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ABSTRACT

DIVERSITY OF microRNAs AND GENES TOWARDS DEVELOPMENT OF
DROUGHT-TOLERANT WHEAT

Melda Kantar
Biological Sciences and Bioengineering Department
PhD Thesis, 2015

Prof. Dr. Hikmet Budak (Thesis Supervisor)

Keywords : microRNA, Triticeae, drought, wheat improvement

World is threatened by global warming resulting in elevated incidence of drought, the
primary cause of vield loss in wheat. Domestication of wheat species, followed by vears
of breeding for maximum yield, has eradicated genetic diversity in the long run and
leading to the loss of valuable alleles for drought stress tolerance in today’s elite
cultivars. Cellular responses to stress conditions usually involve intermingled, complex
networks of gene interactions. Therefore, understanding the molecular basis of stress
responses in wheat and related species is highly challenging but also, crucial. In the first
project, we introgressed drought-related genomic regions to elite germplasm, providing
potentially high drought tolerant bread wheat. Although the capacity of plants to tolerate
drought is largely coded in their genomes, it is of equal importance to understand the
efficient activation of drought response mechanisms by elaborating requlation of a
complex network of gene interactions. Integral to these stress responses are,
undoubtedly, microRNAs, which act as post-transcriptional regulators of gene
expression. In the second project, we identified and investigated microRNAs and their
target genes in wheat and related species and further characterized their responses to
drought. Comparative analyses of microRNA repertoires and microRNA target
functions across several wheat species indicate conserved or unigue patterns of drought
tolerance mechanisms. microRNA repertoires reported here will be convenient for
further studies expanding our understanding of gene requlation across wheat and related
species and the role of microRNAs in drought tolerance.



OZET

KURAKLIGA DIRENCLI BUGDAY GELISTIRILMESINE YONELIK GENLERIN
VE mikroRNA’LARIN CESITLILIGI

Melda Kantar

Biyolojik Bilimler ve Biyomiihendislik Bolimii
Doktora Tezi, 2014

Prof. Dr. Hikmet Budak (Tez Danigsmani)

Anahtar kelimeler: mikroRNA, Triticeae, kuraklik, bugday gelistirilmesi

Diinya genelinde bugday verim kaybmin en 6nemli nedeni olan kuraklik, son villarda
kiresel 1sinma ile biiylik oranda artmustir. Bugday tirlerinin ehlilestirilmesini takiben
yiksek verime vonelik islah calismalari, uzun vadede gen cesitliligini Onemli 6lcude
daraltmis, guinimuizde kullanilmakta olan elit bugday cesitlerinde, kuraklik direnci
acisindan 6nemli alellerin kaybina neden olmustur. Bitkilerde, stres kosullarina hiicresel
yanitlar cogunlukla karmasik gen etkilesim aglari ile saglanr. Bu nedenle bugday ve
ilgili tiirlerde stres molekiiler mekanizmalarinm aydinlatilmas: olduk¢a zor, ancak bir o
kadar da onemlidir. Bu projede ilk olarak, kurakliga iliskin 6nemli genomik bolgeleri
elit tiirlere aktararak, potansiyel olarak kurakliga direncli ekmeklik bugday gelistirdik.
Kuraklhiga diren¢ kapasitesi, biiylik Ol¢lide bitkinin genomu tarafindan belirlense de,
karmasik gen etkilesim aglarinin regiilasyonu incelemek, kuraklik mekanizmalarinin
etkili bir sekilde aktivasyonunu anlamak a¢isindan genom bazinda yapilan ¢alismalar
kadar O6nemlidir. Bu baglamda, gen ekspresyonunun post-transkripsiyonel olarak
regiillasyonunda gorev alan mikroRNA adli molekiillerin incelenmesi biiyilkk Onem
tagimaktadir. Projenin ikinci kisminda, bugday ve ilgili tiirlerde bulunan mikroRNAlar1
ve bu molekiillerin hedef genlerini saptadik ve kurakliga iliskin olarak karakterize ettik.
mikroRNA repertuarlarinin ve fonksiyonlarmin karsilastirmali analizi, korunmus veya
tiire 0zgl kuraklik diren¢ mekanizmalarina isaret etmektedir. Bu calismada saptanan
mikroRNAlar, bugday ve ilgili tiirlerde gen regiilasyonunun ve mikroRNAlarin kuraklik
direncindeki roliiniin aydinlatimas: kapsaminda ileri c¢aligmalar agisindan Onem
tagimaktadir.
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1.INTRODUCTION

With increasing demands on land and water, simply relying on existing resources
is not possible and we need to produce more from the available resources. This is not
the first time world has faced such a challenge. Approximately half a century ago,
population growth threatened to overtake food production and at that point, it was
discovered that semi-dwarf mutants of wheat produced much more grain than their
taller relatives. A series of research, development and technology transfer initiatives so-
called Green Revolution has led to steady annual increases in grain production, in which
selective breeding for yield and other important traits played an important role (Kantar,
Lucas, and Budak 2011).

However, this growth may no longer be adequate to meet future demand (Tester
and Langridge 2010). World is threatened by global warming resulting in increased
incidence of environmental stresses, making stabilizing yields as much of a challenge as
increasing them. Climate change has detrimental consequences particularly for crops
which hold great economic value (Habash, Kehel, and Nachit 2009). Drought, arguably
the most significant single abiotic stress factor is currently increasing worlwide,

effecting progressively more arable land and impacting agricultural production.

Wheat and its related species are of great importance, constituting the primary

sources of food and feed consumption. However, domestication of wheat species,

1



followed by years of cultivation, genetics and breeding practices has considerably
narrowed gene pools of today’s elite cultivars. These practices introduce an artificial
selection pressure for yield, ultimately eradicating genetic diversity, resulting in the
loss of valuable alleles for drought stress tolerance. Ironically, the semi-dwarfism trait
that drastically improved grain yields 50 years ago makes wheat more vulnerable to
drought in many cases. Therefore, it is crucial to take initiatives for the next Green

Revolution to develop wheat yielding high even under water-limited environments.

For improvement of drought tolerant wheat varieties, understanding the molecular
basis of stress responses in modern crops and their drought tolerant wild progenitors;
and effective transfer of this molecular information to breeding are crucial. However,
this is also highly challenging since cellular responses to stress usually involve
intermingled networks of molecular interactions. Although the capacity of plants to
tolerate drought is coded from their genomes, it is of equal importance to understand the
efficient activation of drought response mechanisms by elaborating the complex system
of gene regulation. Integral to this stress regulation are, undoubtedly, microRNAs

(miRNAs) which act as post-transcriptional regulators of gene expression.

Here, we identified and investigated miIRNAs and their target genes in different
Triticaea species and further characterised their responses to drought. Comparative
miRN A repertoires reported here hold valuable information regarding to conserved or
unique patterns of molecular response to stress. This information will be convenient for
further studies expanding our understanding of gene regulation across Triticaea and the
role of miRNAs in drought tolerance. Besides, also in this project, in an effort to
improve drought tolerance in modern wheat with high yield characteristics, we
introgressed a recently identified drought related genomic region from South
Austrialian cultivars to European elite germplasm. This new wheat genotype potentially
high yielding under water-limited environments is available for further physiological

and environment targeted field testing.



2.0VERVIEW

2.1. Triticeae

The tribe Triticeae of the subfamily Pooideae in the monocototyledonous grass
family (Poaceae), includes nearly 400 perennial and 100 annual taxa. Triticeae has
played an extremely valuable role in human civilization and it includes species that are
indispensable for human welfare. It encompasses forage and lawn grasses as well as
several agriculturally important domesticated major crops from the genera Hordeum
(barley), Triticum (wheat) and Secale (rye), which are traditionally cultivated in the
temperate zone. These species have been used as staple food and beverages in various
ways throughout the history of mankind. Triticeae species have a complex evolutionary
history being subjected to domestication. A phylogenetic tree of Triticeae species with
divergence time estimates is shown in Figure 1 (Middleton et al. 2014). Triticeae tribe
has a basic chromosome number of seven and comprises diploids (2n=2x=14), as well
as species with varying degrees of polyploidy up to duodecaploids (2n=12x=84).
Allopolyploidization, a cytogenetic process during hybridization resulting in the
presence of complete chromosome sets of both parents in the progeny, has been and still
is the major driving force on this tribe’s evolution. Hence, this natural process has been
utilized to artificially create species through intergeneric or interspecific hybridization,
increasing the genetic variability within the tribe. For instance, Triticale (Triticosecale),
a currently commercial crop was synthesized by artificial hybridization to develop a
crop with high grain quality and quantity of wheat, and superior stress tolerance of rye.
Elucidation of molecular mechanisms underlying differential yield and stress

characteristics of Triticeae genera, species, subspecies and cultivars and their



integration into breeding programmes is crucial for further improvement of their
agronomic performance and ameliorate the effects of climate change (Middleton et al.
2014; Wang and Lu 2014; Wang et al. 2010).
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Figure 1 Phylogenetic tree of Triticeae species with divergence time estimates.
Divergence times are shown as numbers at anchors in million years.
Gray boxes represent standard deviations of divergence times.
Analysis was performed using chloroplast sequences and tree was drawn according to
the divergence of Oryza sativa and Brachypodium distachyon as anchor points.
(O.sativa: Oryza sativa, B. distachyon: Brachypodium distachyon, A.geniculata:
Aegilops geniculata, A. cylindrica: Aegilops cylindrica, A. speltoides: Aegilops
speltoides, A. tauschii: Aegilops tauschii, T. aestivum: Triticum aestivum, T.
monococcum: Triticum monococcum, T. boeticum: Triticum boeticum, T. urartu:
Triticum urartu, H. spontaneum: Hordeum spontaneum, H. vulgare: Hordeum vulgare,

S. cereale: Secela cereale)
(Middletonetal. 2014)




2.1.1. Barley as a Major Crop

Cultivated barley (Hordeum vulgare L; 2n=2x=14), domesticated from its wild
progenitor Hordeum vulgare ssp. spontaneum 10,000 years ago in the Near East Fertile
Crescent, is among the founder crops of agriculture (Badr et al. 2000). It is currently the
fourth most abundant cereal grain globally both in terms of agricultural area
(approximately 5 million hectar) and annual production (approximtely 145 million
metric tons) based on Food and Agriculture Organization of United Nations (FAO)

statistics of 2013 (http:/faostat.fac.org). Geographic distribution of average barley

production between years 1993-2013 is shown in Figure 2 a. This crop is majorly used
as an animal feed (75%) and also malted for beverage production (20%). It is also
recently becoming popular as human food owing to the high content of soluble diatary
fibre in its grain, which reduces the risk of multiple serious human diseases. In addition
to its agricultural importance, due to its diploid, relatively low complexity genome and
self-pollinating nature, it has been traditionally considered as a Triticeae model species
for genetics and breeding. Hence, currently, an extensive amount of barley genetic
resources and tools are available including molecular markers, genetic maps, large
collection of expressed sequences, bacterial artificial chromosome (BAC) clone
constructs, mutant collections, large scale of double haploids and barley transformation
techniques. Recently, a physical map representing 95% of the barley genome (haploid
barley genome: 5.1 gigabasepairs) was also developed. Barley genome was estimated
to contain approximately 30,400 genes. Through homology to annotated genomes of
Pooaceae model species 26,159 genes were determined with high confidence, of which
24,154 were positioned on the physical/genetic scaffold (Mayer et al. 2011, 2012). Full
annotation of barley genome is expected to be available in the near future

(http://webblast.ipk-gatersleben.de/barley/index.php). As its sequence databases are

enriched, large collections of germplasm containing barley elite varieties and wild
accessions are also available. These are undoubtedly rich resources for crop
improvement since barley is more stress tolerant than its close relative wheat, being
widely adapted to diverse environmental conditions (Kantar, Unver, and Budak 2010;
Mayer et al. 2012; Mrizova et al. 2014)
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Figure 2 Geographic distribution of average production of (a) barley (b) wheat between
years 1993-2013. (http://faostat.fao.org)

2.1.2. Wheat as a Major Crop

Wheat is currently the most extensively grown crop in the world covering 30% of
the agricultural area (approximately 218 million hector) used for cereal cultivation.
With a global annual production of over 713 million tones, wheat is the third most
abundantly produced crop, following maize and rice (based on FAO statistics of 2013 ;

http://faostat.fao.org). Geographic distribution of average wheat production between

years 1993-2013 is shown in Figure 2 b. Wheat is a fundamental source for protein,
vitamins and minerals for human food consumption, providing almost 20% of the
human dietary energy supply in calories (http://www.fao.org, 2011). Wheat cultivation

and domestication has been directly associated with the spread of agriculture. Cultivated
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wheat refers mainly to two types: hexaploid bread wheat (Triticum aestivum L.;
AABBDD, 2n=6x=42) accounting for about 95% of world wheat production, and the
tetraploid durum wheat (T. turgidum ssp. durum; AABB, 2n=4x=28) accounting for the
remaining 5%. Domesticated tetraploid durum is one of the oldest cultivated cereal
species in the world and its domestication from wild emmer wheat (T. turgidum ssp.
dicoccoides; AABB, 2n=4x=28) in the Near East Fertile Crescent, dates to
approximately 10,000 year ago. Allohexaploid bread wheat is originated from a
hybridization between cultivated allotetraploid emmer wheat and diploid goat grass
(DD, Aegilops tauschii) approximately 8,000 years ago in the Near East Fertile
Crescent. The three diploid genome progenitors: Triticum urartu (AA), Aegilops
tauschii (DD) an unknown BB progenitor (possibly Sitopsis section species similar to
Aegilops speltoides) radiated from a common Triticeae ancestor 2.5-4.5 million years
ago and AABB tetraploids arose less than 0.5 million years ago (Brenchley et al. 2012;
Feldman 2001; Kurtoglu, Kantar, and Budak 2014).

Large (~17 gigabasepairs), highly repetitive (80%) wheat genome with three
homeologous, but divergent subgenomes has for long been considered refractory to
sequencing. Despite its complexity, recently a great progress has been achieved in
elucidating the genomic background of wheat with the development of next generation
sequencing technologies. Hence, wheat genome was estimated to harbour 94,000-
96,000 genes, of which two-thirds were assigned to subgenomes through comparisons
to diploid ancestral genomes (Brenchley et al. 2012). Besides, the recent advent of
chromosome flow sorting technique rendered the study of individual chromosomes,
resolving the problem of identifying which sub-genome a particular feature belongs to.
Draft survey sequencing of bread wheat chromosomes is currently available (Berkman
etal. 2011; Hernandezet al. 2012; Lucas and Budak 2012; Tanaka et al. 2014; Vitulo et
al. 2011). Projects are now underway to develop chromosome based physical maps, so
far reported for 1AL, 1AS, 1BS, 1BL, 3B and 6A (Breen et al. 2013; Lucas et al. 2013;
Paux et al. 2008; Philippe et al. 2013; Poursarebani et al. 2014; Raats et al. 2013). These
physical maps will serve as substrates to the end of completing the reference sequences
of all bread wheat chromosomes (International Wheat Genome Sequencing Consortium,
www.wheatgenome.org) as produced recently for 3B (Choulet et al. 2014). Increasing

knowledge on wheat genome structure has accelerated discovery of genes underlying

important agronomic traits to the end of improving this major crop.
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2.2. Drought as a Major Abiotic Stress Factor

To meet the demands of the ever-growing population, world food production
needs to be doubled by the year 2050 (Qin, Shinozaki, and Yamaguchi-Shinozaki 2011;
Tilman et al. 2002). Abiotic stresses, as the primary causes of agricultural loss
worldwide, are estimated to result in an average yield loss of more than 50% for most
crops (Akpinar, Lucas, and Budak 2013; Boyer 1982; Bray, Bailey-Serres, and
Weretilnyk 2000; Qin et al. 2011). Global environmental warming, with the prospect of
increasing environmental stresses threatens the world’s food supply, making stabilizing
yields as much of a challenge as increasing them (Kantar, Stuart J Lucas, et al. 2011;
Nevo and Chen 2010). Drought in crop production results from a shortage of water in
the root zone (Nevo and Chen 2010; Salekdeh et al. 2009). Constant and sproadic
periods of drought is currently the most prominent and widespread abiotic stress,
accounting for a significant portion of the yield loss resulting from abiotic factors and
effecting more than 10% of arable land (Akpinar et al. 2013; Bray et al. 2000; Kantar,
Stuart J Lucas, etal. 2011). Geographic distribution of water withdrawal for agricultural

use between years 1990-2010 (http://faostat.fao.org) is shown in Figure 3.
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Figure 3 Geographic.d istribution of f)ercentage of water withdrawal for agricultural use
between years 1990-2010. (http://faostat.fao.org)
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2.2.1. Drought Tolerance

Drought tolerance is the ability of a plant to access soil water and use it efficiently
to live, grow and reproduce satisfactorily under conditions of limited water supply or
under periodic conditions of water deficit (Fleury et al. 2010; Kantar, Stuart J Lucas, et
al. 2011; Munns et al. 2010; Richards et al. 2010; Turner 1979). Tolerance strategies
include resistance mechanisms, which enable plants to survive osmotic stress, and
avoidance mechanisms, which prevent plants’ exposure to dehydration through growth
habits like deeper rooting for better access soil water, or shortened growth span through
faster development and maturation (Fleury et al. 2010; Kantar, Stuart J Lucas, et al.
2011; Nevo and Chen 2010). Most plants have developed strategies to cope with
drought stress having evolved in habitats with limited water availibility (Kantar, Stuart J
Lucas, et al. 2011). However, modern crop species, have drastically lost their tolerance
to environmental stresses, including drought through the process of domestication,
followed by centuries of cultivation (refer to Section 2.2.3) (Dubcovsky and Dvorak
2007; Kantar, Stuart J Lucas, et al. 2011; Nevo and Chen 2010; Nevo 2004; Reynolds
and Condon 2007; Tang, Sezen, and Paterson 2010).

