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ABSTRACT

Identification and characterization of cold-tolerance associated genes in wheat

Muhammad Zayed, Ph.D.

Concordia University, 2018

The low temperature remains as one of the major limiting factors of crop productivity in
the temperate region, and identification of cold tolerance related genes is crucial for developing
cold tolerant crop plants to increase agricultural productivity. The objective of my thesis is to
identify cold tolerance related candidate genes in wheat, one of the major crops in the temperate
region. In Chapter 2, I have reviewed the literature pertaining to the mechanisms of cold tolerance
in plants with specific emphasis on Wheat. In Chapter 3, forty candidate genes with increased
expression under cold exposure based on published microarray data were selected and further
characterized. These genes belonging to four categories namely defense-related regulators;
transcriptional and epigenetic regulators; post-transcriptional and post-translational regulators; and
genes of unknown functions revealed many differentially expressed genes including Remorin —
upregulated in response to cold; a novel gene in wheat homologous to RD29B of Arabidopsis-
upregulated in response to cold and ABA; and another novel gene regulated by both ABA and
MetJA.

In chapter 4, the results of genome-wide identification and characterization of the wheat
remorin family and its association with cold tolerance are presented. A search of the wheat
database revealed the existence of twenty different remorin genes that we classified into six groups
sharing a common structure and phylogenetic origin. Promoter analysis of TaREM genes revealed
the presence of putative cis-elements related to diverse functions like development, hormonal
regulation, biotic and abiotic stress responsiveness. Expression levels of TaREM genes were
measured in plants grown under in field and laboratory conditions and in response to hormone

treatment. Our analyses revealed twelve members of the remorin family that are regulated during
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cold acclimation of wheat in four different tissues (root, crown, stem and leaves), with the highest
expression in roots. Differential gene expression was found between wheat cultivars with
contrasting degree of cold tolerance suggesting the implication of TaREM genes in cold response
and tolerance. Additionally, eight genes were induced in response to ABA and MetJA treatment.
This genome-wide analysis of TaREM genes provides valuable resources for functional analysis
aimed at understanding their role in stress adaptation.

The chapter 5 is focused on gaining insights into the evolutionary history and in-silico
functional characterization of a novel cold-responsive gene in wheat. This gene in wheat has
distant homology to known abiotic stress-related genes in other plants including CAP160 in
Spinacia oleracea, RD29B in Arabidopsis and CDeT11-24 in Craterostigma plantagineum. The
results show that these genes are homologous and may have evolved from a common ancestor.
The Bayesian phylogenetic analyses of the protein sequences of this gene from various plant
species revealed three distinctive clades. Further analyses revealed that this gene has
predominantly evolved through neutral processes with some regions experiencing signatures of
negative selections and some regions showing signatures of episodic positive selections. These
genes contained common K-like segments and function predictions revealed that these protein-
coding genes may share at least two functions related to abiotic stress conditions. One function is
similar to the cryoprotective function of LEA protein, and the second function as a signalling

molecule by binding specifically to phosphatidic acid.
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Chapter One: General Introduction

The low temperature (0-15 °C) and freezing conditions (< 0 °C) affect plant growth and
development and limits the geographical distribution of plants through their damaging effects on
the development and productivity of sensitive plant species. However cold and freezing-tolerant
plant species can tolerate these conditions to various degrees (Theocharis et al. 2012). The most
of the global land area has an average minimum temperature of below 0 °C, which remains as a
major barrier for expansion of the agriculture (Rihan et al. 2017). Many temperate plant species
have developed different degrees of tolerance to frost conditions. The low, non-freezing
temperature during the pre-frost period plays an important role in cold acclimation leading to the
development of molecular and biochemical responses for cold tolerance in plants (Janska et al.
2010; Rihan et al. 2017).

In contrast, varieties of the same plant species that inhabit geographic regions with
subtropical climatic conditions over long periods of time are not tolerant to frost conditions and
do not show cold acclimation. Plants that respond to cold acclimation or develop frost tolerance
are generally known as winter varieties whereas plants that cannot positively respond to cold
acclimation or develop frost tolerance are classified as spring varieties (Preston and Sandve 2013).
Responding positively to cold acclimation involves many physiological, biochemical and
molecular changes that enable plants to adjust their metabolism, growth and development under
low temperature conditions to develop cold stress tolerance (Rihan et al. 2017). Although most
plants develop cold acclimation through similar genetic networks, some plants possess unique
systems for developing cold tolerance (Sandve et al. 2011; Preston and Sandve 2013). Besides the
inducible cold acclimation process, majority of cold-tolerant plant species have developed
vernalization responsiveness to develop frost tolerance, protect reproductive structures and
synchronize the flowering with favourable climatic conditions. However, the spring varieties of
are unable to tolerate lower temperatures during vernalization period and show many cellular and
physiological damages due to freezing (Preston and Sandve 2013).

Understanding the molecular mechanisms and evolutionary history through which cold
tolerant species have developed tolerance to cold is essential for identifying new cryoprotective
and antifreeze compounds, production of cold stress tolerant plant species, and overcoming the
geographical limits for growing crop plants due to low-temperature conditions. During cold

acclimation and vernalization periods, many protein-coding genes show significant differential
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expression between winter and spring varieties of plants. Further investigations showed their
functional importance of genes such as ICE (Inducer of CBF expression), CBF (C-repeat-binding
factors) and COR (Cold- regulated) in developing cold tolerance in winter wheat varieties (Miura
and Furumoto 2013; Wang et al. 2017).

Wheat is one of the globally important crops valued for its nutritional values with high
demand for bread and starch production, and as a livestock feed. Wheat grains are a rich source of
essential proteins, carbohydrates, vitamins and minerals, and bread alone constitutes the fifth of
the average human daily consumption. Due to its high demand as a food source for humans, often
inferior wheat cultivars with lower nutritional quality are used as a livestock feedstock. According
to FAOStat, wheat cultivars dominate other crops in the area of its cultivation and has been
increased from about 217 million ha in 2012 to 220 million ha in 2016 while its production
continued a steady increase from around 672 million tonnes in 2012 up to 749 million tonnes in
2016 (FAOStat, http://www.fao.org/faostat/en/#home). According to FAOStat, the world top five
exporter countries during the period from 2010 to 2013 are United States of America (USA),
France, Australia, Canada and Russia while the top five importers countries are Egypt, Italy,
Brazil, Algeria and Japan which may indicate that wheat production plays a significant role in the
economy of developed countries.

