have been discovered in Brachypodium and both species-specific

and family specific regulation mechanisms have been shown [24,25].
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Figure 2.2. Attributes and available tools and resources of Brachypodium [18].

Besides the whole genome sequence of Bd21 line, six different lines of Brachypodium (Bd1-
1, Bd3-1, BdTR12c, Bb21-3, Bd30-1 and Koz-3) were also sequenced. Available genome
sequence of different lines made the determination of functional differences and similarities
between accessions possible and showed the genetic diversity in Brachypodium species
annotated [26]. Different germplasm collections were created by the use of nearly 250 wild
and inbred accessions and germplasm collections which are mainly native to Turkey [27,28].
They are available in the United States Department of Agriculture’s National Plant
Germplasm System (USDA- NPGS). Other germplasm collection containing various
accessions from different regions is kept at University of Aberystwyth [29].

One of the most significant features for a model plant system is the high-efficiency
transformation. Generally, the members of grass family are recalcitrant to genetic
transformation. Even though they can be transformed, the efficiency of transformation is
remarkably low. However, the transformation of Brachypodium is facile and efficient
biolistic and Agrobacterium-mediated transformation methods are developed and optimized
for different genotypes of Brachypodium. In 2006, Agrobacterium-mediated transformation

was reported for the first time [30] and optimized methods were published in the preceding



years for higher efficiency [31-34]. Thousands of Brachypodium T-DNA lines were
sequenced so far and the collection was made available in Joint Genome Institute (JGI) [35].
Even though, T-DNA mutagenesis is a good genetics tool, it has limitations when it comes
to targeting specific sequences in DNA. Therefore, in recent years scientists use targeted
gene modification systems; clustered regularly interspaced short palindromic repeat
(CRISPR, CRISPR/Cas9) that targets specific DNA sequences and creates double-strand
breaks in DNA for mutagenesis by using DNA damage repair as well as transcription
activator-like effector nucleases (TALENSs) [36,37]. Genetic markers [27], genetic linkage
maps and DNA libraries including BACs were constructed from different lines (Bd21 line
and Bd3-1) of Brachypodium [38,39]. Besides, full-length cDNAs composed of 127, 000
clones, expressed-sequence tag (EST) libraries and mutant collections are available for
Brachypodium as a great set of tools and resources for the discovery of novel genes and

elucidation of their functions [18].

2.4. STRESS FACTORS ON PLANTS

Plants experience stress due to adverse living conditions or different sources that influence
their metabolism, growth or development. Throughout their life cycle, plants have to cope
with and adapt to those fluctuating unfavorable conditions. Depending on stress source,
stress factors could be abiotic or biotic. Abiotic stress includes factors such as salinity, cold,
heat, flooding, drought, heavy metals and mechanical wounding while biotic stress is caused
by a variety of pathogen infections such as bacteria, fungi, virus, and herbivore attacks [40].
Abiotic stress severely diminishes the yield and causes crop inadequacy worldwide [41].
Salinity and drought are the most common stressors that adversely influence growth,

development and productivity of plants [42,43].

Plants possess complex mechanisms to respond and adapt to stress conditions. They alter
their physiology, metabolism and gene expression to respond to unfavorable environmental
conditions. Stress genes are activated upon stress and the gene products render stress
tolerance by the regulation of other genes and metabolic products [44]. Salinity stress has
two stages; the first one being the osmotic stress and the second is the ionic stress. Osmotic
stress caused by salinity stress hampers the development and growth of plants because if the

high concentrations of ions in the environment, which is nearly identical to drought stress



itself. Ionic stress leads to excess uptake of ions, and they accumulate in the plant tissues
hence causes ion toxicity problems within the plant. [45,46]. Under drought and salinity
conditions, plants close their stomata to diminish the loss of water and to retain their water
potential. However, the inhibition of stoma oscillation lowers the rate of photosynthesis due
to the limited availability of CO. for carbon assimilation. Besides, plant respiration is
negatively affected by these changes as well. Hence, plants induce the production of reactive
oxygen species (ROS) such as H>O,, 02, 10, and OH" the interaction of ROS with the

proteins, lipids, nucleic acid molecules cause oxidative damage in the cells [47,48].

Another frequent stress that the plants encounter, and must be deal with, is wounding.
Wounding stress is caused by factors such as rain, wind, hail, snow and herbivore attacks.
Wounding not only damages the plant tissues and leads to nutrient loss but also ease the
entry of pathogens by creating a passage. Plants have some barriers to prevent damage such
as cuticles, tick covers, thorns, waxes, resins and specialized organs. If the plant is wounded,
the stress responses have to be activated for the healing process of the tissues. This way plant

protects itself from possible further damage caused by infections [49,50].

2.4.1. Drought Stress

The biomass of the most plants, except the ones that have permanent woody stem contains
85-90 percent of water which plays a crucial role in the growth and development of the plant
[51]. The long period of water deficiency causes drought stress. Drought is the most common
stress that restrains the crop production in many different areas of the world. There are
various causes of drought such as low rate of rainfall, soil salinity, extreme temperatures and
intense light [52,53]. Drought causes many changes in the, metabolism, morphology,
biochemistry and physiology of the plant (Figure 2.3.). The lower rate of cell division,
expansion and differentiation restrict the development and growth of the leaves, stems and
roots. Imbalances in water and nutrient availability lead to decrease in water use efficiency

and crop yield [54,55].

Drought-stressed plants close their stomata for the prevention of water loss. But this process
protects plants only to some extent. Since carbon dioxide enters and water exits from the
stomata, transpiration and photosynthesis rates fall during stomatal closure [56,57]. Even

though the change in stomata oscillations is the main reason for the hindered photosynthesis
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and respiration, other alterations such as lower leaf size, higher leaf temperature, early leaf
senescence and decrease in relative water content also limit the rate of photosynthesis
[54,58]. Under severe and prolonged drought conditions, the metabolism of the plant cannot
function properly. Since drought obstructs the Krebs cycle and biosynthesis of ATP, the
restrained ATP supply causes the inhibition of many enzymes and pathways especially the
ones that play a role in ATP synthesis and fixation of CO.. The reduced electron transport
chain components start to accumulate when the stomata are closed for a long period. The
water insufficiency and low CO: concentrations under excess light induce the ROS
production in thylakoids where the light-harvesting systems; photosystem I (PSI) and
photosystem II (PSII), are located. High ROS levels damage the photosynthesis machinery
including the key photosynthesis enzymes such as ribulose-1,5-bisphosphate carboxylase
(Rubisco). The lipid peroxidation caused by high levels of ROS becomes destructive, and it
starts to cause oxidative stress by the production of lipid radicals and lead to oxidative

damaging of proteins and nucleic acids [59-61].
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Figure 2.3. Possible mechanisms involved in diminished photosynthesis rate under drought

stress [54].

Plants have various strategies for drought resistance to deal with harsh stress conditions.
These adaptive attributes of plants can be classified as drought avoidance, escape and
tolerance. Through drought escape, plants finish their life cycle before the stress takes place.
Therefore, before the detrimental effects of water stress develop, the plant completes its both
vegetative and reproductive stages. Plants manage to sustain relatively high tissue water
potential under water scarce conditions via stomatal and root system adjustments with
drought avoidance. In drought tolerance strategy, plants become capable of maintaining low
tissue water potential by sustaining turgor pressure through osmotic adjustment, high

elasticity and protoplasmic resistance. [62—64].
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Since the ROS in plants causes damage to plant systems, plants produce both enzymatic and
non-enzymatic antioxidant components for the detoxification of ROS, as a part of their
defence system. Enzymatic antioxidants are ascorbate peroxidase (APX), catalase (CAT),
glutathione reductase (GR), peroxidase (POD) and superoxide dismutase (SOD) whereas
non-enzymatic antioxidants are ascorbic acid, cysteine and reduced glutathione (GSH), a-

tocopherol, phenolics, flavonoids and carotenoids, [42,65].

The osmotic compounds known as compatible solutes and osmoprotectants play a significant
role in osmotic adjustments and regulations for drought resistance. The production of amino
acids (e.g. aspartic acid, proline and glutamic acid), sugars (e.g. glucose, sucrose, fructose,
trehalose and raffinose), the polyols (e.g. sorbitol, pinitol, mannitol, glycerol and inositol)
and ammonium compounds (e.g. polyamines and glycine betaine) are induced under water
deficit conditions. They play a significant role in the enhancement of plant stress tolerance

[66-69].

Under drought, plants change their gene expression patterns to tolerate the stress conditions.
While early responses include alterations in transcription factors, signal transduction and
translation, late responses include genes associated with the transport of water, osmotic
balance, oxidative stress, damage and repair processes [58,70]. The identification,
characterization and differential expression profiling of various drought-responsive genes
and gene families in B. distachyon guide us to understand the molecular mechanism of genes
mediated drought stress tolerance. In gene characterization and expression studies of B.
distachyon abiotic stress responsive gene families; NAC transcription factors (NACs), heat-
shock proteins 90 (Hsp90s), abscisic acid and ripening-induced proteins (ASRs),
APETALAZ2/ethylene-responsive element binding proteins (AP2/EREBPs), MYB
transcription factors (MYBs), WRKY transcription factor family (WRKYs), basic leucine
zipper transcription factors (bZIPs), mitogen activated protein kinases (MAPKs), mitogen
activated protein kinase kinases (MAPKKS), type-2C protein phosphatases (PP2CAs) and

cystatin genes were found to be induced upon drought [71-79].

Genome-wide transcriptome analysis studies enabled the identification of differentially
expressed genes (DEGs) [26,80,81] and the proteomic analyses lead to the discovery of
differentially accumulated proteins (DAPs) associated with drought tolerance in B.
distachyon [82,83]. Metabolic responses associated with drought stress was investigated for

the identification of key mechanisms of tolerance [21,84,85]. miRNA screening studies were
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conducted for the determination of highly expressed miRNAs under water deficit stress and
the ones that are part of drought response and resistance were determined [86—88] and
quantitative trait loci (QTLs) related with drought stress tolerance traits were identified in B.

distachyon [89].

2.4.2. Salinity Stress

Salinity is one of the most challenging environmental factors that hinder the plant growth
and productivity severely, especially in arid and semi-arid areas. Accumulation of various
soluble salts of CI,, CO32, Na*, SO42, HCOs and Mg*? ions may cause soil salinity [90].
High salt levels in the soil affect approximately 800 million hectares of world’s arable lands.
Degradation of these lands continues rapidly due to climate change (high temperatures, low

precipitation) and wrong irrigation practices (usage of salt-rich or excess amount of water).

The soil falls into the category of saline when its conductivity is equal to 4 dSm! (which is
about 40 mM NaCl with the pressure value of 0.2 MPa) or higher [46]. During their
evolution, plants divided into two categories according to their adaptation ability to
withstand salt stress as halophytes and glycophytes. Halophytes can grow and complete their
life cycle under high salinity conditions. On the other hand, glycophytes cannot survive
under high salt stress because unlike halophytes they are not able to tolerate or resist to
salinity. Halophytes can tolerate NaCl concentrations above 200 mM through osmotic
adjustment and regulation of ions and osmoprotectants. Unfortunately, they constitute only
about 1-2 percent of all terrestrial plant species. Crops such as barley and sugar beet are
considered highly tolerant whereas wheat, oat, maize and rice are moderately tolerant.

Sugarcane, pea and beans are salt-sensitive species [46,91,92].

Salinity stress impairs the metabolic and physiological processes of plants in two ways: 1)
Osmotic effect caused by the high salt concentrations in the soil, and 2) Toxic effect through
the uptake of high concentrations of salt from the soil, and its accumulation in the tissues of
plants (Figure 2.4.). Osmotic stress takes place in the initial phases of salinity stress when
the salt concentration is in high levels around the roots and hinders the capacity of plant roots
to absorb water. Osmotic effect of salinity stress inhibits the cell division and elongation
causing retardation in leaf, stem and shoot growth. Both drought and the initial phase of

salinity cause similar effects and reactions within the plant [93]. Deteriorated water relations
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and local synthesis of abscisic acid cause stomatal closure. If the stress persists, it leads to
decreased rate of photosynthesis, membrane damage and problems in detoxification of ROS
[46,94]. Another detrimental effect of salinity is ion toxicity. The excessive amount of Na*
and Cl" ions in the soil start to accumulate in tissues of plants to toxic levels. It leads to ion
imbalances and deficiency of many important ions required for the plant growth and
development. High levels of Na* block the uptake of K* since it competes with K* for the
binding sites. High CI levels diminish the water use efficiency of plants and they accumulate
in chloroplasts together with Na* [94-96]. Salinity impairs the photosynthesis and carbon
metabolism of plants through the inhibition of key enzymes. Decreased rate of
photosynthesis lead to oxidative stress due to ROS production. High levels of ROS damage

proteins, DNA and lipids, hence hinder the cellular functioning of plants.

Effects of Salt Stress on Plants

7N

Physiological Cytoxicity caused shign talk < gl
drought by Na+ and CI- dccuiuiiation
of Na+ and Cl-
Lower osmotic Cellular damage and Ion disequilibrium and
potential metabolic disturbances nutrient imbalance

l

Retardation of
plant growth
and development

l

Diminished plant yield

Figure 2.4. Osmotic and ionic effects of salt stress and their consequences [97].

Salt stressed plants activate their tolerance mechanism by 1) removal or the
compartmentalization of excess amount of Na" into vacuoles to avoid toxicity, 2)
accumulation of osmoprotectant molecules for the osmotic adjustment, 3) synthesis of ABA

(Abscisic acid) to decrease the water loss and promote the growth under salinity stress and
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4) the activation of both enzymatic and non-enzymatic antioxidants for the scavenging of

ROS to alleviate both hyperosmotic and hyper ionic stress effects.

The gene expression studies of B. distachyon performed to identify genes and gene families
responsive to salinity and drought revealed many common genes, considering that they have
similar effects and induce similar responses. Members of gene families (e.g.
APETALAZ2/ethylene-responsive element binding proteins (4P2/EREBPs), Hsp90, bZIP,
MAPK, MAPKK, NAC and MYB) are found to be both drought and salinity responsive
through genome-wide gene expression analyses, generation of transgenic lines and salt
tolerance assays [71,72,74,75,77,78]. Overexpression of BdGF14d gene (from [4-3-3 gene
family) in Nicotiana tabacum and BdPP2ACs genes (from PYL family) in A. thaliana
exhibited tolerance to salinity [98,99]. Genome-wide differential gene expression via
microarray showed up- and down-regulated genes in B. distachyon upon various abiotic
stress including salinity [80]. By cDNA-AFLP technique, salinity responsive transcripts
were identified in B. distachyon [93]. For better understanding of salinity stress response and
defence mechanisms at both translational and transcriptional levels, many proteins and
phosphoproteins were investigated in B. distachyon. DEPs (differentially expressed
proteins) associated with signal transduction such as GFI/4A, GF14B and 14-3-34, ABF2,
TRABI and SAPKS involved in ABA signaling were investigated [94].

2.4.3. Wounding Stress

Adverse environmental conditions such as rain, wind, hail, sand, snow, and herbivore and
insect attacks cause injuries on plant tissues. Wounding is a continuous threat to plants in
nature. It causes nutrient loss and wounded areas facilitate the entry of pathogens and
jeopardize the survival of the plant [ 100]. Early reaction to wounding occurs at the wounding
site known as the local response. Later on, the systemic response occurs in the unwounded

tissues of the plant via transduction and perception of wounding signals [50].