2.2.2. Molecular Biology of Drought

The capacity of plants to tolerate drought depends largely on the drought
adaptation mechanisms within their genomes, and how efficiently these mechanisms are
activated when plants are exposed to stress. Few agronomic traits are controlled by
single genes or isolated biological pathways. Likewise, genetic control of plant response
to drought is a complex trait controlled by an intermingled network of gene interactions
regulated at multiple levels and highly effected by environmental factors. Elucidation
the complete molecular basis of drought response and tolerance is highly challenging,

yet crucial.

Drought has a multitude of detrimental effects on plant cellular function. Drought

responses of plants include attenuated growth and suppression of core metabolism.



Exposure to drought is followed by a decrease in osmotic potential and cellular
dehydration, causing reduced cytosolic and vacuolar volumes. With the suppression of
core metabolism, reactive oxygen species (ROS) (e.g. singlet oxygen and hydrogen
peroxide) are highly accumulated majorly from chloroplasts and to some extend from
mitochondria, causing oxidative stress, resulting in cellular and protein damage (Ergen
et al. 2009; Kantar, Stuart J Lucas, et al. 2011)

Plant response to drought aims to minimize these harmful effects for continuation
of plant survival, growth and reproduction. This includes stimulation of multiple signal
transduction cascades consisting of a network of protein interactions mediated by
reversible phophorylation (e.g. mitogen activated protein Kkinases, sucrose
nonfermenting- like kinases, phosphotases) and release of secondary messengers (e.g.
phospholipid and calcium signalling) triggering cellular and physiological changes.
Following dehydration, compatible solutes, sugars, sugar alcohols, amino acids, or other
nontoxic molecules (e.g. proline, glycine betaine), are highly accumulated in the
cytoplasm and are believed to confer osmotic adjustment without interfering with the
metabolism (Barnabas, Jager, and Fehér 2008; Bartels and Sunkar 2005; Valliyodan and
Nguyen 2006). Likewise, levels of chemical (e.g. ascorbate, carotenoids) and enzymatic
(e.0. superoxidase dismutase, catalase) antioxidants, which cope with oxidative damage
by scaveging ROS, are also drought induced (Shinozaki and Yamaguchi-Shinozaki
2007). To ameloriate the effects of oxidative damage, late embryogenesis abundant
proteins (LEAs) (e.g. dehydrin) and molecular chaperones like heat shock proteins
(HSPs) also accumulate during osmotic stress aiding in functional protection of
essential proteins (Mahajan and Tuteja 2005; Wang, Vinocur, and Altman 2003).
Drought response is a complex process, in which several other cellular mechanisms
have been implicated including signalling through molecules like salicyclic acid, or

nitric oxide; as well as regulation of transport through aquaporins and ion channels.

Activation of various cellular mechanisms for triggering drought response
demands the synthesis of new proteins and degradation of existing ones that are not or
less essential in this environment (Barnabas et al. 2008; Bartels and Sunkar 2005;
Mahajan and Tuteja 2005). These alterations in expression profiles is regulated
elaborately in multiple levels: transcriptional, post-transcriptional, post-translational.

Transcriptional regulation of drought-induced gene products is achieved through
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activation of several transcription factors and trancriptional regulators; and abscisic acid
(ABA)-dependent and -independent pathways are two well-established transcriptional
regulatory circuits induced by drought. Plant genes involved in drought response are
also known to be regulated at the post-transcriptional level by the action of miRNAs
(refer to Section 2.2.4). Similarly, a number of post-translational modifications (e.g.
ubiquitination, small ubiquitin-like modifier-ylation, isoprenylation) with different
cellular roles have also been shown to contribute to regulation in response to drought
(Ergenetal. 2009; Kantar, Stuart J Lucas, etal. 2011).

2.2.3. Wild Progenitors of Domesticated Crops

As the availability of water for agriculture is becoming limited, as explained in
Section 2.2, there is growing emphasis on the need to identify and dissect novel
drought-response mechanisms to utilize in the genetic improvement of cultivated crops
for stress tolerance. Domestication of crops, followed by centuries of cultivation has
considerably narrowed the gene pools of today’s elite cultivars, drastically reducing
their stress tolerance. Common agricultural practices favor breeding under tightly
controlled conditions, which introduces an artificial selection pressure for production
yield, which eradicates the crop germplasm diversity in the long run, and leads to the
loss of valuable alleles for stress tolerance. For development of high yielding cultivars
under stress conditions, investigation of naturally occuring relatives of modern crops
hold great potential as these drought- resistant ancestors are valuable sources harbouring
advantegous stress adaptation and tolerance pathways. As progenitors of cultivated
wheat and barley: T. dicoccoides and H. spontaneum have recently gained
prominenence as genetic resources for novel drought mechanisms (Akpinar et al. 2013;
Ergenetal. 2009; Kantar, Lucas, and Budak 2011; Nevo and Chen 2010).

11



2.2.3.1. Wild Emmer Wheat

T. dicoccoides is the tetraploid progenitor of both bread wheat and domesticated
tetraploid durum wheat, as noted in Section 2.2.1. It is thought to have originated in
north-eastern Israel and the Golan and diversified into the Near East Fertile Crescent,
through adaptation to a spectrum of ecological conditions. As revealed by the analysis
of allozyme and DN A marker variations, wild emmer wheat populations exhibit a high
level of genetic diversity, showing significant correlation with environmental factors.
Hence T: dicoccoides gene pool harbours a rich allelic repertoire of agronomically
important traits (Dong et al. 2009; Fahima et al. 1999, 2002; Nevo and Beiles 1989;
Newvo et al. 1982; Wang et al. 2008) including drought (Peleg et al. 2005, 2008). Some
of its accessions are even fully fertile under extreme arid environments (Nevo et al.
1984) and compared to durum wheat, several thrive better under water limitation (Ergen
and Budak 2009; Peleg et al. 2005). Two highly promising drought tolerant varieties
originating from southeastern Turkey where the climate is characterized by long
drought periods are TR39477 and TR38828 evident by morphological observations and
physiological measurements in response to slow dehydration stress (Ergen and Budak
2009). Although T. dicoccoides genome sequence is currently unavailable, information
regarding transcript, protein and/or metabolite profiles of Turkish (drought tolerant
TR39477; drought sensitive TTD-22) and Isralean (drought tolerant: Y12-3 and drought
sensitive: A24-39) varieties is swiftly accumulating, revealing pathways unique to
dehydration tolerant wild emmer wheat (Budak, Akpinar, et al. 2013; Ergen and Budak
2009; Ergen et al. 2009; Krugman et al. 2010, 2011). Some of the drought related gene
candidates discovered in these studies (integral transmembrane protein inducible by
tumor necrosis factor-a; dehydration responsive element binding factor 1, autophagy
related protein 8) were even further functionally characterized in relation to their roles
in dehydration (Kuzuoglu-Ozturk et al. 2012; Lucas, Dogan, and Budak 2011; Lucas,
Durmaz, et al. 2011). With its high drought tolerance and compatibility in crossing with
durum and bread wheat (Feldman and Sears 1981), wild emmer wheat is an important
resorvoir of novel drought-related mechanisms and highly suitable as a donor for
improving drought tolerance (Budak, Kantar, and Kurtoglu 2013; Nevo and Chen 2010;
Peng, Sun, and Nevo 2011, 2011; Xie and Nevo 2008).
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2.2.4. microRNAs

Not all transcribed genes are translated into proteins and the majority of the
eukaryotic transcriptome consists of non coding RNAs (ncRNAs), which have diverse,
significant cellular functions. These ncRNAs are classified into several subcategories,
one of which is small RNAs (SRNAs), molecules that exert RNA-mediated silencing of
genes (Yi et al. 2014). A well-defined class of SRNAs is miRNAs: endogenous 18-25
nucleotide-long molecules generated from double stranded RNA regions of hairpin-
shaped precursors and function as post-transcriptional regulators of gene expression
(Zhang and Wang 2015). The first miRN A to be identified was Caenorhabditis elegans
Lin-4 (Lee, Feinbaum, and Ambros 1993) and in the decade following its discovery,
miRN As were shown to be ubiquitous to other invertebrates and vertebrates. In 2002,
these small molecules were also found to be present in a variety of plant species (Llave,
Kasschau, et al. 2002; Llave, Xie, et al. 2002; Mallory et al. 2002; Marker et al. 2002;
Park et al. 2002; Reinhart et al. 2002).

Since then, miRNAs has been attracting huge attention and miRNA-related
research has currently become one of hottest research topics of molecular biology.
MIRNAs have been shown to be involved in a variety of physiological processes in
relation to plant growth, development and response to stress (Zhang and Wang 2015).
With the increasing evidence on their important cellular roles, major efforts have been
put into developing advanced methods for their identification. Hence with the advance
of new technologies and bioinformatics tools, the number of mMIRNA related
publications have boosted in the last decade (refer to Section 2.2.4.2). The known
MIRN A repertoires of plants is continuously growing, enriching miRNA repositories
like miRBase (http://www.mirbase.org) (Griffiths-Jones 2004; Griffiths-Jones et al.
2008; Kozomara and Griffiths-Jones 2014). The current version of miRBase (version

21, June 2014) contains 6,995 preliminary miRNA (pre-miRNAs) and 8,508 mature

miRN A sequences from 74 plant species (refer to Section 2.2.4.1).
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2.2.4.1. microRNA Biogenesis and Mechanism of Silencing

MIRN A biogenesis is a highly complex mechanism, however it has been the most
intensively investigated area in the miRNA field through the last decade and its general
machinary is extensively dissected. A simplified model of miRNA biogenesis and
function in plants is given in Figure 4 (Zhang, Pan, Cobb, et al. 2006). Plant miRN As
are encoded as independent transcription units by their own genes (MIRs) at diverse
intergenic and much less frequently genic locations. miRN A biogenesis starts with the
transcription of a long single stranded primary transcript with the action of RNA
polymerase Il, which is recruited to MIR promoters by the general transcriptional
coactivator, Mediator. The generated transcript is referred as the primary miRNA (pri-
mMIRN A), stabilized by the addition of a 5> 7-methylguanosine (m7Gppp) cap and 3’
polyadenylate (poly(A)) tail to avoid potential degradation and folded into an imperfect
double stranded RNA (dsRNA) hairpin through base pairings. Pri-miRNAs are than
sequentially processed into short mature miRNA sequences in multiple steps. First,
stem-loop hairpin structures that form within pri-miRNA are cleaved near the base of
their stem generating smaller fold-back stem loop intermediates termed pre-miRNA.
Pre-miRNAs are further cleaved to produce duplexes, which include both miRNA guide
strand and miIRNA passenger strand (miRNA*) with 2 nucleotide 3° overhangs. These
processes are controlled through the action of Dicer-like nucleases (members of
Ribonuclease (RNase) Il endonucleases); in fact majorly DICER-LIKE 1 (DCL1).
Several other proteins are also involved in the regulation of miRNA processing. These
include RNA binding proteins that interact with DCLL1 in the microprocessor complex
(TOUGH (TGH), SERRATE (SE) and HYPONASTIC LEAVES 1 (HYLL1)) possibly
required for DCL1 recruitment and/or function. Phosphorylation is an important
regulatory  mechanism during processing and C-TERMINAL DOMAIN
PHOSPHATASE-LIKEL (CPL1) is known to maintain the phosphorylated state of
HYL1. Several of the above mentioned miRNA biogenesis proteins (DCL1, TGH, SE,
HYL1 and CPL1) were recently found to colocalize in nucleolus-associated bodies
along with miRNA precursors, highlighting these subnuclear loci as dicing centers
(Budak, Khan, and Kantar 2014 ; Kumar 2014; Rogers and Chen 2012, 2013; Zhang and
Wang 2015).
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After dicing is completed in the nucleus, generated miIRNA/mMIRNA* duplex, is
transported into the cytoplasm by HASTY (HST). The 3’ nucleotides of miRN A and
MIRN A are 2’-O-methylated in the duplex by the methyltransferase HUA ENHANCER
1 (HEN1) and subsequently the duplex is separated by helicase. miRNA* is degraded
and mature miRNA enters the ribonucleoprotein complex known as the RNA-induced
silencing complex (RISC), directing it to the target complementary messenger RNA
(mRNA). After their loading to RISC, plant miRNAs can presumably exert gene
regulation through different mechanisms. Target mRNA cleavage’ is the most
commonly adopted mechanism by plant miRNAs, in which the RNaseH- like P-element
induced wimpy testis (PIWI) domain of ARGANOUTE (AGO) proteins form an
RNaseH- like fold with a slicer endonuclease activity and cleaves RNA targets that are
complementary to the loaded guide strand. Two other mechanisms of miRNA exerted
gene regulation, well-established in animals are (1) translational inhibition, in which
regulation is achieved by hampering ribosome movements along the mRNA and (2)
mRNA decay, in which deadenylation of 3” poly(A) tail or decapping of 5’ end of the
MRNA results in its destabilization and progressive degradation. Although to date there
is no biochemical proof for the presence of these alternative mechanisms in plants,
several lines of evidence support the existence of slicing independent miRNA exerted
regulation. Hence, some Arabidopsis mutants were found to be selectively impaired in
MIRNA-mediated gene repression at the protein, but not mRNA levels and this
repression was further shown to be insensitive to inhibition of AGO1 slicing (Budak et
al. 2014; Kumar 2014; Rogers and Chen 2012, 2013; Zhang and Wang 2015).
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Figure 4 Simplified model of microRNA biogenesis and function in plants.
(RISC: RNA-induced silencing complex, (A)n: polyadenylate tail)
(modified from Zhang, Pan, Cobb, et al. 2006)

2.2.4.2. Methods of microRNA ldentification

As evidence on the significant physiological roles of miRNAs in cellular
processes increases, the techniques for their identification are becoming progressively
more sophisticated. One of the conventional techniques for miRNA identification has
been forward genetic screening, which has the advantage of providing information in
relation to miRNA function. Yet, being cost and time ineffective, as well as incidental,

this method has enabled the discovery of only a limited number of miRNAs. In order to
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overcome some of the shortcomings of this approach, high-throughput transcriptomics
techniques: hybridization-based platforms (microarrays) and deep-sequencing of SRNA
libraries, were implemented for miRNA detection. These techniques hold an additional
advantage of wide-scale comparison of miRNA profiles in distinct tissues, at different
developmental stages and in plants grown under different conditions (Budak et al.
2014).

Bioinformatics tools, as essential components of high-throughput experimental
SRNA data interpretation aside, are also extensively utilized as principal and less
resource-intensive strategies for miRNA discovery in species where genome or
transcriptome sequence information is available. While, these methods are automated
and new bioinformatics tools are developed to process high-throughput data with high
specificity, sequence datasets of many plants, which may serve as comprehensive inputs
for miRNA prediction are swiftly accumulating. Hence, widespread application of next
generation sequencing (NGS) technologies has highly contributed to mIRNA
identification, boosting related computational and high-throughput experimental studies
(Budak et al. 2014).

Still, functional implications of especially computationally identified miRNAs
necessitate verification through other experimental procedures, such as quantitative real
time polymerase chain reaction (PCR) (qQRT-PCR), Northern blotting, RNA Gel blots,
or splinted-ligation based detection. Additionally, in order to place miRNAs on a
broader context, the knowledge on their respective target(s) is a key to understand the
functional relevance of miRNAs at the cellular level; thus, miIRNA data should always
be evaluated with the corresponding target data. miRNA targets can be identified either
through  computational approaches (web-based tools like psRNATarget,
plantgrn.noble.org/psRNATarget) (Dai, Zhuang, and Zhao 2011), and/or experimental
methods like RNA ligation-mediated rapid amplification of complementary DNA
(cDNA) ends (RLM-RACE) or its high-throughput application, ‘degradome

sequencing’(Thomson, Bracken, and Goodall 2011).

17



2.2.5. Identification of Drought-related Molecules in Triticeae

Prior to focusing on individual drought-related components for improvement of
wheat or its related species, identification of sets of probable dehydration stress-related
molecules or quantitative trait loci (QTLs) is necessary. One method for identifying
potential markers for stress tolerance is QTL mapping of yield related traits under
drought prone environments. Another means of identifying such markers is transcript,
protein, and/or metabolite profiling to monitor changes in response to dehydration, or
comparing differential repertoires of plants with varrying tolerance to drought. In the
long run, these markers can aid in screening cultivars for drought tolerance/sensitivity
and/or improvement of drought tolerance in wheat and its related species (Budak,
Kantar, et al. 2013).

2.2.5.1. Drought-related Quantitative Trait Locus Identification in Triticeae

Elaborating drought tolerance, effected by multiple loci necessitates the
identification of related QTLs. Although QTL cloning requires a large investment in
relation to resources, technology, and time, QTL discovery provides great advantages to
the end of dewveloping better yielding cultivars (refer to Section 2.2.6). Recent
progresses in functional and comparative genomics have boosted resources such as
BACs, sequence data, molecular markers and bioinformatic tools, rendering
construction of molecular maps, which are utilized in QTL mapping. Several
appropriate wheat and barley mapping populations including recombinant inbred lines
(RILs) and near isogenic lines (NILs) have been established, available to be used in
mapping and fine mapping of candidate regions of traits, prior to their positional
cloning (Budak, Kantar, et al. 2013).