In contrast to other important crops such as maize and rice, which are chilling-sensitive,
wheat is cultivated in a wide range of geographical area due to its diverse genotypes that can grow
in contrasting climatic condition ranging from tropical to temperate regions. Spring wheat cultivars
are usually cultivated in subtropical and tropical climatic conditions due to its chilling-sensitivity
while winter wheat cultivars grow within temperate regions due to its tolerance and requirement
of lower temperatures. Besides their different physiological responses to different climatic
conditions, winter and spring wheat cultivars also differ in the higher productive potential of winter
wheat cultivars and the better baking quality of spring wheat cultivars (Koppel and Ingver 2008).
Although winter wheat cultivars grown in the temperate climates, their production and
geographical distribution in the northern hemisphere constitutes most of the global land area and
is restricted due to severe cold conditions (Andrews et al. 1997).

The overall goal of this thesis is focused on the identification of cold tolerance associated
genes in wheat and the characterization of the selected cold tolerance associated genes through in
silico and expression analyses. My thesis will include a General introduction (Chapter 1), a

Literature review on wheat and mechanisms of cold stress tolerance (Chapter 2), Identification of



cold tolerance associated genes in wheat (Chapter 3), Genome-wide identification and
characterization of the wheat remorin (TaREM) gene family and its association with cold tolerance
(Chapter 4), Evolution and function predictions of plant CAP160 genes (Chapter 5) and a General

conclusion (Chapter 6).



Chapter Two: Literature Review

The Mechanisms of Cold Stress Tolerance in Wheat

Abstract

Understanding the mechanisms of abiotic stress tolerance in plants is essential for developing
stress tolerant crop plants to achieve global food security and to mitigate the damaging effects of
the changes in climate. The fluctuations above or below the optimum temperature and moisture
regime remain as major abiotic stresses that cause losses in crop yield. Thus, identifying the
physiological and molecular mechanisms related to heat, cold and drought tolerance in plants is
crucial for development of appropriate management strategies to maximize crop yield. This review
presents a broad overview of the underlying mechanisms of cold stress tolerance in plants using
examples from either wheat or Arabidopsis. The choice of wheat is due to its economic importance
and Arabidopsis as a model plant with substantial experimental advances. Cold and drought
stresses are related to the creation of similar downstream signalling effects on plants, therefore
investigating cold tolerance is important as it is the major limitation for agriculture expansion.
Many plant varieties of the same species have developed different degrees of tolerance to cold
conditions and serves as genetic material for improving crops for adapting to changes in the
climate. This review elucidates the mechanisms of cold signal perception, transduction, and roles

of abscisic acid (ABA) and jasmonic acid (JA) in cold acclimation and vernalization.

2.1 Wheat and Cold Stress Tolerance

Wheat is one of the most important crops, and its scale of production is approximately
equivalent to maize and rice (Shewry and Hey 2015). It belongs to the family Poacea. In general,
wheat refers to either the bread wheat Triticum aestivum, about 95% of wheat cultivated
worldwide, or pasta wheat, 7. durum which covers about 5% of cultivated wheat (Arzani and
Ashraf 2017). Both are polyploids where durum wheat is a tetraploid with AABB genome
(2n=4x=28), and bread wheat is hexaploid with AABBDD genome (2n = 6x = 42). Peng et al.
(2011) reviewed evolutionary studies and showed that the D genome in bread wheat originated
from Aegilops tauschii, while the A and B genomes originated from the domesticated Triticum
dicoccum. The complexity and large size of the hexaploid bread wheat genome hindered the
progress towards determining the complete genome sequence for a long time. However, using 454-

pyrosequencing technology, Brenchley et al. (2012) sequenced 17-gigabase-pairs of the bread



wheat genome, and showed that the long process of wheat domestication along with
polyploidization affected many gene family members. Recently, the International Wheat Genome
Sequencing Consortium (IWGSC) announced the first version of the reference genome sequence
of the bread wheat variety, Chinese Spring (IWGSC RefSeq v1.0), with annotation of genes, non-

coding RNAs, and transposable elements (https://wheat-urgi.versailles.inra.fr/Seq-

Repository/Annotations).

The domestication of wheat led to the broad diversification with spring, winter, and
facultative ecotypes. The spring and winter wheat varieties differ in their growth habits,
vernalization requirement, and their response to various stresses. Studying genetic differences
among wheat varieties distributed in different geographic regions will provide means for
developing new wheat varieties with more resistant to diseases, abiotic stresses or high yield
potential.

Winter wheat is cultivated in the autumn, as the low temperatures during the winter season
stimulate the recessive Vrnl gene, returning healthy growth and head development under higher
temperatures. Thus, plants become ready to be harvested in July. On the other extreme, spring
wheat has the dominant Vrnl gene, characterized by constitutive expression without the need of
low temperature or photoperiod stimuli. These plants grow faster and require approximately three
months before harvesting in the summer season when planted during the spring season. Any
fluctuation in climate may have detrimental effects on wheat yield and remains as one of the
challenges for cultivating wheat in harsh environments with either cold or hot climatic conditions.
Furthermore, understanding the differences in molecular mechanisms between spring and winter
wheat varieties is useful for developing plants resistant to abiotic conditions.

Cold stress is one of the critical environmental factors that limit plant distribution in many
regions of the world and sudden drops in temperature leads to productivity losses of many
economically important crops. Plants are sessile organisms that cannot escape from changing
habitats, so they must develop mechanisms to sustain cellular homeostasis in situ to protect
themselves from the surrounding harsh environmental conditions. Species that are unable to adapt
to environmental stochasticity may go extinct. Individuals that can survive under severe stress
conditions may develop different mechanisms for maintaining stress tolerance. Severe cold stress
or frost stress induces crystallization in two steps: first by enhancing the formation of ice particle
clusters at a nanometer scale (Nucleation), then by promoting ice crystal growth under extended

periods of low temperature (Crystal growth) (Rihan et al. 2017). This process damages plant cells,