Local response takes place within few minutes following the wounding event. Since the
wounded parts are very susceptible to pathogen attacks, plant regenerates the injured tissues
to prevent further damage as a first defence mechanism. Wounding induces ion imbalances,
alterations in membrane potential and the production of ROS. As a local response to stress,

plants synthesize peptides, oligosaccharides, proteins, oligogalacturonides (OGAs),
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phytohormones and phenolic compounds [49,101]. Upon wounding, following the local
responses, systemic responses occur in uninjured leaves and organs of the plant. Wound-
related signals induce various pathways associated with the metabolism via altering gene
expression. Wounding leads to up-regulation of genes that code for vital wounding stress
resistance proteins. Mechanical wounding also induces the synthesis of phytohormones such
as jasmonate, abscisic acid, and salicylic acid. Accumulation of jasmonic acid in wounded
plants induce the expression of many defence genes and regulates wide range of defence
mechanisms against stress [49,102]. Hours after wounding, plants up-regulate genes
involved in proteinase inhibitors (PIs) and enzymes linked to defence metabolism. The genes
encoding PIs are one of the well-characterized genes induced at both wounded and distal
sites of the plants. B. distachyon proteinase inhibitor gene pinl (Bdpinl) was identified and

its coding sequence was characterized through transgenic Nicotiana tabacum [103].

2.5. STRESS RESPONSIVE GENE FAMILIES IN PLANTS

The abiotic stress responses of plants are quite complex. They involve biochemical and
molecular mechanisms, and up- and down-regulation of various genes. Improvement of
crops for abiotic stress tolerance through genetic engineering depends on the elucidation of
the functions of these genes and related mechanisms. Plants sense stress by the induction of
signaling cascades which activates ion channels, kinase cascades, ROS production and
phytohormone synthesis induce defence-related gene expression [104,105]. There are
different types of genes that play a role in abiotic stress responses: 1) Genes that code for
the production of compounds such as compatible solutes, antioxidants or late embryogenesis
abundant proteins (LEAs), 2) Genes that play role in signaling cascades, signal transduction
pathways kinases or production of transcription factors (7Fs) and control the transcriptional
processes such as mitogen-activated protein kinases (MAPKs) or calcium-dependent protein
kinases (CDPKs), and 3) Genes that are associated with water and ion transport

[41,106,107].

For the osmotic adjustment of genes that are involved in osmotic homeostasis are up-
regulated under abiotic stress. Accumulation of osmoprotectants such as proline is an
important adaptation process under various environmental stress. Proline synthesis induced

through the expression of delta 1-pyrroline-5-carboxylate synthases (P5CSs) genes
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associated with the enzyme that catalyses the proline biosynthesis under hyperosmotic
conditions. The overexpression of genes that are responsible for the synthesis of ROS
scavenging enzymes such as GSH and SOD elevates the adverse effects of stress [95,108].
Calcium and ROS work as second messengers in the initial response to abiotic stress
conditions. Upon abiotic stress such as drought, salinity and wounding, Ca** levels rise in
the stressed cells of plants. High concentrations of Ca** within the intracellular space lead to
activation of several molecular pathways via calcium interacting proteins such as calmodulin
and calcineurin B-like proteins (CBLs) and Ca*'-dependent protein kinases (CDPKS)
[109,110]. The activity of specific proteins that control the expression of abiotic stress-
related genes is modulated by the crosstalk between calcium and ROS. CDPKs and MAPKs
cascades are activated in response to abiotic stress and they are involved in signaling
important pathways generating defence responses. The transcription factors such as
DREBIA (Dehydration Response Element Binding) and EREBP/AP2 were also shown to

induce expression of stress tolerance genes [110].

In the majority of gene function studies, Arabidopsis was used, so most of the genes reported
as stress-responsive are specific to dicots. Unfortunately, the signaling pathways and key
genes in the adaptation of stress are poorly understood for monocotyledonous plants that
include cereal crops. Even though the fine tuning of molecular responses through gene
expressions are staying largely unexplored in B. distachyon, the available genome sequence
of Bd21 enable the study of several gene families that are involved in stress response of B.
distachyon such as AP2/EREBP, Hsp90, bZIP, MAPK, MAPKK, NAC, MYB, WRKY, 14-3-
3 and ASR.

The AP2/EREBP is a superfamily of transcription factors. They play a significant role in
growth, development and response to various stress such as drought, salinity, infection, high
and low temperatures. Also, they have been reported to be functioning in hormone-related
pathways such as ABA, JAs, ethylene and CTK. In the gene expression study of B.
distachyon, AP2/EREBPs were investigated using NGS technologies and microarray and

found to be induced in a wide variety of abiotic stress [111].

Hsp90 gene family participates in various abiotic stress-related biological processes and
signal transductions such as ABA and endoplasmic reticulum signaling pathways under

salinity and drought stress. In a recent study, Hsp90 gene expression either delayed or



18

increased upon stress in B. distachyon, suggesting that they have important contributions to

ABA signaling and processes to protect the plant against stress [72].

bZIPs showed significant expression patterns in B. distachyon under drought, cold and
salinity. Also, the transcription profiles of hormone-treated plants showed that BdbZIPs
might be regulated by different phytohormones [77].

MAPK cascades that are composed of MAPK kinase kinase (MAPKKKs/MEKKs), MAPK
kinase (MAPKKs/MKKs) and MAPK protein kinase classes play parts in many
developmental and survival processes of plants. MAPK cascade is one of the main signaling
pathways involved in abiotic stress. MAP kinases are required in the signal transductions
and antioxidant defence responses upon stress. The genomic and bioinformatic analysis of
these two gene families and proteins in B. distachyon suggested that MAPK cascades
involved in crucial signaling pathways were required for the survival of the plants under
various stress conditions such as cold, salinity, drought and under ABA, H>O; and methyl

jasmonate (MeJA) treatments [78].

In another study, NAC genes in B. distachyon were identified through the expression profiles
and phylogenetic analysis. The in-silico promoter analysis revealed that NAC genes had
stress-related cis-elements in their promoter regions and the transcription levels of BANACs
were investigated upon drought, salinity and phytohormone treatment. The results suggested
that NACs in B. distachyon might be important in the regulation of complex networks to deal

with the unfavorable conditions [71].

MYB transcription family involved in both biotic and abiotic stress responses was studied
in different plant species. The studies showed that they contributed to plant development and
differentiation, and played a role in the metabolism and defence responses. MYB
transcription factors were also identified in B. distachyon. The expression profiles of plants
treated with hormones and various abiotic stress including drought and salt indicated that
most of the BAMYB genes might be associated with flower development and abiotic stress

responses [75].

WRKY transcription factors are significant regulators of gene expression for plant growth,
development and survival under adverse conditions. WRKY proteins can trigger or suppress
the transcription of the genes via direct binding to sequences on the promoter. In an

expressional and functional study of WRKY genes in B. distachyon, BAIWRKY36 genes were
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found to be up-regulated upon drought, heat and cold stress. BAWRKY36 gene was cloned

into tobacco plants and its overexpression elevated the drought tolerance [76].

B. distachyon 14-3-3 genes were identified and different expression profiles were observed
under environmental stress conditions. The various interaction patterns between Bd[4-3-3s
and transcription factors associated with osmotic stress responses suggested that this gene
family had an active role in stress alleviation. Different isoforms of Bd/4-3-3 genes play
roles in various abiotic stress responses. BdGF14e, BAGF14f and BdGF14g genes under
drought and BdGF'14d gene under salinity, were up-regulated. Salt stress-induced BAGF'14d
gene was selected and overexpressed in tobacco plants and the results showed that the
BdGF14d overexpressing plants eliminated the unfavorable conditions with higher ROS
scavenging enzyme activity, photosynthesis, water use efficiency and rate of transpiration

[98].

In plants, the PP2Cs regulate ABA-dependent pathways negatively while it positively
regulates MAPK cascade pathways, hence plays major roles in stress signal transduction
pathways. A recent study confirmed that almost all members of the PP2C family in B.
distachyon exhibited upregulation in response to abiotic stress such as cold, drought, heat
and salt. Through genome-wide analysis, gene structure, location and expression patterns

were revealed for PP2C gene family [112].

The ASRs are a family of plant-specific proteins having substantial roles in responses to
abiotic stress. BdASR genes have been identified via genome-wide analyses in B. distachyon.
Gene expression studies showed that they were responsive to cold, drought and salt stress.
One of the ASR genes in B. distachyon, BdASRI was characterized and overexpressed in
tobacco plants. It was proposed that BdASR I work as a transcription factor providing drought
resistance through the induction of ROS scavenging enzymes and antioxidant compounds

[73].

Cystatins are proteins involved in cysteine protease inhibition, growth, development and
abiotic stress defence in plants. Recent scientific work performed a thorough analysis of the
gene expression and characterization to explain the involvement of cystatin genes in abiotic
stress responses. B. distachyon cystatin genes (BdCs) were up-regulated by cold, salt and

hormone application through the regulation of cysteine protease activity. Their involvement
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in protein degradation and programmed cell death signaling pathways was triggered by ROS
[79].

2.6. PLANT HORMONES IN DEFENCE RESPONSES

Plant hormones (phytohormones) are endogenous molecules that regulate plant growth,
development and stress tolerance against a wide range of stress factors. Plants synthesize
various hormones including abscisic acid (ABA), auxins, jasmonates (JAs), gibberellins
(GAs), cytokinins (CKs), ethylene (ET), salicylic acid (SA), strigolactones and
brassinosteroids (BRs). The stress response mechanisms of plants are quite elaborate and
require the collaboration of molecular pathways for the activation of responses upon stress.
Phytohormones and their cross-talk control many physiological processes, molecular
mechanisms and mediate stress responses through their participation in signaling pathways

and defence mechanisms [113—-115].

ABA is an isoprenoid phytohormone with a weak acid characteristic, synthesized through
the plastidial 2-C methyl-D-erythritol-4-phosphate pathway. ABA participates to various
processes such as the development of embryos, germination, dormancy and maturation of
seeds. ABA also stimulate guard cells for the stomatal closure, and play a role in protein
storage and lipid synthesis [116]. ABA levels rapidly increase upon stress and activate
associated signaling pathways by changing gene expression levels [117]. ABA plays an
essential role in drought and salinity stress response and tolerance. Adverse environmental
conditions, especially osmotic stress, boost the ABA biosynthesis. ABA concentrations also
show an increase following the wounding stress, primarily at the wound site. It might be
related to the dehydration of the plant around the wounded area. However, it is unknown at
which step of the mechanical wounding stress defence, the ABA synthesis is activated [118].
When the water is scarce around the roots, ABA enables the signal transductions to minimize
the water usage, prevent the water loss and maintain water balance via stomatal closure and
reduction in leaf expansion [113,119]. ABA up-regulates the expression of various stress-
responsive genes and synthesis of proteins involved in plant protection against the harmful
effects of stress such as dehydrins and LEA proteins, osmoprotectants and antioxidant
compounds. ABA dramatically increases upon drought, salinity and wounding stress to

provide tolerance in various plant species, thereof termed as a stress hormone [116,120].
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Auxin hormone plays a pivotal role in the growth and development of the plant. The well-
known naturally occurring type of auxin is the indole-3-acetic acid (IAA). IAA is
synthesized via tryptophan (Trp)-dependent and Trp-independent biosynthetic pathways. It
is involved in various processes such as seed germination, dormancy, cell elongation, organ
generation, development of vascular tissues and apical dominance. Auxin modulates plant
growth under stress conditions. Synthesized auxins are distributed throughout the plant via
a complex cell-to-cell auxin transport system. IAA has been shown to play an essential part
in salinity stress adaptation. The growth of roots and shoots of salinity stressed plants
increase by the changing auxin accumulation and distribution [121]. The accumulation of
IAA in the wound sites activates the synthesis of enzymes that are important in plant defence.
By taking part in the transcription and regulation of many genes, known as primary auxin
response genes, auxin work as a substantial component in the defence response of plants

[122].

Salicylic acid (SA) is a phenolic compound that functions in plant development and growth.
Also, they induce the generation of biotic and abiotic stress responses. There are two
suggested pathways for the salicylic acid biosynthesis. One is the phenylalanine ammonia
lyase pathway and the other is the isochorismate pathway. SA modulates numerous vital
physiological processes such as carbon assimilation, nitrogen and proline metabolism,
glycine betaine production, antioxidant synthesis and regulation of water balances under
adverse conditions. Studies showed that SA improved plant tolerance under salinity and
drought through the regulation of the gene expression of defence-related genes [123,124].
SA synthesis pathway is activated upon wounding and initiate defence responses at distal
parts to protect unwounded parts of the plant. SA-inducible genes have shown to be induced
upon drought to tolerate water deficiency and improve germination under salinity [125].
However, there are controversies regarding the role of SA in salinity stress alleviation. The
mechanisms that play a role in abiotic stress defence are not well understood yet. Therefore,
further studies are required to elucidate the roles of SA in abiotic stress response and defence

pathways [126].

Jasmonates (JAs) are family of oxylipins derived from fatty acids synthesized through the
octadecanoid pathway. Mainly, the volatile methyl ester methyl MeJA and free acid from
jasmonic acid (JA) are called as jasmonates (JAs). They are vital compounds in the

development, reproduction and defence processes of the plant. JAs are involved in the
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development of flower and fruit, senescence and production of secondary metabolites as well
as direct and indirect defence responses. They mitigate the survival threatening effects of
salinity and wounding stress. The endogenous application of JA alleviates the detrimental
effects of salinity and drought stress. Plant defence mechanisms induced by wounding are
mostly regulated by JAs at both local and systemic tissues. Following wounding, rapid
systemic increase in JA levels leads to early transcriptional responses. The perception of JA
by its receptor initiates the plant development and defence responses through JAZ
(jasmonate ZIM-domain) transcription factors that work as co-receptors and transcriptional
repressors at the same time. Many wound-induced adaptive responses are induced by the
synthesis of JA. JA modulates systemic wound responses via both cell autonomous and
nonautonomous pathways as reported in recent studies. The presence of two different JA
dependent and JA independent wound signaling pathways shows that the perception,
response and defence mechanisms are highly sophisticated. Thereof, there are still gaps to
fill regarding the local and systemic influence of JA in wounded plants for the elucidation
of the mechanisms behind the stress responses. There are many wounding studies in dicots
such as Arabidopsis and tomato plants that provide crucial insights into the significance of
JA in plant defence and they are somewhat milestones of wounding research [127—-130]. On
the other hand, studies on the role of JA in monocot species are not sufficient enough, even
though it is quite essential to understand the signaling and synthesis pathways of

economically important crops.

Even though for decades, the function of each phytohormone has investigated independently,
phytohormones interact with each other in a synergistic or antagonistic way [131]. Each
phytohormone interacts with at least one or more hormone and this well-coordinated
association orchestrate the biosynthetic pathways and help plants to adapt biotic and abiotic
stress [125]. For instance, several genes associated with auxin biosynthesis regulated by
ethylene hormone and auxin itself regulates the expression of genes responsible for
gibberellin biosynthesis [132,133]. The developmental processes such as root growth are
promoted by auxin while cytokinin counteracts this effect. At rapid primary response to
drought and salinity stress, stomatal closure occurs via complex signaling pathways
regulated by hormonal crosstalk. ABA regulates the expression of genes that induce stomatal
closure and interacts with JA for the stimulation of stomatal oscillations [134]. Moreover,

many other gene regulations occur under water deficient conditions to minimize and
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ameliorate the negative effects of stress such as the genes involved in the interaction of ABA,
ethylene, cytokinin, auxin and JA. JA and SA are known to work antagonistically. However,
there are also studies that reported the synergistic interactions between them. Together they
play a role in the expression of defence-related genes against pathogens [135-137].
Consequently, the defence responses activated against stress depend on the type of crosstalk.
In this crosstalk, hormones may antagonistically affect each other in response to stress or

they may collaborate by working synergistically to induce defence responses.

2.7. HORMONE PROFILING

Determination of hormone levels in plants is crucial for better understanding of molecular
mechanisms and interactions of phytohormones. Since plant hormones may act together
synergistically and antagonistically, the ideal way to analyse them is by hormone profiling.
Hormone profiling enables to determine the types of hormones, their concentrations,
fluctuations and distributions in the tissue at a specific time. However, hormone profiling is
quite challenging since phytohormones are found in plants in minute amounts usually around
0.1-50 ng/g fresh weight. Plant extracts contain a wide variety of components that are much
higher concentrations and may interfere with the hormone analysis. Hence, the determination
of hormones in these complex plant extracts requires effective sample preparation, extraction

and purification steps before the final quantification [138,139].