Recently, through linkage analysis and association mapping, several QTLs related
to particular components of drought response were identified in mapping populations,
derived from crosses of T. aestivum, T. durum, H. vulgare and their wild progenitors, T.
dicoccoides and H.spontaneum (Budak, Kantar, et al. 2013; Fleury et al. 2010; Nevo
and Chen 2010). However, despite the substantial research efforts on QTL mapping and
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the recent acceleration in positional cloning with the increase in availablity of genetics
resources (Collins, Tardieu, and Tuberosa 2008), to date only a limited number of
studies have succeeded in positional cloning of barley and wheat QTLs and none in the
context of drought. The genomic regions associated with individual QTLs are still very
large and usually inappropriate for screening in breeding programmes (Fleury et al.
2010).

Yield being the highest priority trait to breeders, to date the majority of QTLs
were mapped through assessment of yield and yield components under water-limited
environments. However, this research is complicated due to yield and drought both
being complex traits controlled by multiple genes and showing environmental
interactions. QTLs identified from one environment may not be consistent with those
discovered in another, hence, large scale phenotyping trials in multiple fields, taking
into account the environmental differences hold great value (Fleury et al. 2010). In this
regard, recent studies performed on doubled haploid (DH) populations derived from
crosses between two southern Australian bread wheat cultivars: RAC875 and Kukri
hold great importance. These parentals lines have differential tolerance to water deficit
and have been extensively evaluated in relation to yield, yield component traits and
morpho-physiological mechanisms under different severities of drought (Izanloo et al.
2008). Hence, in a number of studies, RILs established from these parentals, were
investigated under a variety of environments including multiple field and year
combinations in distinct seasonal conditions. Multienvironmental analysis was
performed in both advantageous and adverse conditions, including nonirrigated fields.
Linkage maps were constructed revealing several genomic regions or gene blocks for
grain yield and quality; other yield components and morphophysiological traits
(Bennett, 1zanloo, Edwards, et al. 2012; Bennett, lzanloo, Reynolds, et al. 2012;
Bennett, Reynolds, et al. 2012; Bonneau et al. 2013). QTLs identified in these studies
are highly promising in eventually finding their way into practical wheat breeding

programmes in relation to drought.
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2.2.5.2. Drought-related microRNA Identification in Triticeae

With the application of next-generation deep sequencing and advanced
bioinformatics, as outlined in Section 2.2.4.2, miRNA-related studies have expanded to
non-model plants including Triticaea species (Budak et al. 2014; Zhang and Wang
2015). In the past years, the number of identified miRNAs in bread wheat (Budak et al.
2014) and barley (Hackenberg et al. 2013; Kruszka et al. 2014; Ozhuner et al. 2013)
has dramatically increased. Since miRNAs play a critical role in almost all biological
processes, most of these studies focussed on particular phases and aspects of plant
development (Houston et al. 2013; Tang et al. 2012) and/or plant response to a variety
of abiotic (Ozhuner et al. 2013; Xin et al. 2010) or biotic (Liu et al. 2014; Xin et al.
2010) stresses (Zhang and Wang 2015).

As partial miRNA repertoires accumulate from disparate studies, this growth
should be succeeded with careful assessment of available data in the genomic,
subgenomic and transcriptomic contexts. At this point, this aspect is particularly
important for bread wheat, for which currently a huge amount of partial and disparate
mIRN A data is available (Budak et al. 2014). On the other hand, despite the huge
progress in T. aestivum, miRNA research in T. turgidum species has lagged behind. The
knowledge on T. turgidum miRNAs is currently limited to those identified in a couple
of studies in T. turgidum ssp dicoccon (Li et al. 2014) and durum wheat (Dryanova,
Zakharov, and Gulick 2008; Kenan-Eichler et al. 2011). Hence, in the current state of
research, it is crucial that actions are taken for large-scale discovery of miRNAs in T.

turgidum species.

miRNAs provide a unique strategy for crop improvement, yet their effective
utilization in breeding for stress tolerance requires the determination of novel miRN A-
regulated pathways valuable for conferring stress tolerance. To this end, comparative
evaluation of stress regulated miRNA reportoires of elite varieties and their stress
tolerant progenitors is crucial for revealing conserved and distinct stress related
mechanisms. Although, miRN A repertoires of wheat and barley have been investigated
extensively in relation a variety of stress factors, suprisingly related research conducted

in the context of drought has been limited. Only very recently, a number of drought
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responsive miIRNAs in modern species: bread wheat (Gupta et al. 2014) and barley
(Hackenberg et al. 2014; Kapazoglou et al. 2013) were reported. With the exception of
our’s group’s study on wild emmer wheat (Kantar, Stuart J. Lucas, et al. 2011), no
mMIRN A related research has has been yet conducted in wild species of the genus

Triticeae.

2.2.6. Improvement of Drought-Tolerant Cultivars

Recent advances in molecular biological, functional, and comparative tools open
up new opportunities for the molecular improvement of modern wheat. Recently
developed techniques enable faster identification and characterization of drought-related
components. Natural variants of modern species harbor a large repertoire of potential
drought-related genes and hold a tremendous potential for wheat improvement.
Introduction of drought-related components of wheat can be performed either with
breeding through marker-assisted selection or transgenic methods (Budak, Kantar, et al.
2013; Nevo and Chen 2010).

Transgenic methods are adventageous since they enable the transfer of only the
desired loci from a source organism to elite wheat cultivars, avoiding possible decrease
in yield due to the cotransfer of unwanted adjacent gene segments. Components integral
to several stress related pathways are the most appealing targets for crop improvement,
since their introduction can potentially enhance tolerance to multiple environmental
threats (Budak, Kantar, et al. 2013). Hence, overexpression of a number of such
proteins (cotton and Arabidopsis Dehydration-Responsive Element-Binding proteins
(DREBs) and barley LEA) were observed to increase drought tolerance in wheat under
laboratory and experimental field conditions (Guo et al. 2009; Hoisington and Ortiz
2008; Pellegrineschi et al. 2004). Similarly being central to regulation of multiple stress
related and developmental pathways, miRN As are also promising candidates for genetic
improvement of wheat. For instance, a combined approach of artifical miRNA and
artificial target mimicry was recently developed and succeeded in improving panicle

exsertion in rice, resulting in higher yields (Chen et al. 2013). Overall, transgenics hold
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great potential for improvement of drought tolerant common commercial crops, the
current methods used for wheat transformation are laborious and time consuming, but
new transgenics methodologies are currently being developed (Chauhan and Khurana
2011).

A more established method for crop improvement is molecular breeding, which
utilizes molecular markers for the screening of specific traits across cultivars. Loci that
are targeted in marker-assisted selection (MAS) are most often derived from QTL
mapping studies of quantitative traits. MAS is most often performed based on
physiomorphological characteristics related to yield under drought conditions. Most
commonly used molecular markers in such a context include SSR (simple sequence
repeat) markers (Budak, Kantar, et al. 2013). For instance, SSR marker, gwm312 is
being routinely used in durum breeding programs (James, Davenport, and Munns 2006)
to transfer and select for the presence of sodium (Na*) exclusion (Nax) genes, which are
involved in sequestration of Na* in the vacuole compartment, enhancing osmotic
adjustment capability and ameliorating the negative effects of drought (Brini et al.
2005). Currently the major challange to MAS is that most of the potential drought
related genes which can be used for selection purposes (e.g. DREBs) belong to large
gene families (Wei et al. 2008). Hence, identification and successful isolation of a
single drought-related loci is complicated by the members of the same family with high
sequence similarity and in the case of bread wheat its complex, polyploid genome.
However, in the very near future, completion of wheat reference genome will pace the
identification of specific loci and the development of markers to be used in selection
during breeding processes (Witcombe et al. 2008). Recent increase in sequence
availability has already contributed to the discovery of drought-related QTLs and
provided several high quality genetic markers for breeding (Bennett, 1zanloo, Edwards,
et al. 2012; Bennett, 1zanloo, Reynolds, et al. 2012; Bennett, Reynolds, et al. 2012;
Bonneau et al. 2013).

Up until now, no drought tolerant wheat or barley genotype has been produced
through conventional and molecular approaches, which has found its way to the
farmer’s field. However, it is not unreasonable to predict in the following decades, such
cereals will be transferred to the fields as a common commercial crop owing to recent

efforts and advances.
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3.MATERIALS AND METHODS

3.1. Materials

3.1.1. Chemicals, Fertilizers and Enzymes

Chemicals, fertilizers and enzymes used in this research are listed in Appendix A.

3.1.2. Molecular Biology Kits

Molecular biology kits used in this research are listed in Appendix B.

3.1.3. Plant Material

Two lines of the bread wheat nulli-tetrasomic series lacking 5D chromosome
(N5D-T5A and N5DT5B) and four homozygous lines from the bread wheat group-5
chromosome deletion series (5DS-2, 5DS-5, 5DL-5, 5DL-7) were obtained from Kansas
State University. Australian bread wheat cultivars (Kukri and RAC875) were obtained
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from Australian Centre for Plant Functional Genomics. Elite cultivars (bread wheat
variants: Tosunbey and Bolal and barley variant: Biilbiil-89) were obtained from Field
Plants Centre Research Institute, Turkish Ministry of Agriculture. Bread wheat cultivar
Chinese Spring and wild emmer wheat lines TR39477 and TR38828 in Sabanci

University (SU) were used in this research.

3.1.4. DNA Material

Flow sorted 5D chromosome short (5DS) and long arms (5DL) were obtained

fromJ. Dolez"¢l and his colleagues (IEB, Olomouc, Czech Republic; unpublished).

3.1.5. Equipments

Equipments used in this research are listed in Appendix C.

3.2. Methods: Barley microRNAs and D rought

3.2.1. Computer-based Identification of Barley microRNAs

3.2.1.1. Sequence Datasets

Reference mIRNA dataset corresponded to a total of 1,988 mature miRNA
sequences. It contained 1,763 mature miRN A sequences deposited in miRBase (version
13, March 2009, http://mirbase.org/) from 12 plants (Griffiths-Jones et al. 2008), as well

as other miRN As previously identified in close relatives of barley: 93 bread wheat and
132 B. distachyon miRNAs reported by Wei et al. and Unver and Budak, respectively
(Unver and Budak 2009; Wei et al. 2009). H. vulgare expressed sequence tags (ESTS)

were obtained from GenBank at the National Center for Biotechnology Information
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(NCBI) (http://www.ncbi.nlm.nih.gov/, July, 2009) and corresponded to a total number
of 525,527.

3.2.1.2. Homology-based In Silico microRNA ldentification

Homology-based computational strategy developed by Zhang and his collegues
was used for the identification of barley miRNAs (Zhang et al. 2005). This method is
based on two important parameters: (1) homology of mature miRNA sequences to a
previously known plant miRNA and (2) pre-established features of pre-miRNA
secondary structure. A flow chart of this method is presented in Figure 5. Known plant
mature miRNA sequences were searched as a query against H. vulgare ESTs using the
Basic Local Alignment Search Tool (BLAST), nucleotide-nucleotide BLAST
(BLASTN) algorithm, BLAST 2.2.21 (28 July, 2009) (Altschul et al. 1997) with
parameters adjusted for short input sequences. EST sequences showing only 0-3
nucleotide mismatch(es) to a miRN A sequence query were retained and subjected to the
Zuker folding algorithm for a second filtering. This was performed using the web-based
software, MFOLD 3.2 (http://frontend.bioinfo.rpi.edu/applications/mfold/cgi-bin/rna-
forml.cgi), which predicts lowest minimum folding free energy (MFE) secondary
structure of a given sequence (Mathews et al. 1999; Zuker 2003). Generated outputs:
predicted secondary structures represented as images, dot-bracket notations and connect
files were downloaded along with the other characteristics of secondary structures. The
minimal folding free energy index (MFEI), which is an important parameter to
distinguish pre-miRNAs from other RNAs was calculated for each structure with the
formula

MFEI=((MFE/length of the RNA sequence) X100)/(G+C)% )
and further elimination was performed on the structures regarding to their consistency
with pre-established pre-miRNA secondary structure characteristics to determine
putative barley miRNAs (Yin et al. 2008; Zhang, Pan, and Anderson 2006; Zhang, Pan,
Cobb, et al. 2006). Further validation for putative barley miRNAs was performed with
the web-based tool RNAfold (http:/rna.tbi.univie.ac.at/cgi-bin/RNAfold.cgi), CLC
RNA workbench (http://www.clcbio.com/index.php?id=1042), and MicroPC (uPC)
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(http:// www.biotec.or.th/isl/micropc) (Mhuantong and Wichadakul 2009). Using pPC,

homologs of putative barley miRN As in other plants were also detected.

query: knownplantmaturemicroRNA sequence database: available sequences of
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Figure 5 Flow chart showing steps of in silico homology based microRNA
identification and its automation with two in-house perl scripts.

3.2.2. In Silico Identification of microRNA Targets

The target transcripts including complementary sequences of newly identified
miRNAs were found by using the BLASTN algorithm. H. vulgare miRNAs targets
detected were also subjected to homology search against the protein-coding mRNA
databases of all plant species. Some criteria was previously applied to predict potential
target transcripts of given plant miRNAs (Yin et al. 2008; Zhang, Wang, and Pan 2007,
Zhang, Wang, Wang, et al. 2007). We have also followed previous principles which are
(1) mismatches at complementary sites between miRNA and the target gene transcript

should not be more than four nucleotides (Bartel, Lee, and Feinbaum 2004 ; Rhoades et
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al. 2002; Schwab et al. 2005); (2) mismatches at positions 10 or 11 of the miRNA
sequence at the site of complementarity between miRNA and target mRNA, which are
assumed to be cleavage sites, are not allowed; however, up to three mismatches between
12-23 nucleotides can be allowed and (3) no more than three continuous mismatches
are allowed in the miRNA-mRNA pair. miRU, a plant miRNA target finder software
(http://bioinfo3.noble.org/miRN A/miRU.htm) was used for further validation as
outlined by Unver and his collegues (Unver, Namuth-Covert, and Budak 2009).

3.2.3. Drought Responsive microRNAs and their Targets

3.2.3.1. Plant Materials, Growth Conditions and Dehydration Stress

Seeds of barley variant Biilbiil-89, resistant to drought, were surface sterilized in
4% sodium hypochlorite for 10 min and pre-germinated in petri dishes with 5 ml
milipore water for 11 days at 25°C+1 at dark. Seedlings of a similar developmental
stage were transferred to continuously aerated Hoagland’s solution renewed every 3
days and grown under controlled conditions (15 hour photoperiod, temperature 23/21°C,
relative humidity 60/70%, and photon flux density of 600—700 pmolmeter 2s*). At four-
leaf stage, plant stress treatment was applied (Ergenetal. 2009). Plants were stressed by
removing them from tanks and leaving on paper towels under the same lightning
conditions for 8 hour while control plants were kept in fresh hydroponic solution. Root
and leaf tissue samples from both stress and control plants were collected, directly

frozen and stored at —80°C.

3.2.3.2. Total RNA Isolation from Leaf and Root

Total RNA was isolated from leaves and roots of 8 hour stress and control
samples as performed elsewhere (Ergen et al. 2009). Isolation was performed using 0.05
g frozen tissue using Trizol reagent (Invitrogen) according to manufacturer’s
instructions. The quality and quantity of isolated leaf RNAs were measured using a

Nanodrop ND-100 spectrophotometer (Nanodrop Technologies, Wilmington, DE,
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USA) and integrity of the isolated RNA was confirmed by separating the major
ribosomal (rRNA) bands on agarose gels. DNase treatment of 1 pg of total RN A was
performed in 10 pl reaction mixture with 1 U of RNase-free DNase | dioxyribonuclease
I (Fermentas). The reaction was maintained at 37°C for 30 min and terminated by
adding 1 pl of 25 mM ethylenediaminetetraacetic acid (EDTA) followed by an
incubation at 65°C for 10 min. For miRNA quantification, DNase-treated samples were
ethanol precipitated and then dissolved in 20 pl RNase-free water. All samples were
stored at —20°C.

3.2.3.3. Stem-loop Reverse Transcription of microRNAs

Stem-loop reverse transcription (RT) primers for predicted barley miR156,
miR166, miR171 and miR408 were designed according to Varkonyi-Gasic et al.
(Varkonyi-Gasic et al. 2007) (Appendix D). miRNA-specific stem-loop RT reactions
were performed using Superscript Il First-Strand Synthesis System for RT-PCR
(Invitrogen) as outlined by Unver and his collegues (Unver et al. 2009). The miRNA
stem-loop RT involved 1, 10, and 100 ng of total RNAs (1 pl), 1 pl 10 mM
deoxynucleotide (ANTP) mix, 1 ulstem-loop RT primer (1 uM), and 7.75 ul nuclease-
free water. They were incubated for 5 min at 65°C and incubated on ice for 2 min. We
added 2 pl first-strand buffer (10X), 4 ul 25 mM magnesium chloride (MgCl), 2 u10.1
M Dithiothreitol (DTT), 1 ul RNaseOUT (40 U/ul), and 0.25 ul SuperScript IIT (200
U/ul; Invitrogen) to each tube and performed the pulsed RT reaction as follows: 30 min
at 16°C, 60 cycles at 30°C for 30 s, 42°C for 30 s, and 50°C for 1 s. The RT reactions
were terminated at 85°C for 5 min. With miRNA cDN A synthesis, we also performed
no-RT primer and no-RNA control reactions.