while frost-tolerant individuals can slow down this process through various mechanisms, including
the production of unique cryoprotective and antifreeze proteins. One example of a frost tolerant
species is winter-varieties of wheat, which develop tolerance based on their geographic location.
Most cold-tolerant plants acquire resistance to cold by prior exposure to an initial low
temperature where ice cannot be formed (Supercooling temperature) during their vegetative phase
(Rihan et al. 2017). Similarly, plants can be acclimated to survive high-temperature conditions
with short-term exposure to an initial high temperature, a process known as acquired
thermotolerance. Winter wheats should be cold-acclimated for at least a period of one to two
weeks, so they can survive under freezing conditions. In nature, plants have an acclimatization
period during the fall season, before winter, or in the spring, before summer. Although cold
acclimation improves ability of winter wheat varieties to tolerate freezing stress, sub-zero
temperatures always cause injury even for most winter cultivars. This injury is more pronounced
in older leaves than younger leaves, where the former die at — 4 °C, the latter can survive up to —
20 °C. The difference in temperature at injury may be due to younger leaves’ higher extracellular
ice nucleation activity and better ability to lower relative water content allowing cells to drop their
equilibrium freezing points (Burke et al. 1976; Griffith 2005). Extracellular ice nucleation activity
drives water movement from the cytoplasm to apoplast thus lowering the freezing point (enhancing
supercooling ability) of these tissues. Livingston et al., (2018) used high-definition infrared
thermography technology to trace the freezing events in winter wheat (CV Shirley) at — 4.6 °C.
They found that the first stage of freezing occurs rapidly for six seconds where the freezing occurs
in xylem vessels of the vascular bundles and ends by reaching the tip of the plant leaves. After 14
seconds, the second stage starts when the cells come to equilibrium freezing, where the freezing
next includes mesophyll tissues and ends by reaching the tip of the plant leaf for the second time
in a slower but a more uniform manner. It takes around 10 minutes for wheat leaf cells to reach
the equilibrium after this stage. When thawed at higher temperature, wheats can recover after the
second stage of freezing, but more subsequent freezing will be lethal. Understanding these

mechanisms is necessary for improving cold tolerance traits of winter grasses.

2.2 Cold Signal Perception

2.2.1 Accumulation of Various Osmolytes

Cold-tolerant plants perceive low temperature by producing many different classes of

osmolytes that act as osmoprotectants, which moderate the severe impact of dehydration. The
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gradual accumulation of soluble sugars is reported in many trees, either during autumn or winter
seasons (Oleksyn et al. 2000; Wong et al. 2003; Eris et al. 2007), or during periods of cold-
acclimation or cold stress (Sasaki et al. 1996; Wanner and Junttila 1999; Saghfi and Eivazi 2014).
The accumulation of soluble sugars in plants as an aspect of physiological protection is not only
correlated with cold stress, but also with heat stress, drought, and salinity (Rosa et al. 2009). At all
events, these stresses decrease water activity in the cytosol. Therefore, soluble sugar accumulation
protects the cells from severe dehydration, in addition to acting as nutrient reserves and protectants
to the cellular membranes (Yuanyuan et al. 2010).

Furthermore, soluble sugars tend to lower the freezing point of the cytoplasm and
accordingly increase frost resistance (Sauter et al. 1996; Ouellet 2007). The accumulation of
soluble sugars is associated with starch hydrolysis in sugar maple (Wong et al. 2003), reducing
photosynthetic activity and stimulating senescence (Wong et al. 2003; Rosa et al. 2009; Yuanyuan
et al. 2010). However, the reduction of photosynthetic activity may lead to soluble sugar
accumulation and not be directly correlated with it (Nebauer et al. 2011). Others suggest that sugars
may play a role as a signalling molecule that cross-communicates with phytohormones, other
nutrients, and regulates the expression of sugar-regulated genes, enabling them to tailor
photosynthetic efficiency under stress conditions (Biswal et al. 2011). Perception of cold does not
only support soluble sugar accumulation, but also reallocates solutes, such as sucrose and fructose
from the symplast to the apoplast, forming a barrier between the plasma membrane and ice crystals,
thus hindering the growth rate of ice formation (Gusta et al. 2005). In addition to the accumulation
of soluble sugars, other chemical compounds like organic acids, amino acids, polyamines, and
lipids have been noticed to accumulate due to cold stress and during cold acclimation periods, as
reviewed by Ouellet (2007), Yadav (2010), and Thakur and Nayyar (2013). These low-temperature

stress-responsive metabolites act as osmolytes to protect the cell and reduce damage.

2.2.2 Encoding stress signal perception by calcium

Variability of the accumulated osmolytes depends mainly on the nature of stress conditions
while this accumulation happens in a slow, gradual, and constant manner, to maintain protection
and proper metabolism. However, as a fast ephemeral response to cold signals, living cells uptake
more Ca*" ions in a phenomenon known as stress-specific "calcium signature." The signature

varies from one stress to another but cytosolic [Ca?*]¢y may increase by 10 to 20 times in a moment



during each spike (Bose et al. 2011). In the case of ABA treatment, the signature has many spikes
of Ca**, while there is only one spike signature for anoxia.

The intensity of the spike differs under the same treatment by different manners, as in the
unique biphasic spike signature of cold treatment. The first spike represents the uptake of calcium
ions from the external medium while the second represents their release from the vacuole, this
second spike shows an enhanced peak in cold-acclimated Arabidopsis relative to non-acclimated
plants (Knight and Knight 2000). Subsequently, after each spike, living cells use their cytosolic
buffering system to restore the basal level of [Ca?"]cy: rapidly after each spike (Plieth et al. 1999;
Schwaller 2009). Once [Ca®*]ey: is in its peak concentration inside the cell, K* channels will open
to drive potassium ions outside the cell until its equilibrium potential (Ex) in the repolarization
phase (Hermann et al. 2012). Signal stress triggers the plant cells action potential above its
threshold guided depolarization, enabling many calcium-binding proteins to catch the high calcium
ions, as most of these proteins have ‘EF’ hand motif(s). ‘EF’ hand motif is a conserved helix-loop-
helix (HLH) structure that mainly consists of two alpha helices connected by a short loop region,
where the Ca?" ion can bind (Day et al. 2002). Most known examples of ‘EF’ hand motif-
containing proteins are calcium-dependent protein kinases (CPK), calmodulin-dependent protein
kinases (CaM), calmodulin-like proteins (CML), calcineurin B-like proteins (CBL), and
calreticulin (CRT) (Ranty et al. 2006; Xiang et al. 2015; Mohanta et al. 2017). A cytosolic
buffering system constitutes plenty of calcium-binding proteins, where many of them act as signal
transducers to transfer the stress signal in a specific downstream response cascade. Using chemical
inhibitors of calcium channels not only lowers [Ca?"]cyt concentration, but also negatively affects
the expression of KIN! (a cold-responsive gene marker and one of the CBF gene family members)
which points out that calcium signalling is upstream of the CBF-gene regulon, and an essential
signal for a proper perception of stress (Knight et al. 1996). However, there is still the question of
whether the calcium channels themselves are the primary receptors for the stress signal or if

signalling occurs upstream.