Bioassays, immunoassays, electroanalysis and chromatography techniques have been used
for the detection of hormones so far. The bioassay method is one of the oldest methods used
in hormone quantification. It is not preferred today due to its limitation in hormone detection.
It can detect one hormone at a time and does not let the identification of multiple
components. It is also time-consuming and has low accuracy. Immunoassays such as
radioimmunoassay and enzyme-linked immunosorbent assays (ELISA) are also used in
phytohormone determination studies. However, there are not many available immunoassay
kits and the available ones only allow the determination of a specific class of hormones per
sample. They are also time and labour-intensive [139-142]. With the advances in analytical
techniques, more precise and sensitive qualitative and quantitative analysis is available.
Chromatographic methods such as liquid chromatography (LC), gas chromatography (GC)

and capillary electrophoresis (CE) coupled with many different detectors have been used in
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hormone profiling (Table 2.2.). Especially LC coupled with various detectors such as UV-
visible, fluorescence detection (FLD) and mass spectrometry (MS) is widely used for
hormone analysis since it provides efficient separation and resolution. High-throughput,
comprehensive and sensitive techniques are crucial for understanding the role of hormone-
regulated signaling networks and their relationship with gene expressions under stress
conditions. The primary studies on hormone analysis involve the detection of one or two
hormones at a time [143,144]. However, the latter studies quantify many hormones
simultaneously in the same plant tissue since the significance of understanding the complex
cross-talk and interactions between different hormone signaling pathway is vital. Many
phytohormones have acidic characteristics so that the chromatographic detection methods
have been reported on the analysis of these class of hormones [145-147]. LC coupled with
UV detector was used for the simultaneous determination of phytohormones such as IAA,
Indole-3-butyric acid (IBA), ABA, GA, SA, JA and CKs [148-151]. LC coupled with FLD
detectors was used as well in several studies on detection of plant hormone such as auxins,
ABA, GA, IBA and SA [152-154]. However, the mass spectrometry systems are mostly
preferred over other detectors since they provide separation of hormones with high
sensitivity and specificity. Many validated protocols using LC-MS systems were reported
for hormone profiling in various plant species such as Arabidopsis, tomato, banana, lettuce,
rosemary, maize and pine [133,142,155-159]. Even though the GC-MS approach is also
suitable for the simultaneous analysis of plant hormones, challenging preparation steps in

separation, purification and derivatization make it a less preferred system.



Table 2.2. Analysis of plant hormones using HPLC systems.
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Plant Species Measured Hormones Analysis Instrument Reference
Lactuca sativa L. ABA, GAs, CKs, Auxins | HPLC-ESI-MS/MS [160]
Citrus clementina, [147]
Hordeum vulgare L., ABA,IAA, JA HPLC-ESI-MS/MS
Carica papaya L.
Arabidopsis thaliana ABA, SA, JA LC/MS/MS [157]
. . . JAs, SA, Auxins, CKs, [161]
Arabidopsis thaliana ABA, methyl esters, GAs LC-ESI-MS/MS
Oryza sativa ABA, Auxins, CKs, GAs | UPLC-ESI-gMS/MS [162]
Nicotiana tabacum L and gggcd UPLC-ESI-MS/MS [163]
compounds
Chlorella vulgaris, IAA. IPA, IBA, NAA HPLC-FLD [153]
Duranta repens
Nicotiana glauca Auxins, CKs, ABA LC/MS/MS [164]
Auxi As, GAs, CK 142
Arabidopsis thaliana uxins, JAs, GAS, CKS, | ypr c_psi-Ms/Ms [142]
ABA
IAA, ABA, CTK, GA 1
Rosmarinus officinalis ’ » CTK, GAs, UPLC-ESI-MS/MS [133]
SA,JA
Natural coconut juice SA, IAA, ABA, JA HPLC-UV [148]
U. fasciata, U. lactuca, HPLC-UV, HPLC-ESI- [154]
U. taeniata, U. linza Auxins, ABA, TAA, SA MS/MS
Triticum aestivum L., [152]
Nicotiana tabacum L., IAA, ABA 2D-HPLC
Arabidopsis thaliana
Solanum lycopersicon ABA, JAs, SA UPLC-MS/MS [165]
Oryza sativa ABA, TAA, GAs, CKs UFLC-ESI-MS [166]
Arabidopsis thaliana ZA, ABA, JA, SA, BR UFLC-MS/MS [158]
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2.8. AIM OF THE STUDY

The objectives of this study were to:

1) Identify candidate multiple stress-responsive genes from different gene families (e.g.
ERF, EXP, SUT, P5CS, 14-3-3 and LOX) by orthology analysis and in accordance
with literature,

i1) Determine the changes in expression levels of selected 8 multiple stress-responsive
genes (WRKY36, GF14d, EXPA2, P5CS1, PP2CA6, ERF1, LOX3 and SUT2) by
qRT-PCR,

ii1) Quantify the changes in phytohormones (IAA, ABA, SA) using HPLC analysis,

under salinity, drought and time-dependent (0%, 6" and 24™ hour) mechanical wounding

stress including local and systemic events in monocot model plant B. distachyon (Bd21 line).

Characterization and overexpression studies of determined genes can pave the way towards
generating multiple stress-tolerant crops. Besides, elucidation of multiple-stress responsive
genes and associated signaling molecules will provide a better understanding of the stress

response mechanisms in monocot species.
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3. MATERIALS

3.1. CHEMICALS

Ethanol, absolute (Sigma- Aldrich, USA, cat. no. 34923), 2-Propanol for HPLC, 99.9 percent
(Sigma- Aldrich, USA, cat. no.), Dichloromethane (Sigma- Aldrich, cat. no. 270997), Acetic
Acid (Sigma- Aldrich, USA, cat. no.), Abscisic Acid (S-ABA) (Duchefa Biochemie,
Netherlands, cat. no. A0941), Indole-3-Acetic Acid (Duchefa Biochemie, Netherlands, cat.
no. 10901), Jasmonic Acid (Duchefa Biochemie, Netherlands, cat. no. J0936), Methyl
Jasmonate (Duchefa Biochemie, Netherlands, cat. no. M0918), Salicylic Acid (Duchefa
Biochemie, Netherlands, cat. no. S1367).

3.2. CONSUMABLES

Hard-Shell® 96-well plates (Bio-Rad, USA, cat. no. HSS9601), Microseal® B PCR plate
sealing film (Bio-Rad, USA cat. no. MSB1001), Minisart® RC15 Syringe Filter 0.2 um
(Sartorius, Gottingen, Germany, cat. no. 17761-R), 250 pL deactivated glass vial insert with
polymer feet (Agilent Technologies California, USA, cat no. 5181-8872), 2 mL screw top

autosampler vials, vial caps.

3.3. MOLECULAR BIOLOGY REAGENTS

Water for molecular biology (Sigma- Aldrich, Missouri, USA, cat. no. 95284), DNA Gel
Loading Dye (6X) (Thermo Scientific, USA, cat. no. R0611), GeneRuler 1kb DNA ladder
(Thermo Scientific, Massachusetts, USA, cat. no. SM0313), 50 bp DNA Ladder (GeneON
GmbH, Ludwigshafen, Germany), Primers (Sentromer DNA Teknolojileri, Istanbul,
Turkey), dNTP mix (10 mM) (Thermo Scientific, Massachusetts, USA, cat. no. R0192),
MgCl, (25 mM) (Thermo Scientific, Massachusetts, USA, cat. no. R0971), Taqg DNA
Polymerase PCR Buffer (10X) (Thermo Scientific, Massachusetts, USA, cat. no. 18067017),
Taq DNA Polymerase, recombinant (5 U/uL) (Thermo Scientific, Massachusetts, USA, cat.
no. EP0402), Q5® High-Fidelity DNA Polymerase (NEB, Ipswich, USA), Prona Agarose
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Biomax (Abo, Gdansk, Poland, cat. no. BS100), Sodium Chloride (Sigma- Aldrich, USA,
cat. no. 31434), Ethidium Bromide solution (1percent) (Fisher Scientific, New Hampshire,
USA, cat. no. BP1302-10), RedSafe™ Nucleic acid staining solution (20,000x) (iNtRON

Biotechnology, Inc., Seongnam, Korea, cat. no. 21141).

3.4. MOLECULAR BIOLOGY KITS

innuPrep RNA Mini Kit (Analytik Jena AG, Jena, Germany, cat. no. 845-KS-2040050),
RevertAid First Strand DNA Synthesis Kit (Thermo Scientific, Massachusetts, USA, cat no.
K1622), iTaq™ Universal SYBR® Green Supermix (Bio-Rad, USA, cat. no. 1755121).

3.5. INSTRUMENTS

-86°C Freezer (Thermo Scientific, Asheville, USA, model number: 88500V), Microwave
(Argelik, Istanbul, Turkey, model number: MD809), Autoclave (Wisd MaXterile™ 60R
Daihan Scientific, Seoul, Korea), Ice Flaker (Scotsman AF 80, Ipswich, UK), 4 in 1 soil
survey instrument (Microtemp Electrics, Taiwan, model number: AMT-300), Electronic
balance (Schimadzu, Kyoto, Korea, model number: TW423L), Vortex Mixer (Velp
Scientifica, Milano, Italy), multiSUB Horizontal Electrophoresis System (Cleaver Scientific,
Warwickshire, UK), Electrophoresis Power Supply (Cleaver Scientific, Warwickshire, UK,
model number: CS-300V), T100™ Thermal Cycler (Bio-Rad, California, USA), NanoDrop
2000 Spectrophotometer (Thermo Scientific, California, USA), PCR cabinet (N-Biotek,
Seoul, Korea, model number: NB-603WS), C1000 Touch™ Thermal cycler with CFX96™
Real-Time System (Bio-Rad, California, USA), Milli-Q Water Purification System (Merck
Millipore, Massachusetts, USA), Eppendorf Centrifuge 5424 (Hamburg, Germany), UV
Transilluminator (Vilber Lourmat, model number: FLX-20M), ChemiDoc XRS+ Imaging
System (Bio-Rad, California, USA), Certomat IS Benchtop Shaking Incubator (Sartorius,
Gottingen, Germany), Techne Sample Concentrator (Cole-Parmer, Staffordshire, UK),
UHPLC-UV system (Shimadzu Nexera XR series consisting of degassing unit (DGU-
20A5R), pump, autosampler (SIL-20A XR), column oven (CTO-10AS VP),
communications unit (CBM 20A) and UV-Vis detector (SPD-20A/20AV) (Shimadzu,
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Kyoto, Japan), ZORBAX Eclipse XDB 80A C18, 4.6 x 250 mm, 5 pm HPLC column
(Agilent Technologies, California, USA, part number: 990967-902).

3.6. PLANT MATERIAL

Brachypodium distachyon seeds (Bd21 line) were provided from the DOE Joint Genome

Institute, Walnut Creek, California.
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4. METHODS

4.1. GROWTH CONDITIONS OF BRACHYPODIUM DISTACHYON

B. distachyon (Bd21 line) seeds were placed on wetted filter papers inside Petri dishes and
sealed with parafilm. They were first kept at 4 °C in the dark for 7 days and then kept at
room temperature under the light for 5 days. Germinated seeds were transferred to plug trays
filled with peat and soil mixture. Plants were grown in plug trays until the third leaf stage
and transferred to plastic pots. Plants were grown inside the greenhouse under controlled
conditions (16/8 hours light/ dark photoperiod at 22/25 °C with relative humidity 60-70
percent and a photosynthetic flux of 320 umol m™ s™! at canopy height provided by the
fluorescent lamps in the greenhouse). Plants were treated with 200 mg kg™! N (Ca (NO3),),
100 mg kg! P (KH2POy4), 20 mg kg!' S (K2S04), 5 mg kg! Fe (Fe-EDTA) and 2.5 mg kg'!
Zn (ZnSO4) for every 20 days to provide basal fertilization.

4.2. STRESS TREATMENTS: SALINITY, DROUGHT AND MECHANICAL
WOUNDING

The experimental design contained 48 pots and each pot was containing 5 individual B.
distachyon plants (Table 4.1.). When the plants were at their vegetative stage, they were
divided into 8 sets each comprising 6 pots. Five sets of plants were stress-treated; the
remaining 3 sets were used as control groups by irrigating them with distilled water every
day such that each stress treatment had its own control group. One set of plants was subjected
to salinity stress (S) by irrigating them once a day with 50 mL of 320 mM NaCl solution for
14 days [167]. Another set of plants was subjected to drought stress by water withheld.
Before starting the drought treatment, soil moisture was measured every day using a soil
survey instrument. When soil moisture was found to be at normal levels (50-60 percent
moisture), the plants were subjected to 12 days of drought stress (D). The control groups
were irrigated with distilled water daily (70-80 percent moisture) (Salinity Control: SC,
Drought Control: DC, and Wounding Control: WC). Another three sets of plants were
subjected to mechanical wounding stress through squeezing each leaf with forceps across

the leaf surface with 1 cm intervals. Sample collection was performed at three different time



31

intervals: 0 h, 6 h and 24 h. (The leaves that were harvested right after wounding (WO0), 6
hours after wounding (W6) and finally 24 hours after wounding (W24)). At each harvesting
occasion, a different set of plants were used, so each plant was wounded only once, both
wounded and unwounded leaves were harvested as the wounded leaves representing local

events, and their adjacent unwounded leaves representing the systemic events (WAO, WA6

and WA24).

At each harvesting event of both stress-treated and control plants, immediately after
detached, samples were transferred to liquid nitrogen and stored at -86°C in the freezer until

the analysis.

Table 4.1. Experimental set-up for stress treatments.

Stress treatments

SC S DC D | WC | WO | W6 | W24 | WAD | WA6 lWA24

6 pots/treatment x 5 plants/pot = 240 plants

5 plants in each pot were pooled during sample collection

4.3. DETERMINATION OF STRESS-RESPONSIVE GENES IN BRACHYPODIUM
DISTACHYON USING BIOINFORMATICS TOOLS

Drought-, salinity- and wounding stress-related 220 gene sequences of Brachypodium
distachyon, Triticum aestivum, Oryza sativa and Arabidopsis thaliana were downloaded
from National Centre for Biotechnology Information (NCBI) and The Arabidopsis
Information Resource (TAIR) gene databases. Genes from Triticum aestivum, Oryza sativa
and Arabidopsis thaliana were aligned with the whole-genome sequence of Brachypodium
distachyon for orthology analysis using the NCBI Nucleotide BLAST tool. According to
alignment scores (query cover, e value, identity percentage), the possibility of
responsiveness to multiple stress conditions and availability of transgenic studies of the gene
of interest, the candidate stress-responsive genes were selected by eliminating the ones that

do not fit the criteria.
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4.4. PRIMER DESIGN

Primers for the ERF1, EXPA2, SUT2, P5CS1, GF14d and LOX3 genes were designed using
NCBI’s primer designing tool Primer-BLAST by paying attention to required parameters to
obtain optimal primers such as having C or G residue at the 3’ end, possessing 40-60 percent
GC content and no self-complementarity. The amplified genes and sequences of designed
gene-specific primers used in quantitative real-time PCR are given in Table 4.2. As an
internal reference gene, Ubiquitinl8 (UBCIS8) which encodes an ubiquitin-conjugating
enzyme and stably expressed in B. distachyon was used [82,168]. The primer sequences for

PP2CA6 and WRKY36 were obtained from previous research studies [76,99].

Table 4.2. Genes names and gene-specific primers.