3.2.3.4. microRNA Quantitative Real Time Assays

In order to experimentally validate barley miRNAs and measure their expression
level differences in leaf and root tissues upon dehydration shock, quantitative real time
polymerase qRT-PCR was performed. Reactions were performed using Brilliant Il
SYBR Green QPCR Master Mix (Stratagene) on an Icycler Multicolor Real-time PCR
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Detection Systems (Bio-Rad) following the protocol in (Unver and Budak 2009). Using
3 ul RT stem-loop cDNA products qRT-PCR reactions were performed using 10 pl 2X
master mix, 0.6 ul forward (300 nM), 0.6 ul reverse (300 nM) primers, 0.3 pl (30 nM)
reference dye and 5.5 ul nuclease-free water. The specific forward primers were
designed for each individual mIRNA and a universal reverse primer was used
(Varkonyi-Gasic et al. 2007) (Appendix D). Specified qRT-PCR thermal setup was
adjusted as follows: heated to 95°C for 10 min, followed by 40 cycles of 95°C for 30 s,
56/58°C for 1 min, and 72°C for 30 s, followed by 72°C for 10 min. The annealing
temperature was optimized to 58°C in miR408 quantification. The annealing
temperature for the remaining miIRNAs were optimized to 56°C. The melting curves
were generated using the following program: PCR products were denatured at 95°C and
cooled to 65°C. The fluorescence signals were collected continuously from 65°C to
95°C as the temperature increased at 0.2°C per s. All reactions were repeated three

times. Separation of PCR products was performed using 3% agarose gels.

3.2.3.5. Target mRNA Verification by Quantitative Real Time Assay

Expression level differences of computationally predicted barley miRNA target
transcripts upon dehydration shock were measured with gRT-PCR experiments. These
included miR156 target EST (AV910992.1), miR171 target EST (BQ461013.1) and
miR408 target EST (BU995745.1). ESTs for target quantification analysis were selected
based on two criteria: (1) protein found in BLAST search should be a previously
published target of the related mIRNA in another plant species and (2) The EST should
have a possible protein-coding open reading frame (ORF) that can allow us to design
gRT-PCR primers for the non-conserved 3’ untranslated region (UTR). The following
criteria were set to design specific qRT-PCR primers for the above genes using Primer3:
(1) Primer 3’ self complementary was set to 0; (2) primer annealing temperatures were
limited to 62°C 0+3 and (3) product size for primer pairs was limited to 80-120 base
pair (bp). Total cDNAs were synthesized from 80 ng RNA using Superscript 11l First-
Strand Synthesis System for gRT-PCR (Invitrogen) according to manufacturer’s
instructions. qRT-PCR analysis was performed as previously outlined (Unver and
Budak 2009). Briefly, 1 ulof this cDNA was amplified with 300 nM of specific primers
in a total of 20 pl volume using Brilliant 11 SYBR Green QPCR Master Mix
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(Stratagene) with Icycler Multicolor Real-time PCR Detection Systems (Bio-Rad). The
quantification was performed using 18s rRNA (GenBank ID:AF147501) as a
normalizer and three independent PCR results with acceptable efficiency (1.8-2.2) were
averaged. Specified qRT-PCR thermal setup was adjusted as follows: heated to 95°C for
10 min, followed by 40 cycles of 95°C for 30 s, 55°C for 1 min followed by 72°C for 7
min. The melting curves were generated using the following program: PCR products
were denatured at 95°C and cooled to 55°C. The fluorescence signals were collected
continuously from 55°C to 95°C as the temperature increased at 0.5°C per s. All
reactions were repeated three times. miRN A target and rRNA gene primers are listed in

Appendix D.

3.2.3.6. Cleaved Target mRNA Identification by RNA Ligation Mediated Rapid
Amplification of Complementary DNA ends

For the verification of computationally proposed miRNA targets and possible
discovery of novel miRNA-cleaved mRNAs, we performed a modified version of 5’
RLM-RACE (Arenas-Huertero et al. 2009)(Wei et al. 2009). We applied RACE
reactions using computationally proposed miRNA target ESTs: miR1436 target
(GenBank 1D: CB862673.1), miR156 target (GenBank I1D: BE060620.2), miR408 target
(GenBank ID: BU995745.1). For selection of EST targets of each miRNA for RACE
analysis, first ESTs were in silico translated. Then they were searched against protein
databases of Viridiplantae using nucleotide-protein BLAST algorithm (BLASTX) and
protein-protein BLAST algorithm (BLASTP) for determination of the corresponding
putative miRN A target transcripts. Selection of an EST for each miRNA was performed
using the following criteria: (1) protein found in BLAST search should be a previously
published target of the related miRNA in another plant species and (2) EST sequence
should have an ORF encoding a protein similar in size to its protein homologues in
other plant species. Specific reverse primers were designed for 5' RLM RACE for each
EST using Primer3 (Appendices D, E). Primers were designed at least 150-200 bp
downstream of the miRNA cleavage site. The following criteria were set during primer

design: (1) Primer 3’ self-complementary was set to zero; (2) primer annealing
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temperatures were limited to 65°C+5. (3) (G+C)% was set to 50+1; (4) primer size was
set to 20-24. Control and stress-treated leaf total RNAs (1 pg) were ligated with adaptor
and used as template for cDNA synthesis using the RLM-RACE kit (Ambion)
following the manufacturer’s procedures. To select mRNAs cleaved by miRNAs, calf
alkaline phosphatase and tobacco acid pyrophosphatase steps were omitted. Using 5’
RACE outer primers (0.4 uM) and gene-specific reverse primers (0.4 puM) PCR
amplification of cDNA fragments was performed. The PCR reaction and cycling
conditions were setup following the manufacturer’s protocol. Annealing temperatures
were adjusted for the specific primers. PCR fragments were cloned and single clones
were sequenced to identify the 5’ end of the amplified target genes. The corresponding
barley ESTs for each cleaved sequence were found using the BLAST algorithm of
GrainGenes against all GrainGenes sequences.
(http://wheat.pw.usda.gov/GG2/blast.shtml) Then these ESTs were searched against all
Viridiplantae protein-coding databases using NCBI BLASTX. All hits which had a
score >30 were saved for further analysis. The cleaved sequences were also searched for
their miRNA partners both among computationally identified miRNAs in this study and
among 1,763 miRNAs deposited in miRBase. For the selection of mMIRNA partners from
other species two criteria were followed: (1) No less than seven matches is allowed. (2)
three mismatches are allowed because during computational prediction of new
MIRNAs, up to three mismatches with its homolog is accepted. Barley miRNAs were
selected on the basis of no mismatch between mIRNA and cleaved target

complementary sites.
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3.3. Methods: Wild Emmer Wheat microRNAs and D rought

3.3.1. microRNA Identification with Hybridization Chip

3.3.1.1. Plant Materials, Growth Conditions and Dehydration Stress

Wild emmer wheat [T. turgidum ssp. dicoccoides (Korn.) Thell.] drought-tolerant
genotypes TR39477 and TR38828 were selected for the miRNA microarray study.
Seeds were surface sterilized in 4% sodium hypochlorite for 10 min. They were
vernalized and pre-germinated for 21 days at 4°C in petri dishes with 5 ml milipore
water at dark. They were transferred to hydroponics and grown under controlled
conditions (16 hour photoperiod, temperature 24/22°C, relative humidity 60%, and
photon flux density of 600—700 umolmeter 2s*). Hydroponics in Hoagland’s solution,
application of shock dehydration stress, as well as collection and storage of tissues were
performed according to methods outlined in (Ergen et al. 2009) and explained in detail
in Section 3.2.3.2. Root and leaf tissue samples were collected from both stress and

control plants at the fourth and eighth hour of stress.

3.3.1.2. Total RNA Isolation from Leaf and Root
Total RNA isolation from leaf and root tissues of 4 and 8 hour drought shocked

and control plants was performed using Trizol reagent (Invitrogen) as outlined by
(Ergenetal. 2009) and explained in detail in Section 3.2.3.2.
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3.3.1.3. Microarray Chip Content and Hybridization to Arrays

The mIiRNA chip included 853 mIiRNA probes from 21 plant species
corresponding to miRNA transcripts listed in miRBase (version 12, October 2008,
http://www. mirbase.org/) (Griffiths-Jones et al. 2008) with 56 hybridization control
probes. The miRN A microarray was synthesized in situ by LC Sciences (Houston, TX,

USA; http://www.lcsciences.com/mirna.html) where chip hybridization was also

performed. The microarray was probed with pooled RNA isolated from 4 T. diccocoides
seedlings under each condition. 5 ug total RNA was used to probe the microarray. For
each miRNA probe, 8 technical replicas were tested for the control condition and 4

replicas for each stress condition.

3.3.1.4. Microarray Data Analysis

An Axon Gene Pix 4000B Microarray Scanner was used for data collection and
ArrayProTM image analysis software (Media Cybernetics, Silver Spring, MD, USA)
was used for data extraction and image processing. The signal values were derived by
background subtraction and normalization performed with a LOWESS method to
remove system-related variations. A miRNA signal was accepted as detectable if it met
two conditions: signal intensity higher than 3X background standard deviation, and spot
coefficient of variation (CV) calculated with formula

CV = signal standard deviation/signal intensity 2)

Lower than 0.5. Signals from four technical replicates each of RNA derived from
stressed and control plants were compared using paired, two-tailed Student’s t test; only
signals with P values <0.05 and >3-fold increased or decreased differential expression
were considered as significant. The clustering analysis was performed using Cluster 3.0

and heat map was visualized using Heatmap builder and TreeView (Eisen et al. 1998).
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3.3.2. Additional Computational Analysis

3.3.2.1. Stem-loop Verification of microRNAs Identified by Chip

To ensure that the candidates are miRNAs rather than other SRNA types, their
stem-loop forming pre-miRNA hairpins must also be detected. For this purpose, we
searched all sequences corresponding to miRNA probes that gave a positive signal in
the microarray study against T. dicoccoides ESTs allowing 3 mismatches. T dicoccoides
ESTs were obtained from NCBI (http://www.ncbi.nlm.nih.gov) corresponding to a total
of 9,343 sequences from biosamples LIBEST 023452, LIBEST_ 023453,
LIBEST 023455 and LIBEST 023454 (Ergen and Budak 2009). MFE secondary
structures were predicted for selected EST sequences, which were further evaluated
regarding to their consistency with pre-established pre-miRNA secondary structure
characteristics (Yin et al. 2008; Zhang, Pan, and Anderson 2006; Zhang, Pan, Cobb, et
al. 2006), as noted in Section 3.2.1.2. Alignment and secondary structure prediction
steps were performed using in house perl programs: two in-house Perl scripts:
SUmirFind and SUmirFold, which will be explained in Section 3.4.1.2 (Lucas and
Budak 2012).

3.3.2.2. Prediction of Targets for Drought Responsive microRNAs

Sequences of differentially expressed miRNA probes from the microarray study

were used to interrogate sequences for target sites on the psRNAtarget web server
(http://bioinfo3.noble.org/lpsRNATarget/), and updated version of miRU noted in

Section 3.2.2 (Kantar et al. 2010; Unver et al. 2009). The analysis was first carried on
T. dicoccoides sequences and than expanded to other Triticum species due to the limited
availibility wild emmer wheat sequences. Target database used included T. dicoccoides
ESTs from (Ergen and Budak 2009). T. durum unique transcripts from Plant Gene
Database (PlantGDB) (http//www.plantgdb.org/). and T. aestivum gene index (release
9.0) (Lee et al. 2005).
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3.4. Methods: Analysis of Bread Wheat 5D Chromosome microRNA Repertoire

3.4.1. Computer-based Identification of 5D Chromosome microRNAs

3.4.1.1.Sequence Datasets

A total of 5,940 mature miRNA sequences from 67 plant species deposited in

miRBase were downloaded (version 19, August 2012, http://www.mirbase.org/)

(Kozomara and Griffiths-Jones 2011). In order to prepare a nonredundant query for
miRNA prediction, in cases where multiple miRNAs had identical mature miRNA
sequences, only one was retained, leaving a total of 3,228 unique, mature miRNA
sequences. To be used for miRN A prediction, flow sorted T. aestivum (variant Chinese
Spring) chromosome arms: 5DS and 5DL were sequenced using GS Titanium Rapid
Library Preparation Kit, the GS FLX Titanium LV emulsion PCR (emPCR) Kitand GS
FLX Titanium Sequencing (XLR70) Kit following the manufacturer’s instructions
(Roche). A total of 3,208,630 reads; 937,264 for 5DS and 2,271,366 for 5DL were
obtained corresponding to 1.34x and 1.61x coverage, respectively (EBI Sequence Read
Archive, accession number ERP002330, http:/
www.ebi.ac.uk/ena/data/view/ERP002330) (Kurtoglu et al. 2013).

3.4.1.2. Automated Homology-based In silico microRNA Identification

For miRNA identification, the strategy first developed by Zhang and his collegues
described in Section 3.2.1.2, was adopted (Zhang et al. 2005). However, the process
was automated by using two in-house Perl scripts: SUmirFind and SUmirFold decribed
in detail in our group’s publications and represented in Figure 5 (Kantar et al. 2012;
Kurtoglu et al. 2013, 2014; Lucas and Budak 2012). First, two separate databases were
generated from sequence reads noted in Section 3.4.1.1 for 5DS and 5DL using the
BLAST wversion 2.2.25+ (March 2011) (Camacho et al. 2009). Then, SUmirFind
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program that uses BLAST version 2.2.25+ with parameters adjusted for short input
sequences was run to search miRNA query referred in Section 3.4.1.1 against the
generated databases. Cutoff set to 3, allowed the retention of database sequences, which
had less than 3 base pairs of mismatch to a query miRNA sequence. Remaining
sequences were then subjected to SUmirFold, utilizing UNAFold version 3,8 (an
implementation of the Zuker folding algorithm) for prediction of their MFE secondary
structures (Markham and Zuker 2008). SUmirFold initially predicts the secondary
structure and examines base pairing between the putative miRNA:miIRNA* duplex for
allassembly sequences, remaining after SUmirFind implementation. For all hits passing
this criteria, the sequence region surrounding the putative mMIRNA:mIiRNA* is excised,
refolded and checked for several other pre-established characteristics of a pre-miRNA
structure (Yin et al. 2008; Zhang, Pan, and Anderson 2006; Zhang, Pan, Cobb, et al.
2006) as noted in Section 3.2.1.2. Structures were further manually inspected to
eliminate multi-branch loops and in cases where identical miRNAs were predicted from
two similar query mature miRNA sequences, only one was retained. Results were
evaluated both individually and collectively for 5DS and 5DL (Kurtoglu et al. 2013).

3.4.2. Additional Computational Analysis

3.4.2.1. Representation Analysis of Putativ e microRNA-coding Sequences

Representation for each miRNA was calculated by counting its corresponding
stem-loop coding regions. In order to prevent overrepresentation, identical hits
corresponding to the same miRNA were removed. Representation dataset included all
identical pre-miRNA sequences predicted to be located in different reads or at different
locations on the same read, in addition to all unique putative pre-miRNA sequences.
Identical pre-miRNA sequences located at the same genomic region were also included
separately to the fold analysis, in cases when the mature miRNA was located on the
different arms of the hairpin. Representation was analyzed both individually and
collectively for 5DS and 5DL (Kantar et al. 2012; Kurtoglu et al. 2013, 2014; Lucas and
Budak 2012).
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3.4.2.2. Repeat Analysis of Putative microRNA-coding Sequences

Repetitive elements in the pre-miRNA coding regions predicted to be present in
the 5DS and 5DL were identified. For this purpose, pre-miRNA sequences were masked
against a custom repeat library assembled from the Triticeae Repeat Sequence Database

(TREP, release 10; http://wheat.pw.usda.gov/ITMI/Repeats/ ) using a semi-automated

pipeline, RepeatMasker version 3.2.9 (www.repeatmasker.org). Transposable elements

that are present in putative pre-miRNA coding regions in 5DS and 5DL were listed and
compared (Hernandez et al. 2012; Kantar et al. 2012; Kurtoglu et al. 2013, 2014; Lucas
and Budak 2012; Vitulo et al. 2011).

3.4.2.3. In silico Target Identification of Putative microRNAs

First, known targets of homologous of predicted T. aestivum mIRNAS were

obtained from miRBase (version 19, August 2012, http://www.mirbase.org/) (Kozomara

and Griffiths-Jones 2011). Next, T. aestivum miRNA target prediction was also
performed on a dataset including one mature miRNA sequence corresponding to each
miRN A predicted, using the online software psRN Atarget against the DFCI Gene Index
Release 12. (http://plantgrn.-noble.org/psRN ATarget/) (Kantar et al. 2012; Kurtoglu et

al. 2013, 2014). Possible target functions of newly identified miRNAs were searched
manually using QuickGO (http://www.ebi.ac.uk/QuickGO/), a web based browser for
gene ontology terms and annotations provided by the UniProt-GOA project at EBI.