2.2.2.1 Calcium influx systems
Ca**-permeable channels manage the temporarily elevated increase of cytosolic calcium
from extracellular surroundings and intracellular compartments. These channels encompass a
voltage potential-based manner into three main categories: depolarization-activated calcium
channels (DACCs), hyperpolarization-activated calcium channels (HACCs), and voltage-

independent calcium channels (VICCs). The diversity of Ca**-permeable channels in plants is less



than that of animals and include only five protein families. These families are cyclic nucleotide-
gated channels (CNGCs), glutamate-receptors like channels (GLRs), two-pore channels (TPCs),
mechanosensitive channels (MCAs), and hyperosmolality-gated calcium-permeable channels
(OSCAs) (Edel et al. 2017). The activation of Ca?*-influx channels drive calcium into plant cell
cytosol (Bose et al. 2011). Some of these channels have been detected to be localized only in the
plasma membrane, such as MCAs, CNGCs, and GLRs. Therefore, the function of these channels
is mainly to drive Ca*' from extracellular space into the cell. CNGCs and GLRs channels are
permeable to either monovalent and divalent ions while MCAs and TPCs channels have an EF-
hand domain that is highly specific to Ca?" ions (Chen et al. 2015; Guo et al. 2015). The
interactions with other molecules direct the activity of Ca**-permeable channels. For example,
CNGCs and GLRs have a defined negative feedback regulation mechanism when bound to CaM
binding domain that overlaps with either cAMP or cGMP, while GLRs are positively regulated
through binding with glutamate, glycine, alanine, serine, aspartic acid, cysteine or glutathione
(Chen et al. 2015). DeFalco et al. (2016) introduced a distinct mechanism of the interaction
between CNGC12 and CaM where apoCaM constitutively associates with C-terminal isoleucine-
glutamine (IQ) motif of AtCNGC12 and AtCNGCI12 inhibition by the interaction of their N-
terminal (NT) motifs with CaM-binding domain (CaMBD) to form a bridge that physically
impedes [Ca®*]ext. influx. Releasing calcium from vacuole to cytosol is controlled by TPC channels
which have an exclusive two-pore domain. TPCs are only localized and expressed in the vacuole
membrane (Guo et al. 2015), where their embedment in the membrane is through numerous
transmembrane domains. Their intervening cytosolic EF-hand domain adopts their ability to
recognize calcium ions.

Furthermore, they have a non-selective nature relative to other monovalent ions. OSCA channels
act mainly as osmosensors, and loss-of-function mutants have a calcium spike of reduced intensity
under osmotic stress when compared with wild-type plants (Yuan et al. 2014). The relative low
diversity of Ca**-influx systems in plants, compared to counterparts in animals and algae, may be

because many of the components in plants are not discovered yet (Edel et al. 2017).

2.2.2.2 Calcium efflux systems
The primary purpose of the calcium efflux system is to alleviate the amplitude of cellular
Ca?" concentrations that have arisen during stress signal perception. Although calcium is a

beneficial element that is essential for maintaining plasma membrane integrity, cell wall structure,



and many other metabolic processes in the plant cell, usually its extracellular concentration is
below its cellular concentration, under untreated conditions. If [Ca®*]¢yt concentration increased
suddenly as in the case of the depolarization phase, but without recovery to its optimal
concertation, this ultimately leads to cytotoxic effects as calcium may cause precipitation of
proteins and nucleic acids. Numerous metabolic disorders and other adverse effects will also occur
if the cellular Ca®" concentration is being held below its optimal concentration, as is seen at the
end of the repolarization phase. That is why hyperpolarization is an essential physiological
response that maintains the appropriate integrity of the living cells. Bose et al. (2011) reviewed
the optimal concentration of Ca?" cations in plant cell to be 1-10 mM in the apoplast, 0.2-10 mM
in the vacuole, 0.002-0.006 mM in the chloroplast stroma, and ~ImM in the endoplasmic
reticulum, while its lowest concentration has been reported in the cytosol as only 0.0001-0.0002
mM, indicating that all cell compartments have higher Ca** than the cytosol by at least 20 times.
Stress signals bring Ca®" into the cytosol either from extracellular surroundings or intracellular
compartments during depolarization. Consequently, cytosolic calcium increases in a concentration
higher than 0.001 mM to initiate the first cytosolic Ca?" transient or oscillation. Afterwards, the
role of the calcium efflux system is essential to alleviate its concentration elevation. Calcium efflux
system components constitute several classes (Tuteja and Mahajan 2007; Bose et al. 2011; Edel et
al. 2017) including P-type ATPases, mitochondria calcium uniporter complexes, cation/Ca2+
exchangers.

These are ion channels that are mostly universal in all living organisms. According to Palmgren
and Nissen (2011), their structure consists of five domains, three of which are cytoplasmic, and
two are membranous. Cytoplasmic domains consist mainly of an actuator domain, nucleotide
binding domain, and phosphorylation domain. The two membranous domains are a transport
domain and a class-specific support domain.

P-type ATPases can be divided into five classes, from PI to PV, according to the transported
substance. PIA and PIB are responsible for pumping potassium and heavy metals, while PIIC is
either Na*/K* or H/K", P2D is a Na" pump, PIIIA is an H" pump, and PIV is a putative lipid
flippase that mainly transports phospholipids. PV has no assigned specificity. HMA1 channels,
classified under PIB group, have been reported as a uniporter channel that localizes in the inner
membrane of the chloroplast of many plants, including barley, and shows sensitivity to many
heavy elements, including calcium (Mikkelsen et al. 2012; Hanikenne and Baurain 2014). On the
other hand, PII (type A and B) are fundamentally responsible for calcium transport.
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P-type ATPase 1I:

A- PITA-ATPases (known as Ca**/H*-ATPase or ER-Type Ca?"-ATPases “ECAs”)
B- PIIB-ATPases (known as Ca?>*-ATPase or Autoinhibited Ca?>*-ATPases “ACAs”)

Although both of PITA and PIIB promote ATP hydrolysis after binding with Ca" ions, type
ITA needs two Ca®* ions to start ATP hydrolysis, while only one Ca?* ion is needed for type IIB to
initiate ATP hydrolysis. This makes type IIB more putative with response to Ca?" ion
concentration. Another advantage of type IIB channels is their N-terminal autoregulation ability,
being positively regulated by binding with CaM protein and negatively regulated by Ca®'-
dependent protein kinase (CDPK). A phosphorylation reaction of its serine-residue
phosphorylation site initiates the binding activity. On the other hand, PIIA type has a broad
nucleotide specificity (Tuteja and Mahajan 2007; Palmgren and Nissen 2011).