Gene names Primer sequence (5°3”) Product size (bp)
F: GGAGGCACCTCAGGTCATTT

UBCIS8 193
R: ATAGCGGTCATTGTCTTGCG
F: CAAGCACAAACACATCACACG

ERF1 112
R: GAGAGCGGGACTACCCAC
F: TGGGAGGATGCTTGAGCTTG

EXPA2 80
R: AGAACTGTCCCTTGCCTTCG
F: TGGAAGTATTGACCTTCGCTG

GFl14d 191
R: TGGAAGTATTGACCTTCGCTG
F: GGAGTCGAGTGAAGGGATGC

LOX3 162
R: TCCAGCTTGCTTACTGGTGG
F: GCATCATCATCAAGGTGGGC

P5CS1 92
R: CTTCACCTGCTCGCATAGGG
F: GCCAGACAGACCTGATGAGATG

PP2CA6 103
R: TGACCTAGAAGTCGCAAGCAC
F: TGCAGCTGTAACTTTAATCGGG

SUT2 178
R: TAAAAGGGCACGAGCAGGTC
F: CGAGCTGGAGTCGGATCCCAT

WRKY36 196
R: ACCTCCTTTCCCTTGCTCAAATGTG

F: Forward, R: Reverse
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4.5. RNA ISOLATION

RNA was isolated from leaf tissues using innuPrep RNA Mini Kit 2.0 according to the
instructions provided by the manufacturer. 40 mg of frozen leaf sample was ground into
powder in liquid nitrogen using mortar and pestle. Powdered tissue was transferred to 1.5
mL Eppendorf tube. 450 uL Lysis Solution RL was added to the tube and shaken. The
sample was centrifuged at 21,000 x g for a minute. Spin Filter D was placed into a receiver
tube and supernatant was transferred onto a Spin Filter D. Centrifugation was done at 11,000
x g for 2 minutes. Spin filter R was placed into a new receiver tube. The filtrate was mixed
with an equal volume of 70 percent ethanol. The sample was transferred to Spin Filter R and
centrifuged at 11,000 x g for 2 minutes. Receiver tube was discarded and Spin Filter R was
placed into a new Receiver tube. 500 uL Washing Solution HS was added and centrifuged
at 11,000 x g for a minute. Receiver tube was discarded and Spin Filter R was placed into a
new Receiver tube. 700 uL 80 percent ethanol was added onto Spin Filter R and centrifuged
11,000 x g for a minute. Centrifugation was done at 11,000 x g for 2 min to remove the traces
of ethanol. Receiver tube was discarded and Spin Filter R was placed into an elution tube.
50 uL RNase-free water was added, incubated at room temperature for a minute and

centrifuged again at 11,000 x g for a minute.

For the determination of concentration and purity of isolated RNA, absorbance
measurements of the samples were done using Nanodrop 2000 spectrophotometer. The
concentrations were determined as 200-400 ng/uL. The ratio of absorbance at 260 nm and
280 nm (260/280), and 260 nm and 230 nm (260/230) were checked. Both 260/280 and
260/230 were around 2.0. Therefore, they were accepted as pure RNA. Furthermore, each
RNA sample was run on 1.5 percent agarose gel in 1X TAE at 110 V to see if the RNA is

intact and free from DNA contamination.

4.6. c¢DNA SYNTHESIS

1 puL of RNA, 1 pL of Oligo (dT) 18 primer and 10 pL nuclease-free water were added into
a tube on ice, mixed by pipetting up and down gently, incubated at 65°C for 5 min and chilled
on ice for 1 minute. 4 pL of 5X reaction buffer, 1 pL of RiboLock RNase inhibitor (20
U/uL), 2 uL of ANTP mix (10 mM) and 1 pL of RevertAid M-MuLV RT (200 U/uL) were
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added into the tube. The reaction mix with 20 pL of total volume was mixed and briefly
centrifuged, and then incubated for 60 min at 42°C. The reaction was terminated by

incubating at 70°C for 5 min.

4.7. PCR AMPLIFICATION

Conventional gradient PCR was performed before the gene expression analysis to optimize
the PCR conditions for the designed primers. PCR reaction was prepared by mixing 2.5 uL.
of 10X Taq DNA Polymerase PCR Buffer, 0.75 pL of 25 mM MgClz, 0.5 pL of 10mM
dNTP mix, 1 puL of 10 uM forward primer, 1 uL of 10 uM reverse primer, 0.25 pL of 5
U/uL DNA Taq Polymerase, 100 ng of cDNA and adjusted to a final volume of 25 pL with
dH>0. Thermocycling conditions for the PCR were as follows: initial denaturation at 95°C
for 3 min, 34 cycles of 95°C for 30 sec, 53-59°C for 1 min and 72°C for 30 sec, and a final
extension at 72°C for 5 min. PCR products were visualized with 1.5 percent agarose gel

electrophoresis.

4.8. AGAROSE GEL ELECTROPHORESIS

For agarose gel, 50X TAE buffer was prepared by adding 242 g Tris base and 18.61 g
disodium EDTA into 700 mL ddH>O and stirred until they dissolved. Then, 57.1 ml of
glacial acetic acid was added and the volume was completed to 1 L with ddH>O. 50X TAE
was diluted to 1X concentration for use. 1.5 grams of agarose was mixed with 100 mL of
1X TAE in an Erlenmeyer flask and put into a microwave for 2 minutes until boiling point
was reached. Then, 1 pL of EtBr was added and poured into a gel tray with a well comb.
The tray was set in room temperature for 20 min. The PCR products were mixed with loading
dye before loaded to the wells and the gel was ran at 110 V for 40 min. in 1X TAE buffer.
Visualization was performed using ChemiDoc imaging system by observing the specific

bands for the genes of interest.
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4.9. QUANTITATIVE REAL-TIME PCR (qRT-PCR) ANALYSIS

After observation of desired band with the designed primers, qRT-PCR was performed by
using the following protocol: 12.5 puL of iTaq SYBR Green Supermix (2x) was mixed with
0.3 uM of forward and reverse primers, nuclease-free water and 100 ng cDNA. qRT-PCR
amplifications were done using C1000 Touch™ Thermal cycler with CFX96™ Real-Time
System. The PCR conditions were as follows: initial denaturation at 95 °C for 10 min, 40
cycles of denaturation at 95 °C for 20 sec, annealing at 54-65°C for 30 sec and extension at
72°C for 30 sec, 65-95°C with 0.5°C increment 5 sec per cycle. Reactions were carried out
with both biological and technical replicates. Salinity and drought samples had 3 biological
and 3 technical replicates whereas wounding samples had 2 biological and 3 technical
replicates. Therefore, Ct values were the mean of 9 values for salinity and drought and 6 for
wounding. For the calculation of relative gene expression values, the AACt method was used.
Transcription levels were normalized using the reference gene UBCIS§ as an internal control

and analysed by Bio-Rad CFX Manager software package.

4.10. PHYTOHORMONE EXTRACTION

Phytohormone extraction was performed via modified protocol [142] 750 mg of leaf tissues
from each control and stress treated (salt, drought and mechanical wounding) plants were
ground into powder using mortar and pestle. Then, the samples were divided into 15
subsamples each having 50 mg of ground tissue and transferred to 2 mL Eppendorf tubes.
500 pL of extraction solvent (2-propanol/ddH>O/ HCI (2:1:0.002, v/v/v) were added to each
tube. The tubes were placed on a shaker at 100 rpm for 30 min in the cold room at 4°C. 1
mL of dichloromethane was added to each tube and placed again on the shaker for 30 min
in the cold room at 4°C. The samples were centrifuged at 13,000 x g for 10 min at 4°C. The
lower phases were transferred to Eppendorf tubes and placed into a concentrator. The
samples were removed when dried and dissolved in 100 pL of methanol and kept at -20 °C

until the analysis.
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4.11. QUANTIFICATION OF PHYTOHORMONES (ABA, TAA, SA) VIA HPLC
ANALYSIS

Before the analysis, 100 mg/L stock solutions of phytohormones were prepared by
dissolving each of them in methanol. Stock solutions were diluted to 50, 20, 10, 5, 2, 1, 0.5,
0.25, 0.1, 0.05, 0.01, 0.005 mg/L, respectively. The lowest concentration that can be
detected; the limit of detection (LOD) value for each phytohormone was determined from
the chromatograms. The calibration curves of each hormone were constructed by plotting
the obtained peak areas versus known concentrations of phytohormones (0.25, 0.5, 1 and 2
mg/L ABA; 0.5, 1, 2 and 4 mg/L TAA; 6, 7, 8 and 9 mg/L SA), which were determined
according to their LODs.

Since the plant hormones found in very small amounts in tissues, without the addition of
known quantities of phytohormones to the matrix, the concentration in tissues stayed below
the detection limit of the HPLC system. Therefore, the extracts were spiked with known
concentrations of phytohormones dissolved in methanol to be able to achieve detectable
levels. Each sample was prepared by mixing 90 pL of extract with 30 puL of each plant
hormone (0.25, 0.5, 1 and 2 mg/L ABA; 0.5, 1, 2 and 4 mg/L TAA; 6, 7, 8 and 9 mg/L SA).
The resulting 180 pL aliquots with different concentrations of hormones were transferred to
4 individual 2 ml vials with polymer feet (Table 4.3.). Then, the samples were positioned in
a sample tray for the analysis. Chromatographic analysis was performed on a UHPLC
system, Shimadzu Nexera XR series consisting of the degassing unit, pump, autosampler,
system controller, column oven and S20-UV detector (Shimadzu, Kyoto, Japan). HPLC
separations were done by using Agilent ZORBAX Eclipse XDB 80A C18, 4.6 x 250 mm, 5
um HPLC column. The column temperature was set to 35 °C. Mobile phases were composed
of 0.6 percent acetic acid and methanol in gradient elution mode (Table 4.4.) at a flow rate
of 1 mL min"!. The UV detection wavelength was 254 nm and the injection volume was 50
uL. Hormone concentrations were calculated using the equation of the calibration curve of

each hormone using the peak areas from HPLC measurements.



Table 4.3. Composition of analysed aliquots.

Sample components | Vial 1 Vial 2 Vial 3 Vial 4
90 pL extract v Y Y Y
30 uL ABA 0.25mg/L | 0.5mg/L | 1mg/L | 2mg/L
30 uL TAA 0.5 mg/L Img/L | 2mg/L |4mg/L
30 uL SA 6 mg/L 7mg/L | 8mg/L | 9mg/L
Table 4.4. Gradient elution mode protocol.
Time Mobile phase A (percent) | Mobile phase B (percent)
(minute) (0.6 percent acetic acid) (Methanol)

0 95 5

13 25 75

15 25 75

20 95 5

4.12. STATISTICAL ANALYSIS
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The gene expression changes were calculated as mean + standard error of the mean (SEM)

(n=9 for salinity, drought and their controls; n=6 for mechanical wounding samples and their

controls). Statistical analysis performed by multiple t-tests of log>(fold changes) and volcano

plots were constructed with -logio(adjusted p values) against logx(fold change) where p-

value is 0.05 and -log(0.05) =1.301 using GraphPad Prism 8 for MacOS X (Figure 5.25,

5.26,5.27, 5.28).

The phytohormone concentration results were calculated as mean = SEM and n=3. Statistical

analysis performed by a one-tailed Student’s t-test to determine the significant differences

relative to controls. When p-value < 0.1, it was concluded that there is a significant

difference between compared phytohormone concentrations.
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5. RESULTS

5.1. MORPHOLOGY OF THE STRESS-TREATED PLANTS

Abiotic stress causes deficiencies in plants and induces morphological changes that are
critical for stress adaptations and survival under unfavorable conditions. The photographs of
each plant were taken at the beginning, in the middle and at the end of the stress treatments
to monitor those morphological alterations of B. distachyon (Bd21 line) plants. A set of
plants were subjected to salinity stress by irrigating with 320 mM NaCl solution for 14 days,
and their controls were irrigated with distilled water. The growth and development of salt-
stressed plants were inhibited by the stress when their morphology compared with their
control groups. Salt-stressed plants had lower height, reduced number of leaves and branches
than control plants. Also, their leaves were darker and had a greyish surface, due to the
accumulation of salts. The images of the plants on the 14" day of salinity stress treatment

with 320 mM NacCl solution with its control group are shown in Figure 5.1.

Control 320 mM NacCl

Figure 5.1. Brachypodium distachyon (Bd21 line) plant treated with 320 mM NaCl

solution every day for 14 days and its control group irrigated with distilled water.
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Other sets of plants were subjected to drought stress by water withheld for 12 days, and their
controls were irrigated with distilled water. The water withholding negatively affected the
growth and development of the plants as well. Drought-stressed plants were smaller in
stature and had smaller leaves. Lighter leaf colour, decreased leaf number and branching
were observed. Some of the leaves were folded, and all leaf tips were dried and became
yellowish in colour. The plants subjected to drought stress through 12 days of water

withholding and their control group is shown in Figure 5.2.

Water withhold

Figure 5.2. Brachypodium distachyon (Bd21 line) plant after 12 days of water withholding

and its control group irrigated with distilled water.

Another set of plants was subjected to mechanical wounding stress in a time-dependent
manner by squeezing each leaf with forceps across the leaf surface. Since mechanical
wounding stress cause injuries on the leaf surface, the plants were immediately affected by
the damage due to the destruction of the tissues. The wilting was observed in the
mechanically wounded plants, and the leaves were shrunk due to the loss of water. The plants

that were mechanically wounded by squeezing leaves with forceps are shown in Figure 5.3.
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Figure 5.3. Brachypodium distachyon (Bd21 line) plants subjected to mechanical wounding

stress by squeezing each leaf with forceps across the leaf surface.

5.2. SELECTON OF STRESS-RESPONSIVE GENES

Even though many stress-responsive genes are characterized in the widely used
dicotyledonous plant, Arabidopsis thaliana and some in monocotyledonous plants such as
rice and wheat, there are only a few characterized stress-responsive genes are available for
Brachypodium distachyon. Therefore, drought, salinity and wounding stress-related 220
genes from Arabidopsis, rice and wheat were obtained from databases. Since their orthologs
were not available in Brachypodium distachyon, each nucleotide sequence was aligned with
the Brachypodium distachyon genome through NCBI’s nucleotide BLAST tool. The search
results provided the sequences producing significant alignments. Among all the generated
alignments, the corresponding sequences with the best alignment scores (highest query
covers, identity percentage and lowest e values) were selected. Since Arabidopsis thaliana
is a dicot plant, some of the gene sequences resulted in very low alignment scores when
aligned with the Brachypodium distachyon genome. Thus, the sequences that resulted in low
alignment scores were eliminated, and the ones that have higher scores were gathered by

also considering the information in the literature (Table 5.1.).
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Table 5.1. Candidate stress-responsive genes obtained from databases in accordance with

literature showing significant alignments with Brachypodium distachyon genome.