3.4.2.4. In silico Expression Analysis of Putative microRNAs

To provide in silico pre-miRNA expression evidence, for each new mIiRNA
detected in 5DS and 5DL, one corresponding pre-miRNA sequence was searched
against the ESTs of T. aestivum in NCBI (January 2013, 1,286,372 sequences) using
NCBI BLASTN. Hits above a threshold query coverage of 99% and maximum identity
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of 98% were recorded for each potential miRNA. To identify candidate pre-miRNA
coding ESTs, all EST matches were compared to the non-redundant protein database at
NCBI using BLASTX. All ESTs matching any protein sequence at an e-value of 1E-03
or lower were considered to be protein-coding, and were eliminated. Predicted miRN As
and the corresponding accession codes of corresponding EST hits were listed (Kantar et
al. 2012; Kurtoglu et al. 2013, 2014).

3.4.3. Mapping and Quantification of microRNA-coding Sequences

3.4.3.1. Plant Materials and Growth Conditions

T. aestivum (variant Chinese Spring), its nullitetrasomic and 5D deletion line
series were grown. First, seeds were surface sterilized with 4% sodium hypochlorite for
10 min and vernalized in petri dishes with 5 ml milipore water for 3-4 days at 4°C at
dark. Seedlings were transferred to pots containing soil supplemented with 200 parts
per million (ppm) nitrogren, 100 ppm phosphorus and 20 ppm sulfur and grown in
normal greenhouse conditions (16 hour light at 22°C and 8 hour dark at 18°C). Leaf
tissue was collected from adult plants (Chinese Spring, nullitetrasomic and deletion
series) and stored at 80°C. Two lines of the nulli-tetrasomic series (N5D-T5A and
N5DT5B: with the genomic constitution of AABBAA and AABBBB, respectively)
were used. These lines lacked homoeologous 5D chromosomes (nullisomic condition)
that were replaced by another homoeologous chromosome pair (tetrasomic condition) :
5A and 5B in N5D-T5A and N5D-T5B, respectively. Four homozygous lines from the
group-5 wheat chromosome deletion series (5DS-2, 5DS-5, 5DL-5, 5DL-7) with
different deletion breakpoints were used. The length of the remaining chromosome arm
in each deletion line is referred as the ’fraction length’ (FL). Corresponding FL values

of each deletion line used are given in Table 1.
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Table 1 Fraction length values of homozygous bread wheat group-5 chromosome
deletion lines used in this research

Deletionline | Fraction length value

5DS-2 0.78
5DS-5 0.67
SDL-5 0.76
SDL-7 0.29

3.4.3.2. Plant DNA and RNA Material

RNA isolation from frozen Chinese Spring leaf tissue was carried out using TRI
Reagent (Sigma) according to the manufacturer’s instructions as performed elsewhere
(Ergenetal. 2009) (refer to Section 3.2.3.2 for RNA quality and quantity measurement,
RNA integrity check and DNase treatment). First strand cDNA was synthesized from
100 ng of DNase treated RNA with RevertAid H- M-MuLV RT (Fermentas). Genomic
DNA (gDNA) isolation from frozen leaf tissue of wheat (Chinese Spring,
nullitetrasomic and deletion series) was performed using WizardH Genomic DNA
Purification Kit (Promega) according to the manufacturer’s instructions. All nucleic
acid samples including flow sorted chromosome arms: 5DS and 5DL were stored at
20°C.

3.4.3.3. Endpoint- and Reverse Transcription-PCR Screening of Preliminary
microRNAs

To experimentally validate 5D chromosome localization of selected pre-miRNAs
(miR169, miR5085, miR2118, miR5070, miR6220), PCR screening was carried out
using DNA from flow sorted 5D chromosome arms: 5DS and 5DL. To identify 5D
chromosome specific mMiRNAs, PCR screening of these pre-miRNAs using gDNA from
Chinese Spring and nullitetrasomic lines that lack 5D chromosome (N5D-T5A and
N5D-T5B) was also performed. Additionally, using gDNA from wheat group-5 deletion

series, chromosome arm specific pre-miRNAs were screened to determine their location
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on the chromosome arm. To check the expression of these pre-miRNAs in adult leaf
tissue in wheat grown under standard conditions, Chinese Spring leaf cDNA was used
for reverse transcription PCR (RT-PCR).

PCR reactions were performed using 1 ul (10 ng/ul) template (DNA or cDNA)
and were performed in a 20 pl PCR mix including 2 pl 10X Thermus aquaticus (Taq)
polymerase buffer (final concentration: 1X), 1.6 ul 2.5 mM dNTP (final concentration:
0.2 mM), 0.6 pl 10 uM primer mix (final concentration: 300 nM from each primer) and
0.1 upl of 5U/ul Tag polymerase (0.5 U) (Fermentas). 2.5 mM MgCl, (stock
concentration: 25 mM) was used for the amplification of miR6220, miR5070 and
miR2118 and this value was optimized to 2 mM and 3 mM for the miR5085 and
miR169 amplicons. Thermal cycling setup was adjusted as follows: heated to 95°C for 5
min; followed by 35 cycles of 95°C for 1 min, 50°C/60.5°C/62°C for 30 s and 72°C for
30 s, followed by 72°C for 10 min. For amplification of miR2118 and miR5070, the
annealing temperature was optimized to 50°C and 60.5°C, respectively. The annealing
temperatures for the remaining miRN As were optimized to 62°C. Primers used for PCR
analysis are listed in Appendix D. Separation of PCR products was performed using 3%

agarose gels.

3.4.3.4. Quantitative Real Time PCR of Preliminary microRNAs

To quantify pre-miRNA gene copy number and expression in Chinese spring,
gRT-PCR was performed using FastStart Universal SYBR Green Master (ROX)
(Roche) onan Icycler Multicolor Real-time PCR Detection Systems (Bio-Rad). Using 1
ul of template (DNA or cDNA), qRT-PCR reactions were performed as 20 pl including
10 pul 2X Master mix and 0.6 pl primer mix (300 nM from each primer). Specified qRT-
PCR thermal setup was adjusted as follows: heated to 95°C for 10 min, followed by 40
cycles of 95°C for 15 s, 56°C /58°C for 30 s, and 72°C for 30 s, followed by 72°C for 7
min. The annealing temperature was optimized to 56°C for miR6220 and miR2118
quantification. The annealing temperatures for the remaining miRNAs were optimized
to 58°C. The melting curves were generated by collecting fluorescence signals from 55
°C to 95°C as the temperature increased 0.5°C with a dwell time of 10 s for 80 cycles.

Pre-miR2118 gene copy number quantification could not be performed due to the
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presence of an additional nonspecific band. For quantification of pre-miR5070, located
both on 5D and other wheat chromosomes, additionaly analysis was performed using
nullitetrasomic lines along with Chinese Spring to quantify its 5D specific gene copy
number. Normalization was performed with BF474284 primers (Appendix D), located
to the long arm of wheat chromosome 1A. For quantification, PCR efficiency
calculations were performed using the program LinRegPCR retrieved from the

publication of Rujiter and his colleagues (Ruijter et al. 2009).

3.5. Methods: Introgression of D rought-related Quantitative Trait Loci to Elite
Cultivars

3.5.1. Plant Materials and Growth Conditions

Bread wheat varieties: South Australian cultivars: Kukri and RAC875 with
differring physiological abilities to cope with osmotic stress (lIzanloo et al. 2008); and
public elite lines with high yield characteristics: Tosunbey and Bolal) were selected for
the study. First, seeds were surface sterilized in 4% sodium hypochlorite for 10 min.
They were vernalized and pre-germinated in petri dishes in 5 ml milipore water for 4-6
weeks at 4°C at dark. Seedlings were transferred to pots containing soil supplemented
with 200 ppm nitrogen, 100 ppm phosphorus, 25 ppm sulfur and 155 ppm potassium
and grown in normal greenhouse conditions (refer to Section 3.4.3.1). Additionally,
100 ppm nitrogen was added to the soil at the 20th and 40th days of plant development.
The sowing of plants was performed as multiple sets at 5-10 days intervals in order to
render the simultaneous presence of different cultivars at the appropriate developmental
stage for performing intercultivar crosses (Figure 6 a-b). Other methods were also used
to synchronize development of different cultivars including keeping the faster
developing cultivars at 10°C to delay their growth and/or supplementing with additional

fertilizers to increase the number of spikes.
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Figure 6 Multiple bread wheat plant sets grown for cross-pollination of different
cultivars. (a) multiple plant sets sown with 5-10 days intervals (b) one representative
Tosunbey plant from each set sown with 5-10 days intervals (photographed at 48 days
after sowing of the first set)

3.5.2. Procedure for Intercultivar Crosses

Intercultivar crosses were performed between South Australian cultivars (Kukri,
RAC875) and public elite lines (Tosunbey and Bolal) to produce new genotypes. In
order to perform cross-pollination between two distinct varieties, two spikes, each from
a plant of different genotype (one Australian cultivar and one elite line) were selected.
One of these spikes were prepared as the female parent and the other as the male parent.
During wheat development, heading is followed by flowering, in which pollination and
fertilization occur. Selection of the female and male spikes were performed in the

transition stage from heading to flowering.

Wheat spike contains several spikelets, and a spikelet has multiple florets with

male and female reproductive organs. Each floret has one pistil containing stigma and
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ovary; and three anthers that contain pollens. Maturity begins at the central spikelet of
the head and spreads outwards. Spikes were selected to be used as a female if their
heads were still partially encapsulated by the flag leaf sheath and anthers in their central
spikelet were still green (Figure 7 a). At the same time, the availibility of spikes to be
used as males during cross-pollination was also checked and any spike with its base
leveling with the base of the flag leaf; slightly more mature than the female and would

soon begin to produce pollen were spotted and marked as prospective males.

In order to prepare the female spikes for cross-pollination, basal and apical
spikelets, and inner florets of the remaining spikelets were eliminated with a fine point
forceps. Then using an embroidery scissors, the top half of every spikelet was cut,
without injuring the pistil and the spikes were emasculated by the removal of all the
anthers with the forceps (Figure 7 b). The vulnearable female spikes were covered with

a glassine crossing bag to protect them from damage and polen (Figure 7 c).

A few days later after the preparation of the female (approximately three days),
when the females and males were ready, cross-pollinations were performed. At this
stage, the females were sexually mature: their florets were opened and stigmas were
largened. The base of the males spikes were higher than the base of the flag leafand in
these males flowering was either in process in the central spikelets or about to begin
(Figure 7 a). With the scissors, the top of the male spikes were cut and males were
stimulated by rubbing and exposure to sunlight (Figure 7 b). Cross-pollination was
performed by the transfer of suitable anthers, which have not lost their pollens to self-
fertilization, to the female spikelets. The cross-pollinated females were reclosed with a
bag (Placido et al. 2013; Randhawa et al. 2009) (Figure 7 c). After appropriate time,

Filial 1 (F1) seeds were collected from cross-pollinated females.
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Figure 7 Procedure of cross-pollination. (a) spikes at the appropriate developmental
stage to be used as a male (left) and female (right) (b) female (left) and male (right)
spikes prepared for crossing (c) female plants for cross-pollination: Kukri (upper left),
Tosunbey (upper right), RAC875 (lower left) and Bolal (lower right)



3.5.3. Molecular Screening for Introgression

One of the drought related QTLs previously identified through assessment of DH
populations derived from crosses between RAC875 and Kukri, in field trials under
water limited conditions, was selected for the study (Bennett, 1zanloo, Edwards, et al.
2012; Bennett, 1zanloo, Reynolds, et al. 2012; Bennett, Reynolds, et al. 2012). In order
to screen plants for the presence of this locus mapped to bread wheat chromosome 3B, a
linked polymorphic SSR: XBARC77 was used as a molecular marker (Somers, Isaac,
and Edwards 2004) (Figure 8). Primers to perfom PCR amplifications of XBARC77
were obtained from GrainGenes (http://wheat.pw.usda.gov/GG2/index.shtml) and are

listed in Appendix D.

PCR screening of drought related QTL was performed in parentals, F1, BC1F2,
BC2F2 and BC3F2 plants (refer to Sections 3.5.2 and 3.5.4). Leaf tissue from plants
were collected, directly frozen and stored at —80°C. DNA Isolation was carried out with
WizardH Genomic DNA Purification Kit (Promega) according to the manufacturer’s
instructions. PCR mix included 2 ul (50 ng) DNA, 1.6 pul (25 mM) MgCl,, 1.6 ul (2.5
mM) dNTP, 0.25 pl (10 uM) forward and reverse primers and 0.1 ul (5U/ul) Taq
polymerase (Fermentas). PCR temperature cycling conditions was set to 95°C for 5 min,
35 cycles of 95°C for 1 min, 60°C for 30 s, 72°C for 30 s, and 72°C for 10 min.

Separation of PCR products was performed using 2.3% agarose gels.
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Figure 8 Drought related quantitative trait loci mapped to bread wheat chromosome 3B
using Kukriand RAC875 recombinant inbred lines.

3.5.4. Backcrossing Against the Parental Background

F1 seeds were sown and grown using soil and greenhouse conditions noted in
Section 3.5.1. After plant self-pollination and maturation, F2 seeds were collected. In
order to limit the loss of good yield characteristics from the elite cultivar, backcrossing
against parental genotypes was performed until BC3F2. In each backcrossing trial,
plants were grown in soil and greenhouse conditions noted in Section 3.5.1. Parentals
were sown as multiple sets at 5-10 days intervals. Cross-pollination was performed
following the procedure in Section 3.5.2. Prior to further backcrossing, in each step, the
obtained plants (F1, BC1F2, BC2F2 and BC3F2) were screened with methods outlined
in Section 3.5.3 for the presence of the drought related QTL.
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4. RESULTS

4.1. Barley microRNAs and Drought

4.1.1. Putative Barley microRNAs and their Characteristics

Using in silico homology-based method, a total of 28 putative barley miRNAs
were identified (Table 2, Appendix F). Of the identified H. vulgare mature miRNAs, 15
(52%) were found to be located in the 3’ arm, while the rest (48%) were in the 5" arm of
the stem-loop pre-miRNA hairpin. Lengths of barley mature miRNA sequences were
observed to vary between 20 and 24 nucleotides. Most of the barley mature miRNA
sequences (18 of the 28) had uracil as their first nucleotide in agreement with other
results (Zhang, Wang, and Pan 2007)(Zhang, Wang, Wang, et al. 2007). Predicted
barley miRNAs were classified into 18 miRNA families. The family of miR-172 was
found to contain four members, while four other families (miR-160, miR-166, and miR-
168) included two members and the remaining miRNA families were represented by

only one member (Table 2).

Through puPC searches, possible homologues in other plants were identified for all
putative barley mature miRNAs with the exception of miR1119, miR1139, and
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miR2055. Most of the barley miRNA homologues were detected in bread wheat, maize
and tomato (Appendix G). Conservation across other plant species was further analyzed
for putative barley miR160a pre-miRNA. Across plant species, miRNA sequence of
miR160a was found to be more conserved than its corresponding miRNA* sequence
(Figure 9).