2.2.2.2.1 Mitochondria Calcium Uniporter Complex (MCUC)

MCUC channels are Ca?" uniporter channels that localize in the inner mitochondrial
membrane to drive calcium ions inside the mitochondrial matrix via its EF-hand binding domain
(Teardo et al. 2016; Edel et al. 2017).

2.2.2.2.2 Cation/Ca2+ Exchangers (CCX)

The Cation/Ca*" exchangers can transport cytosolic Ca** against its downhill concentration
by using the downhill gradient of other cation species such as Na*!, K*!, and H*!. Consequently,
according to the type of the cation species, they can be named H*!/Ca*? exchangers or Na*!/Ca*?
exchangers (Cai and Lytton 2004). H'!/Ca*? exchangers (CAX) were first discovered in plant
systems, localized in the plasma membrane and tonoplast. Wang et al. (2012) has reported the
localization of Na*!/Ca*? exchangers (NAX) in the plasma membrane of Arabidopsis. Post-
translational events control CCX channel activity by interacting with small molecules, other
proteins, phosphorylation, or pH homeostasis (Bose et al. 2011). In brief, CCX channels are
essential to modulate cytosolic Ca®* elevation in response to abiotic stress like CAX channels that
bring calcium into the vacuole against its gradient and restore protons inside the cytosol.

It has been reported that the calcium influx is coupled with the early phase of membrane
depolarization that occurs in response to cold signals (Penfield 2008; Teardo et al. 2016), although
it is still unknown which is upstream of which. As depolarization occurs with the increase of
[Ca*]eyt, Plieth et al. (1998) used manganese quench techniques to show that cytosolic Ca?*
increase is from the cell compartments, not from outside. In such a case, pushing calcium ions

from cell compartments can be triggered by a variety of secondary messenger molecules, where
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the elevated level of inositol triphosphate guide the efflux of Ca?* from endoplasmic reticulum
(Wacke et al. 2003), which is, in turn, a hydrolytic product of the cell membrane
phosphatidylinositol 4,5-biphosphate (Plieth 2005; Berridge 2016). Knight and Knight (2012)
have described membranes as cellular thermometers during cold signal perception. In their review,
they highlighted many types of research that have used chemical agents which either increase or
decrease membrane fluidity, finding that they have a direct effect on cold sensing. They also

acknowledge many mutant studies that affect membrane fatty acids, directly reducing cold sensing.

2.2.2.3 Membranes as temperature sensors

Membranes respond to stress by modifying their chemistry, but this modification depends
mainly on the nature of the stress. For example, in contrast to increasing the content of saturated
and monounsaturated fatty acids as a response towards high temperature, plants react to cold by
having membranes with a higher amount of polyunsaturated fatty acids and lower amount of
saturated fatty acids. Therefore, the freezing points of the membranes of cold-tolerant plants may
reach below — 20 °C when compared to membranes of cold-sensitive plants that may solidify at
only 10°C (Yadav 2010). The presence of a high amount of unsaturated fatty acids in cold-resistant
plants is correlated with a cold acclimation phase, during which the expression of glycerol-3-
phosphate acyltransferase is induced (S. Sanghera et al. 2011). That is why genetically engineered
Saccharomyces cerevisiae with desaturase genes from sunflower have an enhanced tolerance
towards cold and salinity conditions, due to the increase in unsaturated lipids of cell membranes
(Rodriguez-Vargas et al. 2007). Additionally, transgenic tobacco seedlings expressing a plastid-
specific omega-3-fatty acid desaturase gene (FAD7), exhibit greater tolerance under low-
temperature conditions due to an increase in the amount of trienoic fatty acids (Kodama et al. 1995;
Khodakovskaya et al. 2006). Thus, some members of desaturase genes have roles in conferring
cold tolerance traits to plants. Instead of increasing the amount of fatty acid desaturase gene
transcripts, cold tolerant plants use low temperature to increase the stability of their gene-of-
interest transcripts, and thus can use protein turnover mechanisms to increase the amount of fatty
acid desaturase proteins, as is seen in the endoplasmic reticulum targeting protein (FAD3) in the
root tips of wheats (Horiguchi et al. 2000). Accumulation of polyunsaturated fatty acids increases
cell membrane rigidification which may negatively affect the proper function of many integral
proteins (Upchurch 2008). Cold acclimated plants show more active plasma membrane H'-
ATPase to avoid the decrease of ion exchange and water availability, imminent from membrane