. Query
Gene./ Gene | Accession Gene Name Drought Salinity | Wounding Cover Ref.
Family number
(percent)
A. thaliana
Calcium
NM 101746 dependent v v 67 [169]
protein kinase 1
(AtCDPKI)
Calcium A. thgliana
Calcium
dependent
Kinases NM 103271 dependent v v 67 [169]
(CDPKs) protein kinase 2
(AtCDPK?2)
A. thaliana
Calcium
NM 118496 dependent v v 51 [170]
protein kinase 6
(4tCDPK®6)
MIRO A. thaliana
related MIRO-related
GTPases NM_116180 GTPase 2 v 72 [171]
(MIROs) (AtMIRO 2)
A. thaliana
MAP kinase/
NM_118740 ERK kinase 1 v N 54 [172]
(AtMK 1,
AtMEK]I)
MAP
kinases A. thaliana
(MAPKs) NM 119127 MAP kinase 2 v 63 [172]
(AtMKK?2)
A. thaliana
NM_129941 MAP kinase 6 v 63 [173]
(AtMPK6)
A. thaliana
Chitinase- Chitir.1ase-like
like (CTLs) NM_ 100466 protein 1 v v 46 [174]
(AtCTL1,
AtPOM1)
A. thaliana
Cellulose Cellulose
synthase- | \pjog7gy | Synthase- v 76 [175]
interacting interactive
(CSIs) protein 1

(AtCSI)
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Activity of
bel (ABCI)
complex

HM773264

T. aestivum
ABCl1
(TaABCI)

89

[176]

Acyl-Coa
oxidases
(ACXs)

NM_117778

A. thaliana
Acyl-coa
oxidase 1
(TaACXI)

75

[177]

NIN-like
proteins
(NLPs)

NM_118534

A. thaliana NIN
like protein 7
(AtNLP7)

41

[178]

Glucan
synthase-
like (GSLs)

NM_116593.4

A. thaliana
Glucan
synthase- like 5
(AtGSL5)

69

[179]

NM._ 100436

A. thaliana
Glucan
synthase-like 6
(AtGSL6)

88

[179]

NM_0013316
32

A. thaliana
Glucan
synthase-like 7
(AtGSL7)

86

[180]

CBL-
Interacting
protein
kinases
(CIPKs)

NM_112631

A. thaliana
CBL-Interacting
protein kinase 1
(AtCIPK]I)

55

[181]

NM._179763

A. thaliana
CBL-Interacting
protein kinase 3
(4tCIPK3)

56

[182]

JX243013

T. aestivum
CBL-Interacting
protein kinase
29 (AtCIPK29)

99

[183]

Calreticulin
s (CRTs)

HMO037186

T. aestivum
Calreticulin 1
(TaCRTI)

94

[184]

NM_100791

A. thaliana
Calreticulin 1b
(TaCRT1b,
TaCRT2)

47

[185]

NM_0011980
07

A. thaliana

Calreticulin 3
(AtCRT3)

69

[185]
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Expansins
(EXPs)

AY543528

T. aestivum
Expansin A2
(TaEXPA2)

91

[186]

AY260547

T. aestivum
Expansin B 23
(TaEXPB23)

98

[187]

NAC
domain
containing
proteins
(NACs)

AY625683

T. aestivum
NAC domain
containing
protein 2
(TaNAC2)

87

[188]

AY625682

T. aestivum
NAC domain
containing
protein 69-1
(TaNAC69-1)

73

[189]

MYB
transcription

factors
(MYBs)

HQ236494

T. aestivum
MYB3R
transcription
factor 1
(TaMYB3RI)

95

[190]

JF951913

Triticum
carthlicum
MYB30-R2R3
transcription
factor
(TaMYB30)

100

[191]

KU674897

T. aestivum
MYB31
transcription
factor
(TaMYB31)

100

[192]

IN584645

T. aestivum
MYB33
transcription
factor
(TaMYB33)

76

[193]

Ethylene
Response
Factors
(ERFs)

EF570122

T. aestivum
Ethylene
responsive
transcription
factor 3
(TaERF3)

90

[194]

AY781352

T. aestivum
Ethylene
response factor
1 (TaERF1,
TaEREBI)

97

[195]
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A. thaliana
Alkaline Alkaline
Ceramidase | NM 118359 ceramidase 1 47 [196]
s (ACERs) (TaACER,
TaCESI)
Ornithine A. thaliana
aminotransf Ornithine
erase NM 123987 aminotransferas 52 [197]
(Delta- e (AtDelta-
0A47) 0A47)
Endonuclea 4 th.alzana
se/exonucle Inositol
ase/ NM 100443 polyphosphate 5 47 [198]
phosphatase phosphatase 13
(At5PTASE13)
Gamma-
aminobutyri | NM_0013317 GABA
. transporter 1 59 [199]
c acid 61 (A(GATI)
transporter
B. distachyon
Protein Protein
phosphatase | KJ850318 phosphatase 100 [99]
s (PP2Cs) 2CA 6
(BdPP2CA6)
A. thaliana
Major Early
facilitator Responsive to
superfamily NM_106178 Dehydration- 58 [200]
(MFs) Like 6
(AtERDLYO)
A. thaliana
Sucrose
NM 126341 transporter 2 52 [201,202]
Sucrose (4tSUT2,
Transporters AtSUC3)
(SUCs or A. thaliana
SUTs) Sucrose
NM_100870 transporter 4 45 [201]
(4SUCH,
AtSUT4)
A. thaliana
AY052692 Sugar 56 [203]
transporter 13
Sugar (AtSTP13)
Transporters
(STPs) A. thaliana
X66857 Sugar 59 [204]
transporter 4

(ASTP4)
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Fatty acid
desaturases
(FADs)

NM_111953

A. thaliana
Fatty acid
desaturase 7
(AtFAD7)

49

[100,205]

Lipoxygena
ses (LOXs)

NM._101603

A. thaliana
Lipoxygenase 3
(AtLOX3)

64

[206,207]

NM_105911

A. thaliana
Lipoxygenase 4
(AtLOX4)

67

[207]

Calmodulin
s (CAMs)

NM_123137

A. thaliana
Calmodulin 1
(AtCAMI)

50

[208,209]

14-3-3

KU933265

B. distachyon
14-3-3 Protein
G Box Factor
14 d (BdGF14-
E BdGF14d,)

100

(98]

KU933266

14-3-3 Protein
G Box Factor
14 e (BAGF14-
H, BdGF14e)

100

(98]

KU933261

14-3-3 Protein
G Box Factor
14 f (BdGF14-
D, BAGF14f)

100

(98]

KU933263

14-3-3 Protein
G Box Factor
14 g (BAGF14g)

100

(98]

Serine/Thre
onine
Protein
Kinases
(STKs)

NM_111706

Arabidopsis
thaliana
Serine/Threonin
¢ Protein Kinase
19 (AtPK19,
AtS6K2)

43

[210]

Pyrroline-5-
carboxylate
synthase
(P5CS)

NM_0012027
86

Arabidopsis
thaliana Delta 1
-Pyrroline-5-
Carboxylate
Synthase 1
(AtP5CS1I)

80

[211,212]

Sodium
hydrogen
exchangers
(NHXs)

NM_111375.4

Arabidopsis
thaliana
Sodium
hydrogen
excharger 2
(AtNHX2)

49

[213]
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Arabidopsis
NM_104315.5 | thaliana
Sodium
hydrogen
excharger 5
(AtNHXS)

v [213]

T. aestivum
WRKY
EU665425 transcription v v 91 [214,215]
factor 2
(TaWRKY2)

T. aestivum
WRKY
EU665424.1 transcription v 99 [216]
factor 1
(TaWRKYI)

T. aestivum
WRKY
EU665430 transcription v v 100 [214]
factor 19
(TaWRKY19)

WRKY
transcription
factors
(WRKYs)

T. aestivum
WRKY
NM 129404 transcription v 100 [216]
factor 33
(TaWRKY33)

B. distachyon
WRKY
transcription v 100 [76]
factor 36
(BAWRKY36)

Each gene aligned with Brachypodium distachyon belonged to a member of an important
gene family associated with multiple abiotic stress. They have been reported to be responsive
to at least one or more abiotic stress of interest; drought, salinity and mechanical wounding
in various plant species. Some of the selected genes from Arabidopsis did not have very high
alignment scores. Nevertheless, they were used for further study since the vast majority of
wounding stress-responsive genes was identified in dicots rather than monocots. Mechanical
wounding stress was investigated time-dependently, including both local and systemic
responses, which have not been studied in Brachypodium. Eight candidate multiple stress-
responsive genes (ERFI, EXPA2, GF14d, LOX3, P5CS1, PP2CA6, SUT2 and WRKY36)
were selected according to their responsiveness to multiple stressors. ERF'I has been studied

in wheat under salinity and drought stress and found to be up-regulated under multiple
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abiotic stress conditions [195]. However, it has not been studied in Brachypodium plants,
and the salinity, drought and time-dependent mechanical wounding systemic and local
responses were unknown in Brachypodium. Therefore, the sequence of Triticum aestivum
ERF1 (ERFI1/EREBI) was aligned with the Brachypodium distachyon genome and among
the obtained blast hits, a highly similar sequence with a 97 percent query cover, 1527 bp
long predicted Brachypodium distachyon ethylene-responsive transcription factor 1 (ERF)
sequence with the accession number of XM 003564109 was chosen. Since Expansin A2
(EXPA?2) gene has not been studied and defined in Brachypodium distachyon in any stress
conditions but found to confer salinity stress in Triticum aestivum, Triticum aestivum
Expansin A2 (EXPAZ2) nucleotide sequence was aligned with Brachypodium distachyon
genome and resulted in blast hits on sequences. The top hit was the 933 bp long predicted
Brachypodium distachyon Expansin A23 (EXPA23) with a 68 percent query cover under
the accession number XM _003571269. In a previous study, the GF/4d gene was identified
and found to be salinity stress-responsive in Brachypodium distachyon [98]. Thus,
Brachypodium distachyon GF14d gene sequence was available under accession number
KU933266. Lipoxygenase 3 (LOX3) gene has not been studied in Brachypodium distachyon,
therefore the gene sequence was not available. However, it has been studied in Arabidopsis
thaliana and found to be salinity and wounding responsive [206,207]. Hence LOX3 gene
from Arabidopsis thaliana was aligned with the Brachypodium distachyon genome and with
a query cover of 64 percent, 3278 bp long predicted Brachypodium distachyon probable
lipoxygenase 6 (LOX6), which has accession number of XM 003561945, was selected.
Delta 1-pyrroline-5-carboxylate synthase 1 (P5CSI) gene has not been studied in
Brachypodium distachyon, so the gene sequence was not available. However, it has been
studied in Arabidopsis thaliana and found to be salinity and drought-responsive [211,212].
Arabidopsis thaliana P5SCS1 was aligned with the Brachypodium distachyon genome, and
the alignment resulted in 2785 bp long predicted Brachypodium distachyon delta-1-
pyrroline-5-carboxylate synthase 1 with the accession number of XM 003568279 and a
query cover of 80 percent. After performing BLAST analysis on each of the selected genes,
using the corresponding sequences in Brachypodium distachyon, gene-specific primers were
designed using NCBI’s Primer-BLAST tool except for PP2CA6 and WRKY36. The
sequences of primer pairs for protein phosphatase 2C 6 (PP2CA6) was obtained from a
previous study on Brachypodium distachyon. In this study, PP2CA6 gene was found to be

salinity stress-responsive [99]. The nucleotide sequence of PP2CA6 was available under
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accession number KJ850318. The nucleotide sequence of WRKY transcription factor 36
(WRKY36) was not publicly available, but in a previous study, the expression levels of the
WRKY36 gene was investigated and WRKY36 provided drought stress tolerance in

transgenic tobacco [76]. So, the primer sequences were obtained from that study.

ABCI, CIPK3 and NAC69 genes were also selected for the gene expression study. However,
after PCR optimization, they were not studied further due to producing PCR products with

low intensity. All selected genes were given in Table 5.2.
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Table 5.2. Selected genes for gene expression study in Brachypodium distachyon.

. Query
Gene./ Gene Accession Gene Name Drought | Salinity | Wounding | Cover Ref.
Family number
(percent)
Ethylene T. aestivum Ethylene
response AY781352 response factor 1 v v 97 [195]
factors (ERF’s) (TaERFI)
Expansins T. aestivum Expansin
(EXPs) AY 543528 A2 (TaEXPA2) v 68 [186]
B. distachyon Protein G
14-3-3 KU933266 Box Factor 14-3-3 d v 100 [98]
(BdGF14d, BAGF 14-E)
Li - A. thaliana
(Lllg);s};ge S | NM_101603 Lipoxygenase 3 v v 64 [206,207]
(A1LOX3)
Delta-. A. thaliana Delta-
Pyrroline-5- .
Pyrroline-5-
Carboxylate NM 001202786 v v 80 [211,212]
Synthase Carboxylate Synthase 1
AtP5CS1
(P5CS) ( )
Protein B. distachyon Protein
phosphatases KJ850318 phosphatase 2C 6 v 100 [99]
2C (PP2Cs) (BdPP2CA6)
Sucrose ]
Transoort A. thaliana Sucrose
SPOTIETS 1 M 126341 transporter 2 (AtSUT2, v v v 53 [201,202]
(SUCs or AISUC3)
SUTs)
?Zl};iz tion B. distachyon WRKY
factors P transcription factor 36 v 100 [76]
BAWRKY3
(WRKYs) ( 9
Activity of
T. aestivum ABC1
HM773264 89 176
bel (4BCI) 77 (TadBCI) v v [176]
complex
CBL-
. A. thaliana
Interacting
p.roteln NM_179763 CBL-Interacting protein v v v 56 [182]
kinases

(CIPKS)

kinase 3 (4¢CIPK3)
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5.3. OPTIMIZATION OF PCR CONDITIONS

Gene-specific forward and reverse primers were designed via NCBI’s primer designing tool
(Table 4.2.). Gradient PCR was performed using the primers to amplify the genes of interest
and determine the annealing temperature which was ideal for each pair of primer to bind to
cDNA template by running PCR products on 1.5 percent agarose gel. The individual bands
were checked to see if they resulted in the expected PCR product size. For ERFI gene-
specific primers, the expected PCR product was 112 bp and it was observed at an annealing

temperature of 60.2 °C (Figure 5.4).

Figure 5.4. Agarose gel (1.5 percent) image of the PCR product with ERF'I primers. The
band shown with red arrow is the expected 112 bp PCR product. Ladder: GeneON 50 bp.

For the SUT2 gene-specific primers, the optimal annealing temperature was determined as
59.3 °C to obtain a band in expected product size of 178 bp. The expected PCR products
of WRKY36 and EXPA?2 primer pairs were 196 and 80 bp, respectively and they were both
observed at an annealing temperature of 65 °C. GF14d primer pair was expected to result
in a 191 bp PCR product and it was observed at an annealing temperature of 63 °C (Figure

5.5.).



51

Figure 5.5. Agarose gel (1.5 percent) image of the PCR products with SUT2 (178 bp),
WRKY36 (196 bp), GF14d (191 bp), EXPA2 (80 bp) primer pairs. Red arrow on top of
each band shows the PCR product below in expected size. Ladder: GeneON 50 bp.

With PP2CA6 gene primer pair, expected 103 bp PCR product was amplified at 62 °C

annealing temperature (Figure 5.6.).

Figure 5.6. Agarose gel (1.5 percent) image of the PCR product with PP2CA6 (103 bp).
The red arrow on top of the band shows the PCR product below in expected size. Ladder:
GeneON 50 bp.

The expected PCR product for P5CSI gene primer pair was 92 bp and it was observed at
annealing temperature of 59.3 °C (Figure 5.7.).
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Figure 5.7. Agarose gel (1.5 percent) image of the PCR products with P5CS/ (92 bp). The
red arrow on top of the band shows the PCR product below in expected size. Ladder:

GeneON 50 bp.

For LOX3 gene-specific primers, the expected PCR product was 162 bp and it was observed

at 54 °C annealing temperature (Figure 5.8.)

Figure 5.8. Agarose gel (1.5 percent) image of the PCR products with LOX3 (162 bp). The
red arrow on top of the band shows the PCR product below in expected size. Ladder:

GeneON 50 bp.

5.4. GENE EXPRESSION CHANGES UNDER ABIOTIC STRESS: SALINITY,
DROUGHT AND MECHANICAL WOUNDING

The effect of drought, salinity and mechanical wounding stress on the expression levels of
ERF1, EXPA2, GF14d, LOX3, P5CSI, PP2CA6, SUT2 and WRKY36 in Brachypodium
distachyon (Bd21 line) were analysed via qRT-PCR in leaf tissues of salinity stressed plants
through the 320 mM NacCl solution application for 14 days (S); drought stressed plants by
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water withheld for 12 days (D); wounded plants subjected to mechanical wounding stress
through squeezing leaves across the surface with forceps, which collected at 0" (WO0), at 6™
(W6) and at 24" hour (W24) representing local events; unwounded tissues adjacent to
wounded leaves representing the systemic events collected at 0" (WAO), at 6" (WA6) and
at 24" hour (WA24); their control groups: salinity control (SC), drought control (DC) and
wounding control (WC) plants. The expression levels were normalized to reference gene
UBC18 and the relative expression levels were normalized to control plants. Since UBCI8
was stably expressed in B. distachyon plants and previous studies that compared UBCI8
with other housekeeping genes validated UBCI8 as the most suitable gene to use as a
reference, especially in the analysis of stress-responsive genes [82,168], The relative
expression level data were calculated from the mean and standard deviation of nine (3
biological x 3 technical replicates) Ct values for salinity and drought, and six (2 biological
x 3 technical replicates) for mechanical wounding stress. The relative expression levels of

genes of interest were represented as fold-changes (Figure 5.9-5.24).