Pre-miRNA sequences of H. vulgare were observed to vary both in structure and
in size. The size of identified pre-miRNAs ranged between 46-114 nucleotides in length
with an average sequence size of 77.14+18.48 and median of 78 (Table 3). Eighteen of
the detected pre-miRNAs contained more than 70 nucleotides in agreement with
previous results (Unver and Budak 2009; Yin et al. 2008) (Table 2). MFE is used for the
determination of RNA and DNA structures and lower MFE provides higher stability for
secondary stem-loop hairpin structure. Previous studies had shown that pre-miRNASs
have negative MFE and many researchers noted that their predicted pre-miRNAs have
negative lower MFE value. MFEs found for the putative barley miRNAs here varied
from —14.7 to —63.6 kcal/mol (with an average of —30.88+13.71 and median of —27.4
kcal/mol; Tables 2 and 3) representing good agreement with previous plant miRNA
identification studies (Yin et al. 2008; Zhang, Pan, and Stellwag 2008; Zhang, Wang,
and Pan 2007; Zhang, Wang, Wang, et al. 2007). MFEI incorporates major
characteristics for pre-miRNAs including MFE of secondary structure, as well as
sequence length and percent of guaninet+cytosine ((G+C)%) content. Therefore the
index provides a valuable criteria to distinguish miRNAs from other types of RNAs.
MFEIs of other RNA types were characterized: transfer RNAs (tRNAs) (0.64), rRNAs
(0.59), and mRNAs (0.62-0.66) and miRNAs were observed to have higher MFEIs than
other types of RN As (Schwab et al. 2005; Yin et al. 2008). In consistency with previous
studies, here, MFEIls of predicted barley pre-miRNAs were detected to be higher
(average 0.805+0.269 with median of 0.79) than other RNA types. For the majority of
putative barley pre-miRNAs, this index was found to be greater than 0.66 (Tables 2 and
3).
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Table 2 List of computer based newly identified barley microRNAs and their characteristics

New barley

Barley mature microRNA

Homologous

AG

G+C

microRNA sequence Accession microRNA Location (kcal/mol) LP | LM (%) MFE
miR1119 uggcacggcgcgaugcucagucag |(GH227471.1 tae-miR1119 3 -22.9 86 24 58.2 | 0.45
miR1120 acauucuuauauuaugggacgoag |BJ486588.1 tae-miR1120 3 -42.6 84 24 35.7 | 1.42
miR1121 cauagugaucuaaacgcucuua FD522234.1 tae-miR1121 3 -28.3 57 21 50.3 | 0.99
miR1122 uagauacauccguaucuaaa EX593109.1 tae-miR1122 5 -25.8 90 21 32.3 | 0.89
miR1126 ucaacuauggacuacauacggaa BU974512.1 tae-miR1126 5' -30.2 104 23 31.8 | 091
miR1139 gaaguaacuuagacuaguaaca BQ471108.1 bdi-miR1139 5 -23.6 46 21 348 | 1.47
miR 1436 acauuaugggacggagggagu EX572464.1 0sa-miR1436 ‘ -294 63 21 445 | 1.05
miR 1438 uuuuggaacggagugaguaau GH215029.1 0sa-miR1438 ' -37 91 21 341 | 119
miR156a ugacacgagagagagaagac FD528446.1 sbi-miR156a 5 -18 75 21 56 0.43
miR159a uuuggauugaagggagcucug BJ456281.1 tae-miR159%a 3 -26.5 88 21 50 0.61
miR160a ugccuggcucccuguaugecu BF622299.2 tae-miR160a 3 -39.7 100 21 51 0.78
miR160b ugccuggcucccuguaugecu BU986263.1 tae-miR160b 5' -21.6 65 21 55.4 0.6
miR165 ucggaccaggcuucauucccc BQ760548.1 tae-miR165 3 -51.5 107 21 60.8 0.8
mMiR166m ucggaccaggcuucauucccc BQ760548.1 0sa-miR166m 3 -40.2 78 21 64 0.8
mMiR166n ucggaccaggcuucauuccce BY841849.1 0sa-miR166n 3 -63.6 102 | 21 59.9 | 1.04
miR168a ucgcuuggugcagaucgggac CA003609.1 0sa-miR168a 5 -51.6 86 21 73.3 | 0.82
miR168b ucgcuuggugcagaucgggac CA003589.1 tae-miR168b 5 -42.4 66 21 69.9 | 0.96
miR171 ugauugagccgugccaauauc CA009309.1 tae-miR171 5' -44.5 78 21 61.5 | 0.93
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miR172a aggaucuugaugaugcugcc GH215809.1 tae-miR172a 5 -16 53 20 43.4 | 0.69
miR172b agaauccugaugaugcugcag GH213313.1 tae-miR172b 5 -16 59 21 42.4 | 0.64
miR172c gaggaucuugaugaugcugcc BY867399.1 tae-miR172c 5 -15.3 52 21 443 | 0.65
miR172d aggaucuugaugaugecugeceg CX627187.1 tae-miR172d 5 -15.3 52 21 46.2 | 0.64
miR2055 uuuccuugggaaggggguuuu BG416283.1 0sa-miR2055 3 -14.7 63 21 30.2 | 0.77
miR395a uccaaagggaucgcauugucu GH212603.1 tae-miR395a 3 -21.6 67 21 58.2 | 0.54
miR397 guugagugcagcguugaugaa CA014459.1 tae-miR397 5' -53.9 85 21 69.5 | 0.91
miR399¢g ugccaaaggagauuugecccg AV835204.1 vvi-miR399¢g 3 -17 78 21 48.8 | 0.44
miR408 cugcacugccucuucccugeg GH218076.1 0sa-miR408 3 -22.8 71 21 67.7 | 051
miR444 uugcugccucaagcuugcuge CB882722.1 bdi-miR444 3 -32.7 114 | 21 46.5 | 0.62

Accession: NCBI Genbank 1D of the expressed sequence tag used for microRN A prediction (http://www.ncbi.nlm.nih.gov/, July, 2009),
Homologous microRNA: miRBase ID of the query microRNA used for microRN A prediction (version 13, March 2009, http://mirbase.org),

Location: location of the mature microRNA on the preliminary microRNA hairpin, AG: minimum folding free energy of the microRNA hairpin,
LP: length of preliminary microRNA, LM: length of mature microRNA, G+C: guanine+cytosine percent of preliminary microRNA sequence,
MFEI: minimum folding free energy index, tae: Triticum aestivum, bdi: Brachypodium distachyon, osa: Oryza sativa, shi: Sorghum bicolor, vvi:
Vitis vinifera
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Figure 9 Multiple sequence alignment of predicted barley preliminary microRNA160a and preliminary microRNA160a’s in other species.
(miRBase version 13, March 2009, http:/mirbase.org)
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Table 3 Major characteristics of predicted barley preliminary microRNAs

Characteristic Minimum| Maximum | Median | Average| Standard deviation
Sequence length 46 114 78 77 18
G+C (%) 30.2 73.3 50.2 50.8 12.6
MFEI 0.43 1.47 0.79 0.81 0.27
AG (kcal/mol) -63.6 -14.7 -27.4 -30.9 13.7

G+C: guanine+cytosine percent of sequence, MFEI: minimum folding free energy
index, AG: minimum folding free energy

4.1.2. Putative Barley microRNA Targets

Regulation of gene expression at the post-transcriptional level is provided by
binding of miIRNAs to complementary sites in target mRNA. By the guidance of
miRN A the target
transcript is cleaved or its translation is inhibited (Bartel et al. 2004). We predicted
putative mRNA targets of predicted barley miRNAs by searching their mature miRNA
sequences against H. vulgare EST database and further filtering based on additional
criteria (refer to Section 3.2.2). We found a total of 445 potential barley miRN A targets
and at least one target was identified for each barley miRNA query except miR166n,
miR166m, miR168a, miR168b, miR160b, and miR399g (Appendix H). Barley miRNA
target genes were observed to vary in sequence and function, and most of them were
classified as transcription factors, as well as functional proteins in plant metabolism,
and stress response in consistency with other studies (Bonnet et al. 2004; Rhoades et al.
2002; Zhang, Pan, and Anderson 2006).

4.1.3. Dehydration Responsive Barley microRNAs

In order to detect whether some of the predicted barley miRNAs were regulated
by drought, we performed qRT-PCR for quantification of selected barley miRN As. Four
of the 28 predicted miRNAs were measured in leaf and root tissues under dehydration
stress conditions. Induced barley miRNAs in leaf tissue were: miR156, miR166,
miR171 and miR408. In root tissue, expression of miR156, miR171, and miR408 were

not changed upon dehydration stress, while miR166 was found to be suppressed (Figure
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10). The gRT-PCR products were shown to be specific by melting analysis in qRT-PCR

and agarose gel electrophoresis along with no-RT and no-RN A controls (Figure 11).
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Figure 10 Quantification of barley microRNAs and their targets in leaf and root tissues
in response to dehydration. (a) microRNA171-target BQ4610131.1 (b) microRNA156-
target AV910992.1 (c) microRNA408-microRNA166
LC: leafcontrol, LS: leaf stress, RC: root control, RS: root stress
Quantification is based on quantitative real time PCR results and designated with bar

graphs.
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Figure 11 Barley microRN A166 amplification in control and drought stressed leafand
root tissues and confirmation of specific amplification with no reverse transcription and
no RNA controls through melting curve analysis and agarose gel electrophoresis (a)
amplification and
melting curves of quantitative real time PCR (b) agarose gel electrophoresis of
quantitative real time PCR products
LC: control leaf, LS: drought stressed leaf, RC: control root, RS: drought stressed root,
bp: base pairs, M: RNA ladder, no-RT: no reverse transcription control, no-RNA: no
RNA control, negative: negative control

4.1.4. Dehydration Responsive Barley microRNA Targets

One in silico identified target for each miRNA quantified was selected for qRT-
PCR, except for miR166, for which no target could be predicted. Expression levels of
the target genes of barley miR156, miR171, and miR408 were quantified relative to
controls in dehydration shocked barley root and leaf tissues. miR156 and miR171 target
MRNA levels were found to be suppressed in stress applied leaf samples. Since an
inverse correlation between levels of miR156, miR171 expression, and their
corresponding target mRNA transcripts was observed, drought triggered regulation of
MRNA expression by these miRNAs in barley leaf was validated. However, in
dehydration-stress-treated root samples, Hvu-miR156 target was seen to be increased,

while miR171 and miR408 targets were decreased. These changes in target transcripts
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can be due to other mechanisms unrelated to miRNA-guided regulation (Figure 10).

miR408 expression was not detected in either control or stressed leaf samples.

4.1.5. Drought Induced Target Cleavage by Barley microRNAs

Experimental validation of target MRNAs with 5" RLM-RACE takes advantage of
the preferred mode of action of plant miRN As, which is target cleavage. In this work a
modified 5' RLM-RACE experiments were performed with total RNA extracted from
leaf stress tissues. The predicted target ESTs of miR156, miR408, and miR1436 could
not be verified with 5" RLM-RACE. On the other hand, we have detected seven new
target transcripts cleaved by miRNA-guided RISC cleavage (Appendix I). The cleaved
sequences match with 13 ESTs and these ESTs were found to encode 15 protein
homologues (Table 4). These sequences are most likely to be targets of six
computationally proposed H. vulgare miRNAs: miR165, miR166, miR156, miR2055,
miR171, miR172, miR397 and miR159. It is also possible that barley homologues of
mIiRN As in other species might target for cleavage. Possibly these transcripts are the
targets of miR408, miR1510, miR1511, miR5p, miR538, miR1214, and mMiR853
(Appendix J).
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Table 4 Expressed sequence tag and protein hits obtained by computational analysis of
barley cleaved sequences identified using RN A ligation mediated rapid amplification of
complementary DNA ends

Sequence | Expressed sequence tag ID Protein ID
reflXP_002532325, refiNP_195851.2,
L CAO2LT54 emb|CAB85535.1
gh|ABR26072.1, emb|CAL55828.1,
2 BE421101 emb|CAJ43715.1, emb|CAJ43714.1
CB014764, CB019633 gb|ABA27052
CV0547724,CV054294 gb|ABA27052
gb|ABC74511.1,gb|ABC74510.1,
> BF263515 gb|ABC74512.1
gb|ABA974982, ref[NP_566111.1,
5 Bcl1163ct1723cn5537, ghb|ABG21980.1,

' BF619398, barleyl 14852 | refiXP_002523062.1,gb|AA027294.1,emb|C
AA12242.1, refiNP_001148843.1
prfl|1603356¢, dbj|BAB85481.1,

7 Egigigg BEA37840, reflYP_784093.1, dbj|BAC57648.1,
emb|CA002552.1
Sequence Protein Protein family
o zinc finger in N-recognin (UBR box)
1. ubiquitin ligase domain
biosynthesis protein, H+-
5 ATPase, sinapyl alcohol alcohol dehydrogenase GroES-like protein,
' dehydrogenase, 4-coumaryl- | zinc-binding dehydrogenase
CoA ligase
3. TO71-3 -
4. TO71-3 -
5 DRF-like transcription factor | AP2 domain found in APETALA2 and
' DRFL2 EREBP
transducin family protein, WD40 domain, DELLA protein N terminal
6 WD repeat protein, RGA- domain, GRAS family transcription factor,
' like protein, proline rich hydrophobic protein from soybean (HPS)
protein like family
trnA, ACRS protein,
7. resistance complex 12C-1, p-loop NTPase

ATP synthase CFO subunit 1

Sequence: cleaved sequence identified by RNA ligation mediated rapid amplification of
complementary DNA ends, Expressed sequence tag ID: Graingenes barley expressed
sequence tag(s) that the cleaved sequence gives hit to (http//wheat.pw.usda.gov/GG2),
Protein ID: homologue NCBI Viridiplantae protein(s) that the expressed sequence(s)

gives hit to above a score of 30
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4.2. Wild Emmer Wheat microRNAs and D rought

4.2.1. Wild Emmer Wheat Root and Leaf microRNAs

A plant miRNA chip microarray was used to detect differentially regulated
MIRNAs at 4 and 8 hour drought shock conditions in leaf and root tissues of T.
diccocoides. Dehydration shock was selected as the stress condition because, as
reported by (Ergen et al. 2009), for profiling the majority of drought-responsive genes.
Atotal 0205 miRNAs (out of 853 miRNA probes on chip) were detected in unstressed
tissues. Of these, 46 were found to be leaf specific and 21 were found to be root
specific, the remaining 138 mMIRNAs being detected in both leaf and root tissues
(Appendix K). In drought-stressed tissues, a total of 438 miRNAs (out of 853 miRNA
probes on chip) were detected. Of these, 78 were specific to 4 hour stressed leaves; 43
were specific to 8 hour stressed leaves; and 20 were leaf specific and detected after both
stress periods. Among root-specific miRNAs, 48 were specific to 4 hour stressed roots,
7 were detected only after 8 hour stress, and 15 were found to be present at both time
points. Expression of 19 miRNAs was detected in both leaf and root tissues only at 4
hour of dehydration, and 8 miRN As in both tissues only after 8 hour of drought stress.
Finally, 143 miRNAs were expressed in both tissues under all drought treatments, the
majority (135) of which had also been detected in also in unstressed tissues (Appendix
L).

4.2.2. Dehydration Responsive Wild Emmer Wheat microRNAs

The microarray results showed that the expression of 5 of the 205 mIRNAs
expressed in control tissues was not detected during drought stress, whereas 236 out of
438 miRNAs expressed in stressed tissues were not detected in control tissues. This
indicates that drought stress causes an overall increase in the number of miRNAs
expressed. Differential expression due to drought stress was analyzed for those 141
miRN As that were detected both in controls and stress conditions (Appendices K, L).
miRN As that showed >3-fold increased or decreased expression with a P value <0.05

were determined (Table 5). In leaf tissue, miR1867 and miR896 were found to be
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differentially regulated under both drought conditions; miR1867 was upregulated at
both timepoints while miR896 expression was downregulated after 4 hour but
upregulated after 8 hour stress. Also after 8 hour stress, probes for 2 different miR398
family members were upregulated while miR528 was downregulated. In root tissue,
miR474 was strongly induced under both drought treatments, similary at both stress
time points, miR398 was also upregulated. After 4 hours of drought, levels of miR396
transiently decreased while miR1450 increased, but both had returned to control levels
by 8 hour post-stress induction. Roots that had been drought-stressed for 8 hour showed
the most changes in mIRNA lewvels: in addition to miR474 and miR398, four other
mMIRN As (miR156, miR894, miR1432 and miR1881) were induced, while miR166 and
miR171 were downregulated. The distribution of differentially expressed miRNAs by
tissue and drought condition is displayed by the venn diagram (Figure 12).
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Table 5 Wild emmer wheat microRNAs complementary to microarray probes showing

altered expression in response to drought stress

Tissue- Mean fold
drought . Ho_mologous . i i change from
stress microRNA | microRNA Signal intensity control to P value
condition probe stress
Control Stress

Leaf- miR1867 | o0sa-miR1867 32.1+1.8 116.9+10.9 +3.89 0.0004

4 hour | miR896 ppt-miR896 4,060 + 423 1,252 £ 18.8 -3.25 0.0009
miR1867 | o0sa-miR1867 30.4+8.8 151.6 £39.6 +4.87 0.0071

. pta-miR398 8.23 +£3.31 61.5+8.9 +8.19 0.0005

Leaf- miR398 -

8 hour ath-miR398b 25.84 £5.55 96.0 + 6.8 +3.98 <0.0001
miR528 osa-miR528 1,985 £ 413 4599 +63.1 -4.26 0.0045
miR896 ppt-miR896 1,552 + 154 5,290 + 161 +3.36 <0.0001
miR1450 | ptc-miR1450 | 21,538 1,536 | 85,708 + 3,065 +3.99 <0.0001
miR396 0sa-miR396d 2,379 + 462 790.6 + 69.9 -3.02 0.0056

ROOt- miR398 ath-miR398b 9.49+2.29 43.96 +7.03 +5.11 0.0012

4 hour ptc-miR474c¢ 36.0+10.0 1,940 + 347 +54.93 0.0016
miR474 ptc-miR474a 50.1 +£15.8 2,164 + 287 +46.40 0.0007

ptc-miR474b 46.1 + 8.7 2,067 + 331 +44.62 0.0012

miR1432 | o0sa-miR1432 73.7+£9.2 215.1+£21.3 +3.17 0.0002
MiR156 ptc-miR156k 291.8 £60.2 1,255 +73.2 +4.51 <0.0001
vvi-miR156e 76.6 + 15.7 2329+314 +3.15 0.0006
vvi-miR166a 118.8 +31.3 32.8+10.3 -4.48 0.0083

miR166 0sa-miR166k 343.5+88.2 104.1 £18.5 -3.19 0.0105
ptc-miR166p 439.1 £ 74.6 146.4 £26.0 -3.10 0.0023

miR171 osa-miR171h 161.2 +25.1 52.99 +4.38 -2.91 0.0027
SRﬁgE-r MiR1881 |osa-miR188L | 205+ 14 | 2819+ 244 +13.87 | 0.0002
ath-miR398b 8.67+1.89 66.3+11.6 +7.70 0.0018

miR398 ath-miR398a 7.97 £4.43 61.8+134 +7.64 0.0023
pta-miR398 7.18 £3.21 425+74 +5.13 0.0009
ptc-miR474b 380.4 +70.0 9,568 + 387 +26.12 <0.0001

miR474 ptc-miR474c¢ 361.2 +58.7 9,375 + 587 +25.90 0.0001
ptc-miR474a 394.7+73.8 9,433 £ 430 +25.02 <0.0001

miR894 ppt-miR894 452.0+75.9 2,653 £82.1 +6.17 <0.0001

Signal intensities are given as mean + standart deviation of four replicates. P
values between four control replicates and four stress replicates for each probe