solidification. This mechanism facilitates the movement of ions either across cell membranes or
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through active transport processes, triggering cytoplasmic alkalinization by transporting protons
out of the cytoplasm (Kasamo 2003; Martz et al. 2006). A significant observation from the
activation of H'-ATPases is that they rely directly on the unsaturation degree of biological
membranes, and H"-ATPase activation is crucial for many physiological events during stress
conditions, such as plasma membrane hyperpolarization, proton efflux from the cytoplasm,
apoplast acidification, ions and water uptake, stomatal opening, solute transport, and cell growth
(Kasamo 2003; Martz et al. 2006). Accordingly, membrane fluidity is upstream of proton-ATPase
pumps during the signalling mechanism (Martz et al. 2006). As a result, plants that can perceive
the cold acclimation signal properly are those that can accumulate and redistribute polyunsaturated
fatty acids in a mode that orchestrates the activity of ionic-pumping channels in the plasma
membrane. During cold signal perception, plants do not add or remove any novel molecules to
their biological membranes. Instead, they change the relative proportions of the present molecules
with their ability to increase the unsaturated phosphatidylcholine and phosphatidylethanolamine.
This leads to a total increase in phospholipids, in line with the obvious decrease in cerebrosides
(Uemura et al. 2006). In addition to the change in the membrane lipid composition, membrane
protein profiles change to adapt plants during cold acclimation. Likewise, cold signals trigger the
enhancement of phosphatidic acid (PA) biosynthesis (Yadav 2010) from either acylation of
lysophosphatidic acid by lysophosphatidic acid-acyltransferase, hydrolysis of structural
phospholipids by phospholipase D, or phosphorylation of diacylglycerol (DAG) by diacylglycerol
kinase (DGK) (Yadav 2010; Arisz et al. 2013). Phosphatidic acid is thought to be involved in
recruiting enzymes and dehydrins to their respective functional sites (Yadav 2010; Testerink and
Munnik 2011). Zhang et al. (2004) showed that PA binds to ABSCISIC ACID-INSENSITIVE 1
(ABI1), a protein phosphatase with a calcium-binding EF-hand motif, thus preventing its negative
effect on ABA production (Figure 2.1). Accumulated membrane proteins work principally in a
cryoprotective manner to protect membranes from dehydration and to enhance their freezing
tolerance. Examples of these proteins are membrane-anchored lipocalins (Frenette Charron et al.
2002; Charron et al. 2005), early responsive dehydration protein 14 (ERD14) (Uemura et al. 2006),
annexins such as Ca?'-regulated membrane-binding proteins and COR410 — a peripheral
membrane protein that accumulates near the membrane during cold acclimation in wheat (Danyluk
et al. 1998). Annexin accumulation may act to protect membranes during cold acclimation
conditions (Breton et al. 2000; Rescher and Gerke 2004). Membranes respond to various abiotic

stress signals by changing three main things: first, by altering membrane electrical potential
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through either activation or deactivation of specific ionic pumps that are distributed through the
membrane. Second, by shifting their membrane fluidity in response to the nature of stress, and
third by de-accumulating and accumulating various types of membrane proteins. Regardless of
which event happens first, these modifications enable the biological membranes to tune up
electrochemical gradients between intracellular and extracellular spaces. Consequently, this
suggests that living cells perceiving abiotic signals have other upstream temperature sensors that

may able to send proper signals to start cell acclimatization/modification of their membranes.
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Figure 2.1: Scheme to illustrate the most common early events of cold signal perception in plants.
Cold signal perception leads to increasing the calcium ions uptake and some plant hormones such
as ABA and JA.

2.2.2.4 Cytoskeleton as a functional stress signal receptor
The cytoskeleton responds to cold signals by depolymerizing its microfilaments and
microtubules. It is unlikely that this depolymerization event is responsible for the fast increase in
[Ca*"]ey: as cytoskeleton rearrangements require more extended periods of time (Knight and Knight
2012). However, Thion et al. (1996) proposes that cytoskeleton disruption somehow positively
regulates the activity of voltage-dependent calcium channels. Many other researchers support this

claim, (Orvar et al. 2000; Sangwan et al. 2001) where they suggest that cytoskeleton rearrangement
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may be directed by cold-stimulated membrane rigidification. Cytoskeleton structure is mainly
from microtubules (MT) and actin filaments (AF), through which the cytoskeleton can interact
with many diverse cellular elements. Both cytoskeleton cortical actin and microtubules are linked
to the plasma membrane and cell wall (Akashi et al. 1998; Collings et al. 1998). Cytoskeleton
tubulin dimers have interaction sites for calcium and magnesium ions (Solomon 1977). Besides
this, actin-binding proteins (ABPs) and microtubule-associated proteins (MAPs) regulate
cytoskeleton rearrangements through their interaction with many diverse interacting-molecules
like kinases and phosphatases (Wasteneys and Yang 2004). For example, phospholipase D (PLD)
acts as a signalling molecule and as a structural protein that binds to actin, microtubules, and the
plasma membrane (Gardiner et al. 2003; Drebak et al. 2004) where cytoskeleton components
regulate PLD activity as monomeric actin inhibits its activity and F-actin enhances it (Figure 2.1).
Abiotic stress induces heterotrimeric G-proteins which regulates cytoskeleton organization, ion
channels and phospholipases activity (Millner 2001; Dave et al. 2009). Plant G-proteins and
phospholipases constitute large proteins families with diverse functions. Figure 2.1 shows
Phosphatidylinositol 4,5-bisphosphate (PIP2) as an important signalling molecule that activates
actin regulatory proteins, ion channels and phospholipases C and D and its synthesis is regulated
by Small GTPases and Phosphatidic acid (PA) through phosphoinositide 5-kinase (PIP5K)
isoforms (Oude Weernink et al. 2007). Profilin competes with PLC for its interaction with PIP2,
thus hindering PIP2 hydrolysis by phospholipases C as specified in Figure 2.1 (Goldschmidt-
Clermont et al. 1990). Previous work indicated that G-protein activates Phospholipase C (PLC) to
hydrolyze PIP2 which produces essential signalling proteins like inositol 1,4,5-triphosphate (IP3)
and Diacylglycerol (DAG) where the former stimulates the efflux of Ca*" ions from cellular
compartments, and the latter is phosphorylated by DAG kinase (DGK) to Phosphatidic acid (PA)
(Khatri et al. 2012; Li et al. 2012).

Additionally, PA correlates positively with increasing F-actin density and polymerization
(Figure 2.1). Therefore, cytoskeleton binding proteins are valuable in regulating essential
signalling pathways in plants and organizing the cytoskeleton itself. F-actin enhances the activity
of phospholipase D  (PLD), but G-actin inhibits it (Wasteneys and Yang 2004; Li et al.
2012).Actin-depolymerizing factors (ADF), also known as cofilins, are essential actin remodelling
proteins, whose activity that is controlled by Ca?*-gradients and pH, but can be hindered by
phosphorylation done through a Ca?*-dependent protein kinase on their conserved serine residue,

Ser6 in a temperature-dependent manner (Viswanathan and Zhu 2002; Drebak et al. 2004). PIP2

-15 -



molecules tend to bind cofilins and thus stop their interaction with G-actin (Yonezawa et al. 1990).
It has been stated that wheat TaADF gene is highly induced after two days of cold acclimation and
has a higher induction in winter cultivars rather than spring (Ouellet et al. 2001; Viswanathan and
Zhu 2002). Its expression does not reach this level of induction in response to ABA, drought, heat,
or salinity treatments which indicates that a specific cytoskeleton reorganization is necessary for
cold acclimation in wheat. These results are consistent with Abdrakhamanova et al. (2003) who
showed that freezing-tolerant wheat cultivars develop transient and partial disassembly of
microtubules during the early stage of cold acclimation. This contrasts with sensitive cultivars
where applying an artificially-enhanced microtubule disassembly chemical named pronamide
leads to enhanced freezing tolerance in sensitive cultivars. Moreover, (Orvar et al. 2000) found
that jasplakinolide, an actin microfilament stabilizer, inhibits calcium influx and a cold
acclimation-specific gene’s (cas30) activity at 4°C, while cytochalasin, an actin microfilament
destabilizer, induces calcium influx and cas30 gene activity at 25°C. These findings indicate that

cytoskeleton dynamics have a significant role in configuring plants to cold stress conditions.