5.4.1. ERF1

The expression levels of ERF'I gene, which is one of the ethylene response factors induced
by ethylene signaling and ethylene response pathway, was investigated under drought and
salinity. Salinity significantly increased ERFI expression 4.27-fold (Figure 5.9. and 5.25.).
However, drought stress only very slightly decreased 0.98-fold (Figure 5.9. and 5.26.).
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Figure 5.9. Expression levels of ERFI under salinity and drought stress.
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The expression levels of ERF'I were also analysed in both wounded and unwounded adjacent
leaves, representing local and systemic responses. Wounding stress decreased ERF'I
expression 0.41-fold at 0" h significantly, increased 2.06-fold at 6 h, and increased 6.97-
fold at 24" h significantly in the wounded tissues (Figure 5.10. and 5.27.). In the unwounded
tissues adjacent to wound sites, gene expression levels were increased 2.12-fold at 0™ h,

1.76-fold at 6™ h, and significantly increased 4.41-fold (Figure 5.10. and 5.28.).
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Figure 5.10. Expression levels of ERF'I under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.

5.4.2. EXPA2

The expression levels of EXPA2, a gene that encodes expansins (a class of cell wall proteins),
were investigated under salinity and drought stress. Expression of EXPA2 was significantly
improved 4.55-fold under salinity (Figure 5.11. and 5.25.) and 1.68-fold under drought stress
(Figure 5.11. and 5.26.).
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Figure 5.11. Expression levels of EXPA2 under salinity and drought stress.

Mechanical wounding stress treatment enhanced the expression levels of EXPA2 1.77-fold
at 0" h in wounded tissues. The expression levels of EXPA2 was significantly up-regulated
3.32-fold at 6™ h and 33.36-fold at 24" h (Figure 5.12. and 5.27.). In the unwounded tissues
adjacent to wound sites, the gene expression levels were increased 1.17-fold at 0™ h and
2.91-fold at 6" h. Wounding caused a significant 9.82-fold increase in systemic leaf tissues

at 24" h (Figure 5.12. and 5.28.).
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Figure 5.12. Expression levels of EXPA2 under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.

5.4.3. GF14d

GF14d gene is a member of the /4-3-3 gene family, which is composed of genes that code
for proteins binding to phosphorylated peptides for the regulation of various metabolic
processes. The expression levels of GFI14d was significantly increased 2.83-fold under
salinity stress (Figure 5.13. and 5.25.). Under drought stress conditions, GF'/4d expression
levels were increased 1.77-fold (Figure 5.13. and 5.26.).
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Figure 5.13. Expression levels of GF'/4d under salinity and drought stress.

The effects of mechanical wounding stress on the expression levels of GFI/4d in
Brachypodium were investigated in wounded tissues at 0™ h, and a slight 0.95-fold decrease
was observed. Then, GFI4d expression levels were increased 1.19-fold at 6" h and
significantly increased 3.17-fold at 24™ h in the wounded tissues (Figure 5.14. and 5.27.). In
the unwounded tissues adjacent to wound sites, gene expression levels were decreased 0.67-

fold at 0% h, 0.70-fold at 6™ h, and increased 1.67-fold at 24" h (Figure 5.14. and 5.28.).
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Figure 5.14. Expression levels of GF14d under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.

5.4.4. LOX3

LOX3 belongs to a lipoxygenase gene family, which codes for enzymes that participate in
the synthesis of fatty acid metabolites via their lipid-oxidizing activity. The expression levels
of the LOX3 gene was significantly increased 3.63-fold under salinity stress (Figure 5.15.
and 5.25.) and only slightly increased 1.09-fold under drought stress conditions (Figure 5.15.
and 5.26.).
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Figure 5.15. Expression levels of LOX3 under salinity and drought stress.

On the other hand, expression levels LOX3 gene in the mechanically wounded leaf tissues
of Brachypodium distachyon was decreased 0.81-fold at 0" h, significantly increased 5.22-
fold at 6 h and 11.65-fold at 24" h (Figure 5.16. and 5.27.). In the unwounded tissues
adjacent to wound sites, LOX3 gene expression levels were significantly increased 4.46-fold

at 0 h, 3.43-fold at 6™ h and 5.18-fold at 24" h (Figure 5.16. and 5.28.).

LOX3
15
104
g
g
g
H
5
-4
5
04
WC W-0 W-6 W-24 WA-0 WA-6 WA-24
Treatments ¢

Figure 5.16. Expression levels of LOX3 under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.
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5.4.5. P5CS1

P5CSI gene codes for the important enzyme, deltal-pyrroline-5-carboxylate synthase,
which has a role in proline biosynthesis. P5CSI gene expression levels were significantly
increased 10.44-fold under salinity and 5.95-fold under drought stress (Figure 5.17., 5.25.
and 5.26.).
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Figure 5.17. Expression levels of P5CS/ under salinity and drought stress.

The expression levels of P5CS/ gene were decreased 0.32-fold in mechanically wounded
tissues at 0" h but, increased 1.42-fold at 6 h and significantly increased 3.24-fold at 24" h
(Figure 5.18. and 5.27.). In the unwounded tissues adjacent to wound sites, gene expression
levels were decreased 0.36-fold and 0.78-fold at 0" and 6™ h, respectively. However, a 1.68-
fold increase was observed at 24" h (Figure 5.18. and 5.28).
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Figure 5.18. Expression levels of P5CS/ under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.

5.4.6. PP2CA6

PP2CAG6 is one of the genes, which encodes the type 2C phosphatase (a protein phosphatase
that dephosphorylates Serine/Threonine residues). The expression levels of the PP2CA6
were significantly increased 3.13-fold under salinity (Figure 5.19. and 5.25.), and a 1.85-

fold increase was observed under drought stress (Figure 5.19. and 5.26.).
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Figure 5.19. Expression levels of PP2CA6 under salinity and drought stress.

Brachypodium distachyon (Bd21 line) plants were subjected to time-dependent wounding
stress, and the expression levels of PP2CA6 were investigated in both local and systemic
tissues. PP2CA6 expression levels were significantly decreased 0.86-fold in mechanically
wounded tissues at 0" h and increased 2.05-fold at 6" h. Then, a significant 6.55-fold
increase was observed at 24™ h (Figure 5.20. and 5.27.). In the unwounded tissues adjacent
to wound sites, PP2CA6 gene expression levels were decreased 0.60-fold at 0" h and slightly
increased 1.07-fold at 6" h. However, it was increased 3.70-fold at 24™ h (Figure 5.20. and
5.28.).
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Figure 5.20. Expression levels of PP2CA6 under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.

5.4.7. SUT2

SUT? is a gene that encodes for sucrose transporters, which are responsible for the allocation
of sucrose in plants. The expression levels of the SUT2 were found to be significantly
increased with 1.85-fold under salinity (Figure 5.21. and 5.25.). However, no SUT2

expression was observed under drought stress conditions (Figure 5.21.).
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Figure 5.21. Expression levels of SUT2 under salinity and drought stress treatments.

The effect of time-dependent mechanical wounding stress in SUT2 gene expression levels
in both local and systemic tissues of Brachypodium distachyon was also investigated. A
significant 0.29-fold decrease in transcript levels was observed in mechanically wounded
tissues at 0™ h, whereas transcript levels were slightly increased 1.12-fold at 6™ h. However,
no SUT2 expression was observed at 24" h (Figure 5.22. and 5.27.). In the unwounded
tissues adjacent to wound sites, gene expression levels were increased 2.29-fold at 0™ h,

1.89-fold at 6™ h, and decreased 0.78-fold at 24™ h (Figure 5.22. and 5.28).
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Figure 5.22. Expression levels of SUT2 under time-dependent (0 h, 6 h and 24 h) wounding

stress including local and systemic responses.

5.4.8. WRKY36

The expression levels of the WRKY36 gene, which encodes for WRKY transcription factors,
were investigated under salinity and drought stress in Brachypodium distachyon. The
transcript levels were found to be significantly increased 2.27-fold under salinity (Figure
5.23. and 5.25.), and a 1.50-fold increase was observed under drought stress conditions

(Figure 5.23. and 5.26.).
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Figure 5.23. Expression levels of WRKY36 under salinity and drought stress.

The expression levels of WRKY36 were increased 1.75-fold in mechanically wounded tissues
at 0" h, decreased 0.88-fold at 6" h, and a significant 20.21-fold increase was observed at
24" h (Figure 5.24. and 5.27.). In the unwounded tissues adjacent to wound sites, gene
expression levels were decreased 0.49-fold at 0™ h, increased 1.60-fold at 6 h, and then

significantly increased 10.45-fold at 24" h (Figure 5.24. and 5.28.).
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Figure 5.24. Expression levels of WRKY36 under time-dependent (0 h, 6 h and 24 h)

wounding stress including local and systemic responses.
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To determine the significant changes in the gene expression levels, multiple t-tests were
performed and volcano plots were constructed for each stress; Figure 5.25. for salinity stress,
Figure 5.26. for drought stress, Figure 5.27. for wounding local response and Figure 5.28.

for wounding systemic response).
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Figure 5.25. Volcano plot from multiple t-tests of gene expression under salinity stress.
Each dot represents one gene, and the red line represents the -log(0.05) = 1.301. The values
below the red line are non-significant and the ones above the red line are statistically
significant. While the dots fall into positive x-axis are up-regulated genes, the dots fall into
negative x-axis are down-regulated genes. The dark blue horizontal lines represent the

threshold of a 1.5-fold change.
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Figure 5.26. Volcano plot from multiple t-tests of gene expression under drought stress.
Each dot represents one gene, and the red line represents the -log(0.05) = 1.301. The values
below the red line are non-significant and the ones above the red line are statistically
significant. While the dots fall into positive x-axis are up-regulated genes, the dots fall into
negative x-axis are down-regulated genes. The dark blue horizontal lines represent the

threshold of a 1.5-fold change.
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Figure 5.27. Volcano plot from multiple t-tests of gene expression under wounding stress
at local tissues. Each dot represents one gene, and the red line represents the -log(0.05) =
1.301. The values below the red line are non-significant and the ones above the red line are
statistically significant. While the dots fall into positive x-axis are up-regulated genes, the
dots fall into negative x-axis are down-regulated genes. The dark blue horizontal lines

represent the threshold of a 1.5-fold change.
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Figure 5. 28. Volcano plot from multiple t-tests of gene expression under wounding stress
at systemic tissues. Each dot represents one gene, and the red line represents the -log(0.05)
= 1.301. The values below the red line are non-significant and the ones above the red line
are statistically significant. While the dots fall into positive x-axis are up-regulated genes,
the dots fall into negative x-axis are down-regulated genes. The dark blue horizontal lines

represent the threshold of a 1.5-fold change.
5.5. PHYTOHORMONE CHANGES UNDER ABIOTIC STRESS CONDITIONS

Since phytohormones and their cross-talk are pivotal in the molecular mechanisms that
regulate environmental stress responses, in the present study the fluctuations of
phytohormones were examined under salinity, drought and mechanical wounding stresses.
The alterations of phytohormone levels under wounding stress were inspected in both
unwounded and wounded leaf tissues at different time points: 0 h, 6 h and 24 h to determine

systemic and local phytohormone responses.

The LODs are the lowest phytohormone concentration that can be detected, and their

retention times were determined from the chromatograms of standard samples containing

phytohormones dissolved in methanol (Table 5.3.).
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Table 5.3. LODs of phytohormones.

Phytohormone | Retention time (minute) | LOD (mg/L)

ABA 13.7 0.01
IAA 12.4 0.05
SA 12.8 1

Spiking was performed to be able to measure concentrations below the detection limit.
Standard curve of each phytohormone was plotted with peak area vs. known concentrations
of phytohormones. From the slope and intercept, the trendline equation was generated.
Phytohormone levels were estimated using the trendline equation and the obtained peak area
(x). The phytohormone levels of plants subjected to salinity, drought and mechanical
wounding stresses were estimated through conducting spiking experiments. HPLC
chromatograms of phytohormone extracts from each treatment were given in the Appendix

A.

5.5.1. TAA

IAA belongs to auxin family of phytohormones. They participate in phytohormone
signaling pathways and regulate responses for plant defence. In order to observe changes in
IAA levels under salinity, drought and mechanical wounding stresses, standard curve of [AA
was plotted using the peak area obtained from HPLC analysis vs. known concentrations (0.5,

1,2 and 4 mg/L) of [AA (Figure 5.29).
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Figure 5.29. The standard curve of IAA.

HPLC analysis was carried out for the stressed and control samples spiked with TAA. There
was a reducing trend in [AA levels under salinity stress conditions, yet the decrease was not

significant. Nonetheless, under drought conditions, there was a significant decrease in the

IAA levels (Figure 5.30).
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Figure 5.30. IAA levels under salinity and drought stress. Significant at “*’ p<0.1, “**’
p<0.05, “*** p<0.01.

In addition to drought, IAA hormone levels were significantly declined instantly after
mechanical wounding stress (p<0.05). At 0 h time point, the IAA levels were halved in
comparison to controls. Six hours after wounding, despite being still lower than control

plants, IAA levels were increased when compared to 0" h. After 24 h, the IAA levels were
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nearly the same with the samples collected at 6" h (Figure 5.31). In the wound adjacent
tissues, IAA levels were significantly decreased at 6 (p<0.1) and 24 h (p<0.1) after

wounding, even though IAA levels were low at 0™ h as well, the change was not significant.
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Figure 5.31. IAA levels under mechanical wounding stress in wounded and wound

adjacent tissues. Significant at “*’ p<0.1, “**’ p<0.05, “***’ p<0.01.

5.5.2. ABA

ABA is essential for stress response and tolerance, even so it is also referred as stress
hormone. So, the ABA levels were monitored under salinity, drought and mechanical
wounding stress. A standard curve was plotted for ABA using the peak area obtained from

HPLC analysis vs. known concentrations (0.25, 0.5 and 2 mg/L) of ABA (Figure 5.32).



75

ABA
2,5
~ 2 RO
S .
gﬂ y=8E-06x+0,0021 .
=15 R2=0,9991
= Ve
.2 o
E
2 1 o,.*
5 .
Q
= .
o et
©os o
e’
0
0 50000 100000 150000 200000 250000 300000
Peak area

Figure 5.32. Standard curve of ABA.

Marginally significant increase was observed in ABA levels under salinity stress, but

drought stress did not change the ABA concentrations (Figure 5.33).
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Figure 5.33. ABA levels under salinity and drought stress. Significant at *’ p<0.1, “**’
p<0.05, “*** p<0.01.

Under mechanical wounding stress, ABA concentrations were significantly increased at 0™
h (p<0.05), and marginally increased at 6™ and 24™ h in wounded tissues. In the wound
adjacent tissues, ABA concentrations were higher at 6 and 24 h after wounding than 0 h but

none of the fluctuations were significant (Figure 5.34).
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Figure 5.34. ABA levels under mechanical wounding stress in wounded tissues and in

wound adjacent tissues. Significant at “*’ p<0.1, “**’ p<0.05, “***’ p<0.01.

5.5.3. SA

Signaling molecule SA that is involved in biotic and abiotic stress tolerance were monitored
under various stress treatments: salinity, drought and mechanical wounding. Standard curve
for SA was plotted using the peak area obtained from HPLC analysis vs. known
concentrations (6, 7, 8 and 9 mg/L) of SA (Figure 5.35).
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Figure 5.35. Standard curve of SA.
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SA levels showed a marginally significant increase upon drought and no significant change

was observed under salinity stress. (Figure 5.36).
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Figure 5.36. SA levels under salinity and drought stress. Significant at **’ p<0.1, “**°
p<0.05, “*** p<0.01.