Osa: Oryza sativa, ppt: Physcomitrella patens, pta: Pinus taeda, ath: Arabidopsis
thaliana, ptc: Populus trichocarpa, vvi: Vitis vinifera

were calculated using unpaired, 2-tailed student’s t test
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Figure 12 Venn diagram indicating common and unique differentially expressed wild
emmer wheat microRNAs in two different tissues under two different drought
treatments

In several cases multiple probes from the same family were detected as
differentially expressed (miR398, miR474, miR156 and miR166). As miRNA family
members usually differ from each other by only 2 or 3 bases, it is difficult to tell
whether these multiple signals come from a single T. dicoccoides miRNA or several
closely related ones. However, some indication is given by comparing their expression
levels and cluster analysis (Figure 13). For example, all three miR474 probes were
observed to be upregulated to a similar degree, suggesting that they are detecting the
same T. dicoccoides miR474, or several miR474s that are regulated similarly. For miR-
156 and -166 family members, although mean expression levels vary, they group
together in the cluster analysis again suggesting a single corresponding T. dicoccoides
miRNA or miRNA family. However, the different miR398 probes do not consistently
cluster together, and show different levels of induction from each other (or no
induction) depending on the drought condition. Therefore, it is probable that T.
dicoccoides contains 2 or more miR398 family members that are induced under drought

conditions but to different amounts depending on the tissue and drought conditions.
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Figure 13 Heat map of microarray data showing differentially expressed wild emmer
wheat microRNAs by tissue and drought treatment, clustered according to expression
pattern. (a) clustering performed by the self-organizing map method using Euclidean
distance in which green indicates low signal intensity and red high signal intensity (b)
complete hierarchical clustering carried out using Euclidean distance in which color
coding is according to the scale given 4L:4 hour dehydration stress of leaf, 8L: 8 hour
dehydration stress of leaf, 4R: 4 hour dehydration stress of root, 8R: 4 hour dehydration
stress of root
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4.2.3. Stem-loop Verification for Wild Emme r Wheat microRNAs

Although mature miRNA expression obtained by microarray studies is valuable,
an ultimate verification for the presence of a miRNA in a species also necessiates pre-
mMIRN A stem- loop evidence. This is crucial to differentiate miRNAs from other types of
SRNAs since miRNAs are processed through a unique biogenesis pathway, in which
hairpin shaped precursors are intermediates. Here, by searching sequences of all probes
that gave a postive signal in the microarray, to wild emmer wheat ESTs, stem-loop
forming secondary structures consistent with pre-miRNA characteristics were found for
three mIRNAs: miR1436, miR1128 and miR1132 (Figure 14). Three nucleotide
mismatch flexibility was allowed to account for the occurences of miRNA-probe
binding through a few mismatches and also taking into account differences in sequence
between cultivars. The latter is important since microarray study was performed on a
pool of TR39477 and TR38828, however in prediction of secondary structures,
TR39477 and TTD-22 ESTs, the only currently available T. dicoccoides sequences,
were used. Other miRNAs detected by the microarray await similar stem-loop evidence,
which can be achived in the following years with an increase in T. dicoccoides genomic

and transcriptomic sequence availibility.
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Figure 14 Predicted stem-loop structures of wild emmer wheat microRNAs identified
by the microarray. Preliminary microRN A sequences were identified by BLASTto T.
dicoccoides sequences NCBI (http://www.ncbi.nlm.nih.gov) (Ergen and Budak 2009)
and their secondary structures were predicted by UNAFold.
Mature microRNA sequences are shown with brackets.
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4.2.4. Putative Targets of Dehydration Responsive Wild Emmer Wheat
microRNAs

Several of the differentially expressed miRNAs had experimentally confirmed
targets in model plant species (Table 6). However, as the majority have not, we
computationally predicted targets for all the differentially expressed miRNAs. Using
wild emmer wheat sequences as the target dataset, only one predicted target was found
for a differentially expressed miRNA: a putative heat-shock protein containing
thioredoxin and DnaJ domains as a target of miR396. Therefore, the analysis was
expanded to the set of available durum and bread wheat sequences. For miR156,
miR166, MmiR396 and miR398, targets were predicted in Triticeae that matched those
experimentally verified in model species (Table 6). For all the differentially expressed
miRN As except miR896, there was either a experimentally verifed target in model plant

species, and/or a predicted target from Triticum ESTs or gene sequences.
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Table 6 Targets of drought responsive microRNAs identified by the microarray and
their functions

Targets experimentally verified in other plant species and their functions

microRNA

Experimentally verified
target

Reference

Target function

copper superoxide

Sunkar et al (2006);

copper homeostasis,
response to oxidative

miR398 dismutases; cytochrome C | Jones-Rhoades & stress. enzvime involved
oxidase subunit V Bartel (2004) . » Snzy
in respiration
Kinesin, a motor functions
miR474 pentatricopeptide repeat Luetal (2005) L
(PPR) family protein organelle biogenesis
. . regulation of axillary
miR 166 fHalé)t;)Zr;pll | transcription Juarez et al (2004) | meristem initiation and
leaf development
squamosa-promoter . .
miR156 | binding protein (SBP)-like | WU & Poethig | development, especially
e (2006) flowering time
transcription factors
GRAS domain or radial patterning in
miR171 SCARECROW'“ke Llave etal (2002) |roots, light signaling,
proteins, a family of . LY
transcription factors gibberellin signaling
growth regulating factor- Jones-Rhoades & | development of leaves
miR396 like (GRL) transcription Bartel (2004); Liu & | and cotydelons, lipid

factors, ceramidase genes

Yu (2009)

metabolism

Functional annotation of targets predicted using availabl

e Triticum sequences

Source of sequence used

microRNA in target prediction Target description Target function
: o . squamosa binding | development, flowering
miR 156 Triticum aestivum protein- like time
HD-ZiplI | regulation of axillary
mMiR166 Triticum aestivum p1v! meristem initiation, leaf
transcription factors
development
heat-shock protein
miR396 Triticum dicoccoides containing response to abiotic
thioredoxin and stress
DnaJ domains
miR396 Triticum aestivum GRF-1 homologue development of leaves
and cotyledons
miR398 Triticum durum Cu-Zn superoxide copper homeostasis,
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Triticum aestivum

dismutases

response to oxidative
stress

guidance of pollen

miR528 Triticum aestivum similar to . tubes into the style,
plantacyanin .
reproduction
: . . similar to protein . .
miR894 Triticum aestivum ohosphatase PP2A-4 signalling pathways
miR1432 Triticum aestivum phenylalamr_]e tRNA protein synthesis
synthetase-like
: Triticum durum Mn superoxide response to oxidative
miR1450 — - -
Triticum aestivum dismutases stress
Triticum durum putative protein,
miR1867 . . DUF1242 -
Triticum aestivum superfamily

Sequences used for prediction consisted of Triticum dicoccoides expressed sequence
tags (Ergen and Budak 2009), Triticum durum unique transcripts (PlantGDB,
http ://www.plantgdb.org/) and Triticum aestivum gene index release 9.0 (Lee etal.

2005).

4.3. Analysis of Bread Wheat 5D Chromosome microRNA Repertoire

4.3.1. Putative Bread Wheat 5D Chromosome microRNA Repertoire

Using the in silico homology-based method through implementation of in house

perl scripts, 55 different bread wheat miRNAs were identified from chromosome 5D

sequences. MiIRNA variety was observed to be slightly higher in the long arm (48
MIRN As; 13 specific to 5DL ) compared to the short arm (42 miRNAs; 7 specific to

5DS). 35 miRNAs were detected to be common to both chromosome arms, revealing

the presence of separate clusters in 5DS and 5DL encoding for the same miRNAs.

Fourteen of a total of 55 predicted mIRNAs were identified for the first time in bread

wheat, of which 7 were found to be common to both chromosome arms, while 4 and 3

were specific to 5DS and 5DL, respectively (Table 7).
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Table 7 List of identified putative bread wheat 5D chromosome microRNAS

List of microRNAs identified only in the short arm of bread wheat 5D chromosome

miR3700

miR395

miR482

miR6224

miR834

miR845

miR950

List of microRNAs identified only in the

long arm of bread wheat 5D chromosome

miR1123 miR160 miR169 miR2275
miR398 miR437 miR5085 miR5086
miR5161 miR5169 miR5281 miR6220
miR818

List of microRNAs identified from both arms of bread wheat 5D chromosome

miR1117 miR1118 miR1120 miR1121
miR1122 miR1125 miR1127 miR1128
miR1130 miR1131 miR1133 miR1135
miR1136 miR1137 miR1139 miR1436
miR1439 miR167 miR1847 miR2118
miR5021 miR5049 miR5067 miR5068
miR5070 miR5175 miR5180 miR5181
miR5203 miR5205 miR5387 miR5568
miR6191 miR6197 miR6219

microRNAs identified for the first time in this research are underlined.

Each of the predicted miRNAs were observed to correspond to a variable number
of putative pre-miRNA and mature miRNA sequences. Genomic representation in
relation to different pre-miRNA coding genomic regions will be discussed in detail in
Section 4.3.2. Regarding to mature miRNA sequences, a total of to 926 nonidentical
were identified from 5D sequences, of which 654 and 428 were encoded from 5DL and
5DS, respectively. Mature miRNAs is size is crucial in terms of its function. Previous
studies have shown that 22 nucleotide (nt) miRNAs are more likely to trigger small
interfering RNA (siRNA) biogenesis from their target transcripts (Chen et al. 2010) and
experimental analysis has revealed that 22 nt mature miRNA sequences were most
effectively sorted and loaded onto AGO (Manavella, Koenig, and Weigel 2012). Here,
we investigated the size distribution of 926 mature miRNAs encoded from 5D
chromosome. Sizes of the majority of mature miRN As predicted ranged between 20-24

nucleotides with an average of approximately 21,85 nucleotides (Figure 15).
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Figure 15 Mature microRNA length distribution of putative bread wheat 5D
chromosome microRNAs. x-axis: mature microRNA length, y-axis: number of
predicted bread wheat 5D chromosome mature microRNAs with the specified length
nt: nucleotide

Predicted pre-miRNAs were observed to vary in sequence and stem-loop
characteristics (Figure 16). For each chromosome arm, datasets containing one selected
pre-miRNA sequence for each predicted miIRNA were constructed to comparatively
evaluate pre-miRNA statistics of 5DS and 5DL (Appendices M, N, O, P). By the
cumulative assessment of these datasets containing 48 and 42 pre-miRNA sequences
from 5DL and 5DS, respectively, pre-miRNA characteristics were found to correlate
well with previous plant miRNA identification studies (Schwab et al. 2005; Unver and
Budak 2009; Yin et al. 2008; Zhang et al. 2008; Zhang, Wang, and Pan 2007; Zhang,
Wang, Wang, et al. 2007). Descriptive statistics in relation pre-miRNA sequence length
and (G+C)% content; MFE values of pre-miRNA stem-loop secondary structures and
MFEI indices are listed in Table 8 (refer to Section4.1.1 for explanation of pre-miRNA
characteristics). Although 5DL pre-miRN As were detected to be slightly longer; due to
their lower (G+C)% content and higher stability evident with more negative MFEs, they
were observe to have MFEIs comparable those of 5DS pre-miRNAS, corresponding to

an approximate average of 1,2. (Table 8).
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Figure 16 Predicted stem-loop structures of selected putative bread wheat 5D

chromosome microRNAs. Mature microRNA start and end positions are designated
with arrows. Structures were predicted using UNAFold.
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Table 8 Statistics for selected putative preliminary microRNAs of short and long arms
of bread wheat 5D chromosome

For the combination of preliminary microRNA datasets of short and long

chromosome arms of 5D chromosome

G+C
Sequence length AG (kcal/mol) %) MFEI
Average 130.02 -61.83 40.46 1.2
Minimum 74 -161.5 26.07 | 0.68
Maximum 291 -23.4 67.01 | 2.08
Median 122 -59.7 38.02 1.18
Standard deviation 39.39 23.44 8.61 0.27
For the preliminary microRNA dataset of the long arm of 5D chromosome
G+C
Sequence length AG (kcal/mol) (%) MFEI
Average 136.88 -63.35 39.6 1.2
Minimum 90 -161.5 26.07 | 0.72
Maximum 291 -29.2 59.41 2
Median 130 -61.3 37.69 1.16
Standard deviation 46.61 28.21 8.83 0.3
For the preliminary microRNA dataset of the short arm of 5D chromosome
G+C
Sequence length AG (kcal/mol) (%) MFEI
Average 122.19 -60.08 415 1.2
Minimum 74 -134.4 27.84 | 0.68
Maximum 273 -23.4 67.01 | 2.08
Median 117 -58.05 39.2 1.19
Standard deviation 34.32 21.42 8.73 0.27

AG: minimum folding free energy, G+C: guanine+cytosine percent of sequence, MFEI:
minimum folding free energy index
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4.3.2. Genomic Representation of Putative Bread Wheat 5D Chromosome
microRNA Repertoire

Atotal 0f 3143 genomic loci coding for putative 55 miRN As were predicted to be
present on 5D chromosome. Long arm was observed to contain a higher genomic
representation of miRNAs compared to the short (1952 for 5DL; 1191 for 5DS), as
might be expected from its larger size. The differences in the amount of representation
of individual miRNAs on 5D were found to be highly variable. For instance,
representation of miR5049 coding loci on 5D was observed to be as high as 326: 120
and 206 from the short and long arms, respectively. Other 5D miRNAs with the highest
apparent representation (over 200 copies) were miR1117, miR1120, miR1122 and
miR1436, with variable, but high contributions to their representation from two
chromosome arms. On the other hand, some miRNAs had low genomic representation.
In fact, eleven miRNAs were only detected at a single locus throughout the whole
chromosome: 7 on 5DS and 4 on 5DL. Two genomic coding loci was identified for
miR5070, one on the long and one on the short arms. Four others miRNAs were also
represented by only one genomic locus on 5DS, but that had higher folds on 5DL.
Although this analysis does not render the determination of absolute copy number of
each miIRNA with certainity since some genomic miRNAs may be covered by more
than one sequence read, while others may not be covered at all. However, the
representation of each miRNA within the dataset provides a useful estimate of its
prevalence on the chromosome. It is also noteworthy that 11 of the 14 newly identified
miRN As were observed to have representations lower than 20 copies. Up until now,
they may have been overlooked in expression based studies due to their low

representation (Table 9).
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Table 9 Representation of putative microRN A coding regions on bread wheat short and
long chromosome arms separately and cumulatively

microRNA 5DS | 5DL | 5D microRNA 5DS | 5DL | 5D
miR1117 117 | 176 | 293 | miR482 1 0 1
miR1118 1 22 | 23 |miR5021 12 7 | 19
miR1120 101 | 131 | 232 | miR5049 120 | 206 | 326
miR1121 8 3 | 11 |miR5067 14 | 24 | 38
miR1122 80 | 160 | 240 | miR5068 1 9 | 10
miR1123 0 3 3 | miR5070 1 1 2
miR1125 1 24 | 25 |miR5085 0 1 1
miR1127 38 | 45 | 83 |miR5086 0 1 1
miR1128 53 | 65 | 118 | miR5161 0 6 6
miR1130 56 | 90 | 146 | miR5169 0 4 4
miR1131 47 | 105 | 152 | miR5175 18 | 11 | 29
miR1133 7 25 | 32 |miR5180 7 14 | 21
miR1135 32 | 120 | 152 | miR5181 18 | 27 | 45
miR1136 31 | 113 | 144 [miR5203 10 3 | 13
miR1137 64 | 59 | 123 | miR5205 25 | 60 | 85
miR1139 106 | 56 | 162 | miR5281 0 5 5
miR1436 119 | 146 | 265 | miR5387 15 | 80 | 9
miR1439 34 | 42 | 76 |miR5568 11 7 | 18
miR160 0 4 4 |miR6191 3 10 | 13
miR167 4 2 6 | miR6197 12 | 25 | 37
miR169 0 9 9 |miR6219 1 9 | 10
miR1847 12 | 11 | 23 |miR6220 0 3 3
miR2118 5 5 | 10 |miR6224 1 0 1
miR2275 0 1 1 | miR818 0 17 | 17
miR3700 1 0 1 | miR834 1 0 1
miR395 1 0 1 | miR845 1 0 1
miR398 0 1 1 | mirR950 1 0 1
miR437 0 4 4

microRNAs identified for the first time in this research are underlined. 5DS: short arm
of bread wheat 5D chromosome, 5DL: long arm of bread wheat 5D chromosome
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4.3.3. Repeat Content of Putative Bread Wheat 5D Chromosome microRNA
Repertoire

The high representation of some of the putative miRN As detected on chromosome
5D suggests that some or all of their genomic loci could be repetitive sequences.
Triticeae genomes are known to be highly repetitive (85-90%) (Lucas et al. 2012, 2013)
and repeat related activities were observed to result in new gene and pseudogene
formation, contributing to genome ewvolution (Wicker et al. 2011). Besides, recent
evidence suggests that miRNA gene evolution is also driven by the activities of
transposons (Li et al. 2011). Therefore, all putative pre-miRNA hairpin sequences
detected above were searched against a database of known repetitive elements.
Interestingly, the long arm stem loop sequences were masked with repeats slightly less
(83.84%) compared to those on the short arm (84.38%). The distribution of repeat
elements also showed variation between 5DL and 5DS. Such differences in composition
and distribution of transposable elements between different chromosomes, and even
distinct regions of the same chromosome in wheat species have been reported
previously (Li et al. 2004; Paux et al. 2006; Sabot et al. 2005). In here, pre-miRNA
hairpins were found to be rich especially for DNA transposons, encompassing 81.54%
of 5DL and 81.98% of 5DS stem-loop coding sequences. However, for retrotransposons
these values were only 0.03% and 0.16% corresponding to 5DL and 5DS, respectively,
indicating low retrotransposon representation in stem-loop coding loci. The most
predominant Class Il transposon families identified in the stem-loops were TcMariner
(TcMar) and Enhancer/Suppressor-mutator (En/Spm) for both chromosome arms.
Tourist/Harbinger/Stowaway subfamily was also detected in the stem-loops of both
arms witha much higher represention in 5DS pre-miRNAs. Repeats of this family were
specifically found to be located in miR1139 and miR5049 encoding stem-loops.
Additionally, Mutator (MuDR) elements were found to be present in the stem-loops of
5DL, but not in those located on 5DS. Regarding to Class | transposon families, 5DL
stem- loops were observed to contain long interspersed nuclear elements (LINE), as well
as long terminal repeat (LTR) retrotransposons of the Gypsy subfamily. On the
contrary, 5DS stem-loops were not detected to harbour LINEs, but found to harbour
LTR retrotransposon of both Copia and Gypsy subfamilies. Hairpins were also
identified to encompass other non-transposon repeat elements including simple repeats
(Figure 17).
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B Tourist/Harbinger/Stowaway ™ Unclassified

W Simple repeat

Figure 17 Distribution of repeats of distinct subfamilies in putative bread wheat 5D
chromosome preliminary microRN A repertoire (a) for the long chromosome arm
microRNAs (b) for the short chromosome arm microRNAs
LINE: long interspersed nuclear element, TcMar: TcMariner, En/Spm:
Enhancer/Suppressor-mutator, MuDR: Mutator

Overall, thirty-six out of 55 predicted miRN As were detected to contain repeats of
the DNA transposon family. Since retrotransposons are known to constitute the major
portion of repetitive elements in plant genomes, the accumulation of Class Il elements
in mMIRN A coding regions is noteworthy and supports the view that Class Il elements
contribute to miRNA evolution (Li et al. 2011). Pre-miRN As and their corresponding
DNA transposon content is listed in Table 10.