2.3 Cold Signal Transduction in Plants

Since plant cells perceive cold signals or any other abiotic signal, they must transduce this
signal via messengers to administrate stress gene expression regulation. Plant susceptibility to cold
stress may be attributed to the incompetence of the plant receptors to perceive the cold signal
adequately or due to an error in the signal transduction cascades of some essential cold-regulated
genes. As signal transduction is the bridge between plant-sensors and gene expression, other
stresses may induce the same regulon if perceived by the same or related sensors as cold, drought,
and ABA sensors.

One of the most critical cold regulatory pathways is the C-repeat binding factor
/dehydration responsive element binding protein, abbreviated to CBF/DREB pathway
(Chinnusamy et al. 2003; Chinnusamy et al. 2007). Yamaguchi-Shinozaki and Shinozaki (2005)
found that the expression of CBF/DREB genes in Arabidopsis is ABA-independent, as the
expression of genes is triggered by cold stress in abi and aba mutants. The CBF or DREB proteins
are members of the AP2 family of transcription factors that bind to DRE/CRT or LTRE cis-
elements’ promoters of stress-regulated genes since they identify the motives of COR genes’
promoters that have the sequence (A/GCCGAC). Once they bind to the promoter, they activate
COR gene expression (Gilmour et al. 2000; Akhtar et al. 2012). It has been demonstrated that
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abiotic stress factors such as low temperature regulate CBF/DREB expression via a nuclear
constitutive protein ICE1 (Chinnusamy et al. 2003). Polyubiquitination of ICE1 is induced in
normal conditions by the HOSI1, a (Really Interesting New Gene) RING -type ubiquitin E3 ligase
that is found upstream of CBF. As the temperature goes down, a SUMO E3 ligase SIZ1-mediated
sumoylation prevents the polyubiquitination action enhanced by HOS1 and thus increases the
ICE1 stability (Ishitani et al. 1998; Dong et al. 2006). Miura et al. (2009) showed that SIZ1
inactivates ABIS by sumoylation where phosphorylation by SnRKs activates desumoylated ABIS
(Figure 2.2). The phosphorylated ABI5 can induce the transcription of ABA-responsive genes.
Thus SIZ1 is not only a positive regulator in CBF-dependent pathway but also a negative regulator
in ABA signalling pathway. Chinnusamy et al. (2003) used ice/ mutants in Arabidopsis and
showed that ICE1, an upstream transcription factor of CBF genes, enhances CBF3 expression by
binding with its promoter as it recognizes its motif that has an MYC-recognition sequence
(CANNTG). Many overlapped posttranslational events control ICE1; its phosphorylation by one
of the protein kinases named Open Stomata 1 (OST1) enhances its activity to induce CBF regulon,
however, other MPK-mediated ICE1 phosphorylation has been reported to lead to its degradation
by E3 ligase (Li, Ding, et al. 2017). Consequently, the occurrence of these phosphorylation events
on different sites of ICE1 protein is essential for determining its cellular role.

Additionally, Ding et al. (2018) demonstrated that cold inducing OST1 phosphorylation
drives the phosphorylation of basic transcription factor 3 (BTF3) and BTF3-like proteins which in
turn enhance CBF protein stability through protein-protein interaction besides acting as
transcription factors to upregulate CBF gene expression (Figure 2.2). Under normal conditions,
MYBIS5 represses CBF transcription by binding to its promoter MY B-elements whereas during
cold acclimation ICE1 may lead to decreasing MYBI15 repression upon CBF regulon either by
physical interaction with it (Agarwal et al. 2006).
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Figure 2.2: Examples of significant signalling transduction pathways related to inducing the
transcriptional regulatory network of ABA-independent and ABA-dependent pathways as
triggered by cold signal perception. These examples show how either ABA-dependent, ABA-
independent and MPK cascade can be interconnected together to orchestrate different signalling
defence mechanisms in plants. Superscripted letters on symbols are used to highlight the post-

translational events where "P" refers to phosphorylation and "S" refers to sumoylation.

Further studies show that repressing MYB gene transcription may occur either by
sumoylated form of ICE1 (Miura et al. 2007) or by its phosphorylation by cold-induced MPKG®6.
The MYB phosphorylated form has less binding affinity with DNA and a mutation of its
phosphorylation site on Ser168 enhances its repression effect on CBF (Kim et al. 2017; Li, Ding,
et al. 2017). Doherty et al. (2009) reported calmodulin-binding transcription factor (CAMTA) as
a positive CBF regulator that binds to CBF promoter to induce CBF gene transcription. CAMATA
proteins have a definite affinity to a calcium-binding protein calmodulin through their IQ C-
terminal domains thus they may transduce calcium signals into regulation of gene expression

(Leng et al. 2015). H. Li, Ye, et al. (2017) identify the dephosphorylated form of Brassinazole-
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Resistant 1 (BZR1) as a positive regulator of many stress-responsive genes like CBF, WKRY®6,
PYL6, SOCI1, JMT, SAG21 and ESM1 (Figure 2.2). Cold or Brassinosteroid treatment induces
BSUI to dephosphorylate BIN2 and thus enhancing BIN2 degradation by 26 proteasomes. Since
BIN2 is the protein that phosphorylates BZR1, its degradation will enhance the accumulation of
BZR1 dephosphorylated form. Therefore, BSU1 is a CBF positive regulator upstream of BZR1
and BIN2 is a CBF negative regulator downstream of BSUI.

A different mechanism for CBF gene transcription regulation has been introduced by Shi
etal. (2012), where cold induces the protein accumulation of Ethylene-Insensitive 3 (EIN3), a CBF
negative regulator transcription factor (Figure 2.2). Moreover, cold treatment was found to
indirectly induce the stability of Phytochrome-Interacting Factor 3 (PIF3), a CBF transcriptional
repressor, by enhancing the degradation of EIN3-Binding F-Box 1(EBF1) and EBF2 which target
PIF3 for 26S proteasome-mediated degradation (Jiang et al. 2017). Other CBF repressor proteins
work only under certain circumstances like PHYB, PIF4, and PIF7 that repress CBF only under
extended day conditions (Lee and Thomashow 2012).