Under mechanical wounding stress, no significant change was observed in SA levels in

wounded tissues. There was only a marginally significant increase in SA levels 24 h after

wounding in wound adjacent tissues (Figure 5.37).
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Figure 5.37. SA levels under mechanical wounding stress in wounded tissues and in wound

adjacent tissues. Significant at “*’ p<0.1, “**’ p<0.05, “**** p<0.01.

5.6. THE CHANGES IN PYTOHORMONE LEVELS AND EXPRESSIONS OF
STRESS-RESPONSIVE GENES: A SUMMARY

The selected genes for gene expression study were responsive to one or more abiotic stress
conditions according to previous studies. The results of our gene expression study showed
that those candidate stress-responsive genes were also responsive to the same stress types in
Brachypodium distachyon (Bd) plants except SUT2 and ERF'1 under drought. Also, ERFI,
EXPA2, P5CS1, PP2CA6, WRKY36 were found to be wounding stress-, EXPA2, LOX3,
PP2CA6 were drought stress-, and GF14d and WRKY36 were salinity stress-responsive in
Brachypodium distachyon (Table 5.4.).
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Table 5.4. Stress-responsiveness of selected genes in this research study compared with

previous studies.

Stress-responsiveness

According to previous studies According to this study in Bd

Genes Drought | Salinity Wounding | Drought | Salinity Wounding
T. aestivum Ethylene
response factor 1 v v v v
(TaERFI)

T. aestivum Expansin
A2 (TaEXPA2)

B. distachyon Protein G
Box Factor 14-3-3 d v v v
(BdGF14d, BAGF 14-E)

A. thaliana
Lipoxygenase 3 v v v v v
(4:LOX3)

A. thaliana Delta-
Pyrroline-5-
Carboxylate Synthase 1
(4tP5CSI)

B. distachyon Protein
phosphatase 2C 6 v v v v
(BdPP2CA6)

A. thaliana Sucrose
transporter 2 (4tSUT?2, v v v v v
AtSUC3)

B. distachyon WRKY
transcription factor 36 v v v v
(BAWRKY36)

v v v v

v': The genes respond to the stress condition above, according to previous studies and this
study
v': The genes respond to stress condition above, according to this study, and have not

shown in previous studies.

All the changes observed in transcript levels and phytohormone concentrations of
Brachypodium distachyon leaves under drought, salinity and time-dependent wounding

stress in this study were summarized in Table 5.5.



Table 5.5. Overall gene up- and down-regulations of selected genes, and changes in

phytohormone concentrations under each stress treatment in this study.

Treatments S D WO W6 W24 WAO | WA6 | WA24

B. distachyon Ethylene

response factor T l T T T T T

(BAERFI)

B. distachyon Expansin
A2 (BAEXPA2) T T T T T T T T

B. distachyon Protein G

Box Factor 14-3-3 d T T l T T l« ~L T

(BdGF14d, BAGF14-E)

B. distachyon

Lipoxygenase 3 T T l, T T T T T

(BALOX3)

Genes

B. distachyon Delta-

Pyrroline-5-
Carboxylate Synthase 1 T T l T T l« l« T
(BdP5CS1)

B. distachyon Protein

phosphatase 2C 6 T T l T T l« T T

(BdPP2CA6)

B. distachyon Sucrose

transporter 2 (BdSUT2,
o T ! T T T !

B. distachyon WRKY

transcription factor 36 T T T l T l T T

(BAWRKY36)

1AA ! ! ! !

ABA t t ]t

Phytohormones

sa ]t

1: gene up-regulation / increase in phytohormone concentration

l: gene down-regulation / decrease in phytohormone concentration
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6. DISCUSSION

Due to alterations in the climate and human activities that have an impact on soil quality and
plant health, abiotic stress factors threaten food security worldwide [217]. Crop plants are
constantly exposed to abiotic stress conditions and suffer from the detrimental effects that
lead to low yield and productivity, and threaten plant survival. Plant responses to abiotic
stress factors are quite elaborate, comprises many genes, and molecular and biochemical
pathways. Investigation of abiotic stress-inducible genes and associated signaling molecules
are essential not only to understand stress tolerance mechanisms but also to provide stress-
tolerant plants through genetic improvement. Plants possess common genetic mechanisms,
and many of the stress-inducible genes are responsive to different stress factors. For instance,
many of the drought stress-inducible genes are responsive to salinity, as well [55,218].
Phytohormones are involved in signal transduction pathways associated with abiotic stress
responses. Their crosstalk generates synergistic and antagonistic interactions and can
quickly alter gene expression levels. Therefore, understanding the phytohormone-mediated

regulation of stress responses is important for enhanced stress tolerance [106].

In this study, B. distachyon, an important model plant for crop research with an available
whole genome sequence was used in gene expression and plant hormone analysis under
salinity, drought and time-dependent mechanical wounding stress including local and
systemic responses with the aim of determining multiple abiotic stress-responsive genes and
the changes in the phytohormones which are the key mediators of abiotic stress responses.
Salinity, drought and wounding stress-related genes were obtained from gene databases.
Since most of the ortholog gene sequences in B. distachyon were not accessible, the obtained
sequences from other species such as O. sativa, A. thaliana, and T. aestivum were aligned
with B. distachyon genome to find orthologous genes. According to alignment scores and
possible responsiveness to multiple stress conditions ERF1, EXPA2, GF14d, LOX3, P5CS1,
PP2CA6, SUT2 and WRKY36 genes were selected for the determination of gene expression
patterns under salinity, drought and mechanical wounding stress using qRT-PCR. Changes
in IAA, ABA and SA levels were monitored under salinity, drought and wounding stress

were determined using HPLC-UV analysis.
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ERFI gene was selected from the ERF transcription factor gene family for gene expression
study. ERF's play significant roles in various abiotic and biotic stress responses [195]. Since
the ethylene hormone is known as one of the vital stress response regulator in plants, ERF
transcription factors are induced by stress and take part in signaling pathways through
binding GCC-box [195]. Many ERF genes were identified in various plant species such as
O. sativa, A. thaliana and T. aestivum, and found to be differentially regulated under abiotic
and biotic stress conditions [195,219,220]. The overexpression of various ERF genes
enhanced abiotic stresses such as salt, drought, heat and cold stress, and also, biotic stresses
via providing resistance to various pathogens in A. thaliana plants [221]. In an
overexpression study, the 7. aestivum ERFI gene in A. thaliana was enhanced under
drought, salinity and cold stress [195]. In rice plants, wounding induced the expression of
ERFI, and ERFI expression was also increased slightly upon salinity [220]. Even though
previous studies conducted in different plant species showed that the ERFI gene was
drought-responsive, in this study, gene expression levels of ERFI in B. distachyon plants
were not changed under drought stress conditions. Since B. distachyon plants did not
undergo domestication, it possesses maximal genetic variability [222]. They have the
potential to withstand stresses better than the domesticated cereals. On the other hand, in
alignment with previous studies conducted on different plant species [220,224], ERFI
expression levels were significantly increased 4.27-fold under salinity stress. Following
time-dependent mechanical wounding stress, the ERFI gene expression levels were
significantly decreased 0.41-fold at 0" h. However, a 2.06-fold increase at 6™ h and a
significant 6.97-fold at 24" h were observed in ERFI expression after wounding in wounded
tissues. Rather than rapid transcriptomics response, wounding elevated the ERFI gene
expression levels in the later stages of stress. Also, the increase in the expression levels was
observed in a time-dependent manner, while ERF'/ gene expression levels were significantly
increased 2.06-fold at 6 h, it was more than tripled at 24™ h with a significant 6.97-fold
increase. ERFs are in an interaction with ABA, JA and ethylene. ERFI was reported as a
component in the JA signaling pathway in 4. thaliana, which is a phytohormone rapidly
induced upon wounding [223,224]. So, ERF'1 gene products work as key regulators in the
defence responses depending on ethylene and jasmonate synthesis. ERF/ is also a regulator
of ABA biosynthesis, but ABA can work as a negative regulator of ERF'/ gene expression
[224]. The systemic responses of wounding were different from local responses, in the

unwounded tissues adjacent to wound sites, ERF'I gene expression levels were increased
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2.12-fold at 0™ h. However, ERF'1 expression was lower with a 1.76-fold increase at 6" h,
and a significant 4.41-fold increase was observed in ERFI expression at 24™ h. Since direct
tissue injury causes a rupture in membranes and severe cell damage, local responses are
expected to be stronger than systemic ones. Also, wounding causes excessive water loss,
therefore, the later ERF'I gene expression increase might be due to water scarcity in tissues
caused by wounding. Overexpression of ERFI was also reported to improve expression
levels of P5CS/ and induce proline synthesis, hence provide enhanced abiotic stress

tolerance in A. thaliana [223].

EXPA2 gene is a member of expansin genes that codes for cell wall loosening proteins,
expansins. They provide cell expansion in a non-enzymatic and pH-dependent manner. Since
cell walls are barriers that have to interact with environmental stress, they are affected by
stress conditions. Expansin genes are often expressed under abiotic stress conditions such as
drought, salinity, heat and oxidative stress [225]. Various studies showed that
overexpression of expansin genes improved stress tolerance. Triticum aestivum EXPB23
overexpression improved oxidative and water stress tolerance [226,227], and TaEXPA?2
overexpression improved salt tolerance in tobacco plants [186]. In our study, Brachypodium
distachyon EXPA2 gene expression levels were significantly increased 4.55-fold under
salinity stress. Under drought stress conditions, 1.68-fold increase was observed. Mechanical
wounding stress also increased the expression levels of EXPA2 in wounded tissues with a
1.77-fold increase at 0" h and then they were significantly induced 6 h and 24 h after the
wounding event with a strong local response of 3.32-fold and 33.36-fold, respectively.
Systemic responses were not as strong as local ones, however in the unwounded tissues
adjacent to wound sites, gene expression levels of EXPA2 were increased 1.17-fold at 0™ h
and 2.91-fold at 6" h. EXPA2 was significantly up-regulated 9.82-fold at 24" h showing the
importance of EXPA2 gene both at local and systemic wounding response. Although some
expansins were studied in different plant species and reported to be involved in abiotic stress
response and adaptation mechanisms through mediating cell growth and expansion, the
associated mechanisms are still unknown [187]. Under salinity and drought stress conditions,
plants undergo dehydration and ion accumulation processes. Therefore, changes in EXPA2
expression levels could be associated with improved cell wall flexibility provided by

expansins. Also, the high expression levels of EXPA2 under wounding stress might be
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explained by the damages in the cell walls of Brachypodium distachyon plants and enhanced

water loss hours after the injury.

GF14d gene is a member of the /4-3-3 gene family that encodes 14-3-3 proteins. The 14-3-
3 family proteins are scaffolding proteins that play vital roles in the regulation of various
processes in plants through binding phosphorylated peptides [98,228]. Their interaction with
various proteins leads to their participation in many signaling pathways and biosynthesis of
important compounds such as phytohormones [229]. 14-3-3 family proteins act as regulators
of ABA, TAA and many other phytohormones. They work as a transducer of IAA signaling
and key molecules in gene transcription regulated by ABA [229]. Previous studies reported
the involvement of /4-3-3 genes in abiotic stress responses by gene expression analysis and
generating overexpression mainly in transgenic Arabidopsis thaliana plants. While some of
the Arabidopsis thaliana 14-3-3 family members/ general response factors (GRFs) such as
GRF9 improved drought tolerance, other members such as GFR6 and GFRS improved
salinity tolerance [230]. Similarly, in a previous study, Brachypodium distachyon 14-3-3
gene family members were investigated under salinity and drought conditions, and different
expression patterns were observed in different isoforms. While PEG-mediated drought
application improved GFl4e, salinity treatment improved GFI4d expressions [98]. In
accordance with the previous study, in our study, the expression levels of GFI4d was
significantly increased 2.83-fold under salinity. However, the findings of our study also
indicated that drought stress also increased the GFI4d expression levels 1.77-fold under
drought. This difference might be due to the different methods used to cause stress in plants,
and the other parameters such as duration, frequency, and severity of stress, and as wells as
sample collection time, which refers to the developmental stage of the plant. While in our
study, drought stress treatment conducted by water withhold at the vegetative stage of
Brachypodium distachyon plant leaf tissues, the previous study used 2-week old seedlings
and 3-month old plants, and drought stress was induced by PEG. On the other hand, the
wounding responses of /4-3-3 gene family members were unknown. In our study, we
investigated the effect of the time-dependent wounding stress as well, including local and
systemic responses on the Brachypodium distachyon GF14d gene. In the wounded tissues,
GF'14d gene was slightly decreased 0.88-fold at 0™ h. However, as time passes, the GF14d
expression levels were increased 1.19-fold at 6 h and significantly increased 3.17-fold at

24" h, The systemic responses in the unwounded tissues adjacent to wound sites showed that
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the gene expression levels of GF14d were decreased 0.67-fold at 0" h, 0.70-fold at 6™ h, and
increased 1.67-fold at 24™ h.

LOX gene family members encode the enzymes that catalyse the oxidation reaction of poly-
saturated fatty acids into unsaturated fatty acid hydroperoxides [231]. The lipoxygenase
pathway is crucial for senescence and defence responses of plants since it regulates lipid
peroxidation and produces key products in plant defence such as JA. LOXs are up-regulated
in wounded tissues and produce a JA dependent response and accumulate ABA. ABA also
improves the LOX activity in the case of a mechanical wounding by inducing JA synthesis
and lipid peroxide oxidation to cope with stress [232]. Here we selected the LOX3 gene,
which has been reported to be induced under salinity and biotic stress conditions in
Arabidopsis thaliana [206,207]. In our study, the expression levels of LOX3 gene was
significantly increased 3.63-fold under salinity stress, but only slightly increased 1.09-fold
under drought stress conditions. In the local tissues that were directly wounded, LOX3
expression levels were low, and it was decreased to 0.81-fold at 0" h. So, LOX3 expression
was not affected by the wounding immediately. However, hours after the wounding, the
expression levels were rapidly increased. A significant 5.22-fold increase was observed at
6™ h, and the expression levels were continued to increase at 24" h with a significant 11.65-
fold rise. In the wound adjacent sites, which represent systemic events, interestingly, gene
expression levels were significantly increased with 4.46-fold at 0" h, even though no
increase was observed at local tissues at 0" h. However, the expression pattern was similar
for 6 h and 24 h after wounding. LOX3 expression levels significantly increased 3.43-fold
and 5.18-fold at 6™ h and 24™ h, respectively.

P5CSI gene codes for deltal-pyrroline-5-carboxylate synthase, which is a proline
biosynthetic enzyme. Since the synthesis and accumulation of proline is part of the adaptive
mechanisms of the plants to withstand adverse environmental conditions, P5CSI gene
overexpression studies have been conducted in Arabidopsis thaliana and many other species
[233,234]. Studies showed salinity and drought stress-induced expression of P5CSI.
Besides, P5CS mutants showed that P5CS/ is a key player in proline accumulation under
osmotic stress conditions in Arabidopsis thaliana [211,212,234]. However, the P5CSI gene
has not been studied in monocotyledonous plant Brachypodium distachyon. To our
knowledge, also the mechanical wounding stress response of P5CS/ gene has not been

studied before. The expression levels of P5CS1 were determined under salinity and drought
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conditions. P5CS1 gene expression levels were significantly increased with 10.44-fold under
salinity and 5.95-fold under drought stress. In wounded tissues, the immediate local response
of P5CS1 was down-regulation. The P5CS1 levels were decreased 0.32-fold at 0 h. But the
expression levels were started to increase 1.42-fold at 6" h. The significant 3.24-fold up-
regulation of P5CS1 was observed at 24" h. Concordant with local responses, in unwounded
tissues, the systemic responses of P5CS/ were down-regulation with a 0.36-fold decrease at
0™ h and 0.78-fold decrease at 6" h. After 24 h, P5CSI gene expression levels were up-
regulated with a 1.68-fold increase. This shows that Brachypodium plants induced the
proline accumulation through the up-regulation of P5CS/ gene to cope with drought and
salinity stress. However, conversely, in the case of mechanical wounding, the P5CS/ gene
expression was down-regulated shortly after wounding and start to increase at the following

hours to protect plant from further damage.