73



Table 10 Putative bread wheat 5D chromosome microRNAs and DNA transposon
contents of their preliminary microRNA sequences

microRNA Repeat families microRNA Repeat families
miR1117 En/Spm miR437 TcMar, En/Spm
miR1118 TcMar, En/Spm miR5021 En/Spm
miR1120 TcMar, En/Spm miR5049 TcMar, En/Spm, Stowaway
miR1121 TcMar miR5067 TcMar
miR1122 TcMar miR5161 TcMar
miR1123 MuDR miR5169 TcMar
miR1125 TcMar miR5175 TcMar
miR1127 TcMar, En/Spm miR5180 TcMar
miR1128 TcMar, En/Spm miR5203 TcMar
miR1131 En/Spm miR5205 TcMar, En/Spm
miR1133 TcMar miR5281 TcMar, En/Spm
miR1135 TcMar miR5387 En/Spm
miR1136 TcMar miR5568 TcMar
miR1137 TcMar miR6191 TcMar
miR1139 Harbinger miR6219 En/Spm
miR1436 TcMar, En/Spm miR6224 TcMar, En/Spm
miR1439 TcMar, En/Spm miR818 TcMar
miR1847 En/Spm miR834 En/Spm

TcMar: TcMariner, En/Spm: Enhancer/Suppressor-mutator, MuDR: Mutator

4.3.4. Putative Targets of Predicted Bread Wheat 5D Chromosome microRNAs

All of the putative wheat miRNAs on chromosome 5D were found to have
predicted or experimentally confirmed targets, involved in biological or metabolic
processes and in stress responses. For all putative 55 miRNAs, in silico targets were
identified (Appendices R and S), yet only 3 had homologs in other species with
confirmed targets (Table 11). Putative wheat miRN A target genes varied in sequence
and function, and most of them were classified as transcription factors, functional

proteins in plant metabolism, and protein subunits (Figure 18). Predicted targets of
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newly identified miRNAs were involved in a broad range of biological and molecular
functions: including hydrolase activity (miR3700: TC412324), nucleic acid binding
transcription factor activity (miR5205: TC413453), transferase activity (miR5568:
TC446402, TC395950), oxidoreductase activity (miR482: C0O348589), metal ion
binding activity (miR6197: AL821953) and response to stresses (miR5387: BE637541)
such as drought. The majority of miRNAs were observed to have more than one
potential regulatory target, while one target could be regulated by more than one
miRNA. This observation supports the idea that miRNA studies should focus on a
regulatory network in which more than one miRNA with different targets are involved.

Table 11 miRBase deposited experimentally confirmed targets for homologs of bread
wheat 5D chromosome microRN As

microRNA | Species in which the target was identified Target
miR167 ath/osa auxin response factors
miR395 ath/osa ATP sulphurylase
miR160 ath/osa auxin response factors

ath: Arabidopsis thaliana; osa: Oryza sativa
miRBase (version 19, August 2012, http://www.mirbase.org/) (Kozomara and Griffiths-

Jones 2011)

H Catalytic Activity E Binding Activity

u Cellular Component # Transporter Activity

& Metabolic Process i Response to Stimulus
u Others

Figure 18 Distribution of predicted target functions of putative bread wheat 5D
chromosome microRNAs. Piechart was constructed based on predicted targets of 14
newly identified microRN As. DFCI Gene Index Release 12 (http://plantgrn.-
noble.org/psRNATarget/) was used as the target sequence dataset. QuickGO provided
by UniProt-GOA project at EBI (http ://www.ebi.ac.uk/Quick GO/) was used for
annotation.
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4.3.5. Computational Evidence for Expression of Predicted Bread Wheat 5D
Chromosome pre-microRNAs

Unlike other SRNAs, miRNAs are generated from pri-miRNA transcripts, which
are capped and polyadenylated in the same manner as protein-coding mMRNAs (Lee et
al. 2004). Therefore, pri-miRNA sequences may be found in EST databases, albeit
rarely (Dryanova et al. 2008). Here, in order to provide expression evidence for putative
miRN As; non-protein coding, candidate pre-miRNA coding ESTs that show high
similarity to our dataset of predicted pre-miRN A sequences were determined. Through
searches 6 miRN As matched an EST with no significant similarity to known proteins,
suggesting that these putative pre-miRNA sequences are transcribed (Table 12). The
remaining putative pre-miRNAs may also be transcribed, but absent from the currently

available EST databases.

Table 12 List of expressed sequence tags that have high homology to putative bread
wheat 5D chromosome microRN As

microRNA Expressed sequence tag
miR1122 CJ632148.1
miR1439 CJ510559.1
miR1436 AL816538.1
miR167 CJ846906.1, CJ833771.1
miR5205 CJ631979.1, CJ523432.1
miR1136 CJ665546.1, CD876589.1, BE591362.1

Hits with a query coverage or maximum identity lower than 99% and 98%, respectively

or with similarity to a protein coding sequence at an e-value equal to or lower than 1E-

03 were eliminated. Expressed segeunce tag: Genbank (NCBI (January 2013) accession
ID of the expressed sequence tag
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4.3.6. Localization and Quantification of pre-microRNA Coding Regions on Bread
Wheat 5D Chromosome

In order to verify 5D chromosome localization, five of the predicted pre-miRNA
coding regions were amplified from flow sorted 5D chromosome arms by PCR.
screening. Our experimental results supported our in silico predictions: 5DS was
verified to harbour regions coding for pre-miR2118 and pre-miR5070, and 5DL was
confirmed to contain both of the above plus pre-miR6220, pre-miR5085 and pre-
miR169 coding regions. Furthermore,in order to confirm that these pre-miRNAs are
specifically located on chromosome 5D, we also screened gDNA from Chinese Spring
and nullitetrasomic lines. pre-miR169, pre-miR5085 and pre-miR2118 coding regions
were found to be 5D chromosome specific. miR2118 was shown to be located on both
arms of the 5D chromosome (5D specific), while miR5085 and miR169 were found to

be specific to the long arm (Figure 19).

ladder 50s 50U cs N5D-TSA N50-TSB ladder 508 S0L cs NSD-TSA NSD.-TSB

0S8 sOL cs NSD-TSA NSD-TSB

3
508 50U cs NSD-TSA NSD-TS8  ladder

Figure 19 Screening for the specific presence of preliminary microRNA coding regions
on long and short arms of bread wheat 5D chromosome. (a) microRNA169 (b)
microRNA5085 (c¢) microRNA5070 (d) microRNA6220 (e) microRNA2118
ladder: DNA ladder, 5DS: flow sorted bread wheat 5D chromosome short arm, 5DL:
flow sorted bread wheat 5D chromosome long arm, CS: bread wheat cultivar Chinese
Spring, N5D-T5A, N5D-T5B: bread wheat nullitetrasomic lines that lack 5D
chromosome
For screening, PCR was performed and products were visualized through agarose gel
electrophoresis.
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Furthermore, to map the chromosomal positions of 5DL specific miRN As, gDNA
of group-5 deletion lines were also screened. Coding regions of both 5DL specific pre-
miRN As (pre-miR5085, pre-miR169) were found to be located between the breakpoint
of 5DL-7 (FL :0.29) and the centromere (Figure 20).

ladder cs 5DS-2 5DS8-5 SDL-5 50L-7

ladder cs 5DS-2 5DS-5 SDL-5 5DL-7

Figure 20 Screening for the location of preliminary microRNA coding regions on short
and long arms of bread wheat 5D chromosome. (a) microRNA169 (b) microRNA5085
ladder: DNA ladder, CS: bread wheat cultivar Chinese Spring, 5DS-2, 5DS-5, 5DL-5,
5DL7: lines of bread wheat group-5 deletion series with different fraction length values
For screening, PCR was performed and products were visualized through agarose gel
electrophoresis

Quantification with real-time PCR using Chinese Spring gDNA suggested that
coding regions of the selected pre-miRNAs had variable copy number: pre-miR169,
pre-miR5085 and pre-miR5070 were shown to have approximately 86, 2.2 and 1.5 fold
more copies than pre-miR6220. Gene copy number of pre-miR6220 was also separately
evaluated with qRT-PCR in nullitetrasomic lines in comparison to Chinese Spring, to
determine its gene copy number restricted to the 5D chromosome. Approximately 9% of
pre-miR6220 coding sequence copies from the whole wheat genome were observed to

be located on chromosome 5D (Figure 21).
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Figure 21 Quantification of gene copy number of preliminary microRNA coding
regions. (a) comparative levels of microRNA169, microRNA5085, microRNA6220 and
microRNA5070 coding regions in bread wheat cultivar Chinese Spring (b) comparative

levels of microRNA5070 coding regions on 5D chromosome and other bread wheat
chromosomes with its quantification in nullitetrasomic line NSDT5A and bread wheat
cultivar Chinese Spring
Quantification is based on quantitative real time PCR results and designated with bar
graphs.

4.3.7. Expression of pre-micro2118 from Bread Wheat 5D Chromosome

In order to show expression of selected pre-miRNAs (pre-miR2118, pre-miR169,
pre-miR5085, pre-miR6220, premiR5070), RT-PCR and gRT-PCR was performed
using Chinese Spring cDNA. Expression of pre-miR2118 in adult leaves of wheat,
grown under standard greenhouse conditions was shown. Expression was not
unequivocally confirmed for the other 5D specific pre-miRNAs, but as individual
mIRN A expression is frequently tissue/developmental stage/environmental condition
specific, their expression may be detectable under specific conditions that were not
tested here, most probably stress

conditions (Figure 22).
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Figure 22 Evidence for preliminary microR2118 expression in bread wheat adult leaves.
(@) agarose gel electrophoresis of samples amplified by endpoint PCR (b) quantitative
real time PCR amplification and melting curves
Experiments were carried out in bread wheat cultivar Chinese Spring.
ladder: RNA ladder
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4.4. Introgression of D rought-related Quantitative Trait Loci to Elite Cultivars

4.4.1. Establishment of F1 Plants Carrying Drought-related Quantitative Trait
Loci

Here, we introgressed drought related genomic regions from two South Australian
cultivars into European elite germplasm. For this purpose, we performed all different
possible combinations of intercultivar crosses between Australian cultivars (Kukri and
RAC875) and public elite lines (Tosunbey and Bolal). Rate of plant development was
observed to vary between varieties and in one trial approximate heading times were
recorded as 42 days for Kukri, 47 days for Tosunbey, 51 days for Bolal and 53 days for
RAC875.

Several seeds were obtained from cross-pollinated females after intercultivar
crosses. Viable F1 plants were screened for successful introgression of drought related
key regions on chromosome 3B from Kukri or RAC875, depending on the cross
performed, using a linked SSR marker, XBARC77. We confirmed the successful
introgression of drought related key regions in seven F1 genotypes from crosses
between Bolal female X Kukri male (3 plants); RAC875 female X Tosunbey male (3
plants) and Tosunbey male X Kukri female (1 plant) (Figure 23).
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Figure 23 Amplification of XBARC77 simple sequence repeat marker in filial 1 plants.
(@) three Bolal female X Kukri male plants (b) three RAC875 female X Tosunbey male
plants (c) Tosunbey male X Kukri female plant
ladder: DNA ladder, K: Kukri, B: Bolal, R: RAC875, T: Tosunbey, F: female, M: male
Screening was performed with PCR and products were visualized by agarose gel
electrophoresis.

4.4.2. Establishment of BC3F2 Plant Carrying Drought-related Quantitative Trait
Locus

In order to limit the loss of good yield characteristics from the elite cultivar,
obtained plants carrying the drought related key regions (refer to Section 4.4.1) were
backcrossed against their parental backgrounds until BC3F2. BC3F2 plants carrying the
drought related key regionon chromosome 3B were obtained from backcrossing of
obtained Bolal female X Kukri male F1 plants (Figure 24). These plants are promising
for high performance in drought prone environments and are available for further

experimental field testing.
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ladder B BC3F2 K

Figure 24 — Amplification of XBARC77 simple sequence repeat marker in backcross 3
filial 2 plants succeded from Bolal female X Kukri male filial 1 plants
ladder: DNA ladder, B: Bolal, BC3F2: backcross 3 filial 2 plants succeded from Bolal
female X Kukri male filial 1 plants, K: K ukri
Screening was performed with PCR and products were visualized by agarose gel
electrophoresis.
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DISCUSSION

Wheat and its related species are of great economic value, yet their domestication
followed by selective breeding for higher yield has resulted in the loss of valuable
alleles for drought tolerance in modern wheat. Drought is arguably the single abiotic
factor threating wheat yields and its occurence is increasingly emphasized globally due
to environmental warming. In order to stabilize wheat yields, an important consideration
is the improvement of modern cultivars to perform better in water limited environments.
To this end, elucidation of molecular mechanism of drought response and the effective

transfer of acquired knowledge to breeding programmes are crucial.

mMIRN As are central to post-transcriptional regulation of gene expressionand have
been shown to be involved in responses to a variety of stress factors including drought.
Suprisingly, miRN A regulatory networks in Triticeae in the context of drought has been
majorly overlooked. Here, we report drought related miRNAs and their respective
targets in two different Triticeae species: barley and wild emmer wheat. Of these,
barley, widely adapted to diverse environmental conditions, is more tolerant to drought
compared to its close relative wheat. Wild emmer wheat holds particularly great value
with its superior stress tolerance harboring valuable novel mechanisms lost during

transition to modern wheat.
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In this research, drought related miRNA regulatory mechanisms were observed to
be highly tissue specific and effected by the severity of stress treatments. Besides,
comparative analysis of drought induced fluctuations in miRNA repertoires across
barley and wild emmer wheat pointed to both conserved and unique patterns of drought
tolerance. The expressions of all four drought responsive miRNAs (miR408, miR171,
miR156 and miR166) identified in barley, were also significantly altered in wild emmer
wheat in response to drought. Although, the modes and/or levels of drought induced
changes of some of these miRN As were also detected to be paralel and/or comparable
across species, this research also highlighted several differential tissue- and stress
treatment- specific regulatory mechanisms exerted by homolog miRNAs in two
different species. Putative drought related miRNAs identified in this research are
available for further functional studies to the end of elaborating common and novel
drought regulatory mechanisms in different Triticaea species and use of this knowledge

for the development of cultivars with better performance under water deficiency.

In addition to identifying drought related miRN As, an equally important aspect is
the dissection of complete miRN A repertoires of plants and their careful evaluation in
the genomic and/or subgenomic contexts. In recent years, bread wheat miRNAs
expressed in different tissues, at distinct developmental stages and under certain
environmental conditions were reported. However, results retrieved from these SRNA
library- or microarray- based studies do not represent the whole miRNA repertoire,
since mIRNA expression is highly tissue specific and extensively regulated through
development and by stress conditions. Hence, in order to assess the overall bread wheat
5D chromosome miRNA content, we systematically predicted the whole catalogue of
miRN A coding regions on this chromosome with in silico analysis of high-throughput
genomic sequence data. Fifty-five miRNAs were predicted to have coding regions on
5D chromosome. Genomic representations of