PP2CA6 gene is a member of the PP2C subfamily that encodes a type 2C phosphatase [99].
They dephosphorylate the serine/threonine residues and inhibit the ABA signal transductions
in Arabidopsis thaliana [235]. Many studies showed that inhibition of PP2C activities
positively regulates the signaling pathways associated with abiotic stress responses [99].
However, in contrast with the dicot studies conducted on PP2Cs, recent studies showed that
PP2Cs positively regulates the abiotic stress responses in monocot species. In Oryza sativa,
PP108 gene, a PP2C subfamily member, was identified and found to be positively regulated
under salinity and drought conditions [236]. In a recent study, Brachypodium distachyon
PP2C subfamily members were identified as well. Their expression patterns were analysed
under salinity and PEG-mediated drought treatments. While BdPP2CA6 was found to be
significantly up-regulated under salinity, BdPP2CAS8 was up-regulated under drought stress.
Overexpression of BdPP2CA6 improved salinity tolerance of Arabidopsis thaliana plants
[99]. Here, we also investigated BdPP2CA6 gene expression levels under salinity and
drought conditions. But, in addition to those abiotic stresses, we also observed the effect of
mechanical wounding on BdPP2CAG6 expression levels. Salinity and drought stress treatment
up-regulated the BAPP2CAG6 levels. BAPP2CA6 expression significantly increased 3.13-fold
under salinity and 1.85-fold under drought conditions. In both local and systemic tissues,
BdPP2CA6 expression levels were investigated in a time-dependent manner. PP2CA6
expression levels were decreased 0.86-fold in mechanically wounded tissues at 0" h. On the

other hand, 6 h after wounding a 2.05-fold increase was observed in wounded tissues. Also,
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a significant 6.55-fold increase was observed at 24" h. Similar to local tissues, systemic gene
responses were low expression levels at 0 h, and higher at the following hours. In wound
adjacent tissues, the relative expression levels PP2CA6 were 0.60-, 1.07- and 3.70-fold at
0™ 6™ and 24" h, respectively.

SUT2 or SUC3 gene encodes sucrose transporters, which play a key role in the export of
sucrose from leaves of plants. The allocation and partitioning of sucrose from leaves mostly
depend on the photosynthesis and starch metabolism, but also biotic and abiotic stress factors
influence the sugar allocation [237]. Exposure to drought and salinity stress has been
reported to lead to the up-regulation of SUTs. In Arabidopsis thaliana SUC2, SUC3 and
SUC4 were reported to be induced under salt and drought stress treatments, especially at
early stages of the treatments. The expression levels of SUC3 were not as high as the SUC2
or SUC4. However, SUC3 interacts with SUC2 and SUCY, and its disruption inhibits the
abiotic stress associated sucrose signaling [201]. Wounding stress also enhances the SUC3
expression levels in Arabidopsis thaliana, and the increase was already observed at 3 h after
wounding, and it was even detectable at the first hour [202]. The abiotic responses of SUTs
are unknown in Brachypodium distachyon plants. Hence, in our study, Brachypodium
distachyon SUC3 levels were investigated under salinity and drought and mechanical
wounding stresses. Salinity stress improved SUC3 expression levels with a significant 1.85
fold increase, which is very similar to the study conducted on Arabidopsis thaliana, and it
was reported that the SUC3 expression levels were increased just above 1.5-fold under
salinity stress [201]. However, under drought stress, no SUC3 expression was observed.
Mechanical wounding stress treatment in Brachypodium distachyon decreased the SUC3
levels promptly after wounding in wounded tissues. At 0™ h, the SUC3 expression levels
were decreased by 0.29-fold. However, at 6" h, SUC3 levels were slightly increased 1.12-
fold and when 24 h passed after the wounding event, no SUC3 expression was observed. On
the other hand, SUC3 levels improved by a 2.29-fold increase in wound adjacent tissues at
0™ h. SUC3 expression levels were increased 1.89-fold at 6™ h and decreased 0.78-fold at
24™ h. These results exhibited that SUC3 plays a role in salinity and systemic wounding
stress responses of Brachypodium distachyon. Similar to previous studies, SUCs responded
to stress conditions in the early stages of the stress and participated in the stress adaptation
immediately. Besides, the systemic wounding responses of the SUC3 gene was stronger than

the local ones. It can be suggested that through sucrose signaling induced by local wounding,
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unwounded tissues induce sucrose transport quickly through sensing changes to supply

required carbohydrates to the cells.

WRKYs are transcription factors that have WRKYGQK amino acid sequence at the N-
terminus and the C-terminus carrying a zinc-finger motif [238]. Many studies showed the
importance of WRKY transcription factors in various molecular processes such as growth,
development, and stress response in plants. Even though many WRKY genes of Arabidopsis
thaliana and Oryza sativa studied for abiotic stress response, there are only a few
characterized WRKY genes available for important monocots such as 7riticum aestivum. In
a previous study, a Brachypodium distachyon WRKY36 gene was characterized. Drought
stress-responsiveness was investigated, and WRKY36 expression levels were found to be
enhanced by drought stress but decreased by salinity stress [76]. In our study, WRKY36 was
up-regulated under both salinity and drought. While salinity stress significantly up-regulated
the WRKY36 gene expression levels 2.27-fold, drought stress up-regulated 1.50-fold.
BAdWRKY36 expression levels were monitored under mechanical wounding stress for the first
time. The expression levels of WRKY36 were increased 1.75-fold in mechanically wounded
tissues at 0" h and slightly decreased by 0.88-fold at 6" h. Mechanical wounding
significantly up-regulated the WRKY36 expression 20.21-fold. In the wound adjacent sites,
gene expression levels were decreased 0.49-fold at 0% h, increased 1.60-fold at 6% h, and
significantly up-regulated 10.45-fold at 24™ h. These results suggested that WRKY36 not
only enhanced drought tolerance in Brachypodium distachyon plants but also improved the

salinity and mechanical wounding tolerance.

The adaptation processes of plants to stressful conditions involve phytohormones that are
the central signaling molecules. The alterations in the environment induce phytohormone
synthesis, and they mediate various critical tolerance mechanisms via their cross-talk. The
knowledge of the cross-talk and action of phytohormones are mostly supported by the studies
carried out on Arabidopsis thaliana [131]. Since some processes are not the same in both
dicots and monocots, it is necessary to enlighten the phytohormonal stress responses in
monocot species. To our knowledge, this is the first research study that monitors
phytohormone levels of Brachypodium distachyon under abiotic stress. Phytohormone
fluctuations of the salinity, drought and mechanical wounding stressed Brachypodium
distachyon plants were detected using HPLC. Since phytohormones act both synergistically
and antagonistically, changes in IAA, ABA and SA were determined. ABA and IAA are
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known to work antagonistically in different physiological adjustments upon environmental
stress stimuli. For instance, while ABA mediates the stomatal closure, IAA regulates its
opening [150]. Hence, quantification of both ABA and IAA would be a relevant tool to detect
their cross-talk in the presence of environmental stressors. Drought and salinity stress caused
reductions in IAA levels in various plant species such as tomato, rice and soybean [239,240].
Conformably, the present results we obtained in Brachypodium distachyon showed a similar
pattern. Drought stress significantly reduced the IAA concentrations by 50 percent, and
salinity stress led to a marginally significant decrease in IAA concentrations. The decline
was also observed in IAA levels promptly right after wounding as a part of the local
response. ET and JA are known to be induced under wounding stress conditions. Therefore,
the decrease in the IAA levels might be explained through the cross-talk of the hormones.
ET and JA hormones may antagonistically affect IAA and suppress its synthesis [241]. In
the unwounded tissues, IAA concentrations were reduced at all time points as well. Even
though, the lowest concentration was at 0 h, significant changes were observed at 6 and 24
h after wounding as a part of the systemic responses. Both local and systemic responses
showed similar trends upon wounding. However, the local IAA responses were quicker and
more intense than the systemic ones. That might be due to time passed during the
transduction and perception of signals from local parts to systemic parts for the generation

of responses [50].

ABA controls many changes in the physiology of the plant and induces stress-responsive
genes under stress conditions [158]. ABA concentrations were significantly increased at 0™
h and marginally increased at 6 and 24 h after wounding in the wounded tissues. The ABA
levels were lower at 24™ h than it was at 0 and 6 h after wounding, which might be due to
the induced changes for the stress adaptation in the physiology and gene expression levels
of stressed plants. Since stress responses were generated as time passes, ABA concentrations
were declined to normal levels. ABA concentrations were also marginally increased under
salinity stress conditions. ABA plays a critical role in the integration of stress responses
under abiotic stress conditions such as drought and salinity that prevent plants from taking
up enough water and cause water-deficiency. ABA concentrations increase under abiotic
stress, and high ABA concentrations regulate the water status of the plant through the closure
of stomata, reduced growth, and induction of stress-responsive genes which code for vital

proteins and enzymes for stress tolerance [116].
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Although SA levels are known to rise due to environmental stressors, no significant increase
was observed in SA levels under any stress. SA is a critical signaling molecule that works in
the generation of response abiotic and to biotic stressors, especially herbivores and
pathogens. SA is a significant player in wound and pathogen stress-related signaling
pathways [138]. However, the present results showed that none of the stress parameters
caused a significant upsurge in SA concentrations. Only a marginally significant increase
was observed in unwounded tissues of wounded plants at 6 and 24" h. In this study, we
measured SA concentrations lower than expected, even though spiking method was used to
minimize matrix effect, we suspect that the SA in the sample interacted with other molecules
and negatively affected the accuracy of SA measurements. Thus, the measured
concentrations were not significantly different from each other, even though a significant
increase was expected under abiotic stress conditions, especially wounding. Phytohormones
are found in minute amounts in plant tissues, and even the very low concentrations are
sufficient for the generation of stress responses. However, the substances that interfere with
phytohormone analysis were found in much more higher concentrations in plants, and that
makes the analysis challenging. To be able to detect trace amounts of plant hormones with
a broad range of features in highly complex matrices, very sensitive and selected detectors

were required together with highly efficient extraction techniques.
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. CONCLUSION AND FUTURE PROSPECTS

o Salinity stress significantly up-regulated the expression levels of all selected genes
(ERF1, EXPA2, GF14d, LOX3, P5CS1, PP2CA6, SUT2 and WRKY36).

e Drought stress up-regulated the expression levels of all selected genes except for
ERFI and SUT2.

o All the selected genes were significantly up-regulated under mechanical wounding
stress at 24™ h, except SUT2.

e P5CSI gene was significantly up-regulated under salinity, drought and mechanical
wounding.

e The genes that were up-regulated under salinity, drought and mechanical wounding
have a high potential to be used in plant improvement studies for their multiple-stress
responsiveness.

e The mechanical wounding stress increased gene expression levels as time passes.
The highest fold-changes in gene expression levels were observed 24 h after
wounding stress events in both local and systemic tissues when compared to 0" and
6 h.

e LOX3 gene was highly responsive to mechanical wounding stress at all time points
in both local and systemic tissues, except for 0™ h in local tissues.

e Phytohormone levels were affected by the stressors. IAA levels were significantly
decreased under drought and wounding stress. IAA concentrations were significantly
lower in the wounded tissues at Oth h. However, they were increased at 6th h and
24th h after wounding.

e ABA concentrations were significantly increased right after wounding and stayed at
high levels at the 6" h. However, they declined to normal levels, 24 h after wounding.
Those changes suggest that ABA and IAA rapidly responded to wounding stress,
induced signaling pathways, and expression of genes for stress tolerance. Once it is
achieved, they returned to normal levels.

e In the unwounded tissues, IAA levels were significantly increased 6 and 24 h after
wounding, which showed that local phytohormone responses were much faster and

intense than the systemic ones. However, wounding stress still induced the hormone
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signaling pathways. Through the perception of signals, systemic responses were
constituted as well after a time in wound adjacent tissues.

Salinity, drought and, time-dependent mechanical wounding stress (both local and
systemic) on gene expression levels were investigated in Brachypodium distachyon
plants for the first time.

This is the first study that quantifies phytohormones and monitors their concentration
changes under abiotic stress conditions in monocot model species Brachypodium
distachyon.

The research outputs of this study can be used as a basis for crop improvement studies
for abiotic stress tolerance through understanding the changes in expression levels,
and direct or indirect involvement of phytohormones to stress defence and
adaptations.

Characterization and overexpression studies of determined genes can pave the way

towards generating multiple stress-tolerant crops.
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APPENDIX A: HPLC CHROMATOGRAMS OF PHYTOHORMONE
EXTRACTS

uV(x10,000

Figure A.1. HPLC chromatogram of phytohormone extracts from salt-stressed (black) and
salt stress control (pink) samples at retention time 0-20 min. Retention times for [AA, SA

and ABA were 12.4, 12.8 and 13.7 min., respectively.

uV(x10,003

Figure A.2. HPLC chromatogram of phytohormone extracts from salt-stressed (black) and
salt stress control (pink) samples at retention time 11-14 min. Retention times for [AA, SA

and ABA were 12.4, 12.8 and 13.7 min., respectively.
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Figure A.3. HPLC chromatogram of phytohormone extracts from drought-stressed (black)
and drought stress control (pink) samples at retention time 0-20 min. Retention times for

IAA, SA and ABA were 12.4, 12.8 and 13.7 min., respectively.
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Figure A.4. HPLC chromatogram of phytohormone extracts from drought-stressed (black)
and drought stress control (pink) samples at retention time 11-14 min. Retention times for

IAA, SA and ABA were 12.4, 12.8 and 13.7 min., respectively.
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Figure A.5. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 0™ hour (black) and wounding control (pink) samples at retention time
0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.
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Figure A.6. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 0™ hour (black) and wounding control (pink) samples at retention time
11-14 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.
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Figure A.7. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 6™ hour (black) and wounding control (pink) samples at retention time
0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.
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Figure A.8. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 6™ hour (black) and wounding control (pink) samples at retention time

11-14 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.
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Figure A.9. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 24™ hour (black) and wounding control (pink) samples at retention time
0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.
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Figure A.10. HPLC chromatogram of phytohormone extracts from mechanically wounded
leaves collected at 24™ hour (black) and wounding control (pink) samples at retention time

11-14 min. Retention times for IAA, SA and ABA were 12.4, 12.8 and 13.7 min.,

respectively.




124

uV(x10,000

Figure A.11. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 0™ hour (black) and wounding control (pink)
samples at retention time 0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8

and 13.7 min., respectively.
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Figure A.12. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 0™ hour (black) and wounding control (pink)
samples at retention time 11-14 min. Retention times for IAA, SA and ABA were 12.4,

12.8 and 13.7 min., respectively.
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Figure A.13. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 6™ hour (black) and wounding control (pink)
samples at retention time 0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8

and 13.7 min., respectively.
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Figure A.14. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 6™ hour (black) and wounding control (pink)
samples at retention time 11-14 min. Retention times for IAA, SA and ABA were 12.4,

12.8 and 13.7 min., respectively.
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Figure A.15. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 24™ hour (black) and wounding control (pink)
sample at retention time 0-20 min. Retention times for IAA, SA and ABA were 12.4, 12.8

and 13.7 min., respectively.
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Figure A.16. HPLC chromatogram of phytohormone extracts from unwounded leaves
adjacent to wounded leaves collected at 24™ hour (black) and wounding control (pink)
samples at retention time 11-14 min. Retention times for IAA, SA and ABA were 12.4,

12.8 and 13.7 min., respectively.