Further studies using transgenic plants found that the expression of CBFI/DREB1b and
CBF3/DREBla enhanced freezing, drought, and salt tolerance (Chinnusamy et al. 2006).
Predominantly CBF2/DREBIc negatively controls CBF2 expression as revealed by a cbf2 null
mutant (Novillo et al. 2004). Fursova et al. (2009) identified another transcription factor ICE2, a
structural relation to the ICE1, that is involved in freezing tolerance up to — 20°C by endorsing
CBF1 gene expression. The performance of other transcription factors such as HOS9, a putative
homeodomain protein, and HOS10, an R2R3-type MYB transcription factor, were identified in
Arabidopsis to positively regulate frost-tolerance independently from the CBF pathway (Zhu et al.
2004; Zhu et al. 2005). Moreover, the same authors found that mutant plants of hos9 and hos10
showed less freezing tolerance but with the routine induction of CBFs and regular expression of
COR genes. Thus, many cold-regulated genes are separate from the CBF pathway.

Cold stress-regulated genes that require the ABA-dependent pathway have been previously
reviewed (Gusta et al. 2005) and found that they contain either DRE/CRT or ABRE cis-acting
elements in their promoter. Therefore, most of the cold-regulated genes are related to other abiotic
stresses like drought and salinity. Yadav, (2010) found that the ABA-responsive element
(PyACGTGGC) differs from the CBF/DREB responsive element, which is (A/GCCGAC).
However, exogenous application of ABA during the period of cold acclimation enhanced the

freezing tolerance of many different plants (Robertson et al. 1994; Bravo et al. 1998). Spraying
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ABA on cold-sensitive rice seedling improved freezing and heat tolerance without prior exposure
to cold (Shinkawa et al. 2013). Within reason, ABA can increase the induction of DRE/CRT-
containing genes as has been reviewed by Yamaguchi-Shinozaki and Shinozaki, (2005). Since
DRE/CRT promoter elements may act as coupling elements for the functional activation of genes-
containing ABRE elements, this confirms the communication between ABA-dependent and ABA-
independent pathways. Additionally, ABA, drought, and salinity induce the transcription factors
bZIP and ABA-responsive element binding protein (AREBs) which binds with ACGT-
containing ABA response elements (ABRE) to induce the expression of ABRE-containing genes
like RD29A, RD29B, and RD22 (Uno et al. 2000). Mutants hos9-1 show upregulation of RD29A
gene expression and HOS10 positively regulates 9-CIS-EPOXYCAROTENOID
DIOXYGENASE3 (NCED3), a gene encodes a key enzyme in abscisic acid biosynthesis, where
MeJA induces its expression (Hossain et al. 2011). Therefore, HOS9 and HOS10 transcription
factors are thought to regulate cold tolerance in Arabidopsis through the ABA-mediated pathway
(Zhu et al. 2004; Zhu et al. 2005).

Another significant signalling pathway is the MAPK signal transduction pathway that is
not only associated with cold stress, but also to other biotic and abiotic stresses. This signal cascade
transfers the signal from the cell surface to many cytosolic proteins and to the nucleus where it can
initiate the transcription of many transcription factors. In Alfalfa plants, a MAPK signal was
induced in response to cold, drought, and mechanical stress but not by ABA, heat, or salt treatments
(Jonak et al. 1996). Other Arabidopsis MAPK genes like MAPK3 shows more accumulation of its
transcript by drought, cold, salinity, and H>O» , while Arabidopsis MPK7 activation is regulated
through the ABA-dependent pathway (Mizoguchi et al. 1996; Danquah et al. 2015). Sinha et al.
(2011) found that the MAPK pathway comprises three core components which are MAP kinase
(MAPK), MAPK kinase (MAPKK, MAP2K or MEK) and MAPK kinase kinase (MAPKKK,
MAP3K or MEKK). These form the cascade which is stimulated and related to each other by
phosphorylation events where MAPKKK is upstream and phosphorylates MAPKK upon its
activation. Teige et al. (2004) showed that MKK?2 is upstream of and targets MPK4 and MPK6
enhanced cold and salt tolerance in Arabidopsis, as revealed by mkk2 null mutant plants that were
sensitive to cold and salt stresses. Furthermore, MKK2 overexpression increases MPK4 and MPK6
transcripts which can also be activated by downstream MEKK1-mediated phosphorylation that
controls the activation of MKK 1, MKK?2 and MPK4 which can result in the cold- and salt-tolerant
plants. Cold stress tolerance in plants was also shown to be controlled by MPK4 and MPK6, as
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they are substrates for MKK2 in Arabidopsis (Sinha et al. 2011). Cold stress has been found to
upregulate many kinases in a variety of plants, inducing cold-regulated genes such as SAMK,
cbMAKP3, GhMAPK, ZmMPK3, ZmMAPKS, ZmMPKS5, OsMAPKS, SbMAPKK, NtNPKI,
OsMEK 1, MsSAMK, and OsWJUMKI (Sinha et al. 2011; Samajova et al. 2013). Danquah et al.
(2014) reviewed the link between the ABA signalling pathway and different kinases, where ABA
drives the activation of SnRKs and many members of MAPK family. Thus, ABA-dependent or

independent mechanisms can initiate MAPK cascade activation.

2.4 Roles of plant hormones

Plant hormones or plant growth regulators are chemical compounds that can act locally or
can move inside the plant body and cause a cellular response through specific signal transduction
pathways, depending on the kind of plant hormone and its concentration. Through their diverse
structure and classes, they not only orchestrate the development of all plant growth phases but also
play important roles when exposing the plant to either biotic or abiotic stress. Once the plant
perceives the cold signal, either through its plasma membrane or an unknown receptor, the
transduction of the signal changes the expression of many genes. These changes affect plant
hormones to standardize different biological processes like growth and development through
playing diverse and complicated roles in coordinating different signal transduction pathways and
gene expression during stress conditions. Phytohormones constitute many classes, the most
famous of which are auxins, gibberellins (GA), abscisic acid (ABA), ethylene, jasmonic acid (JA),
salicylic acid (SA), cytokinins (CKs), and brassinosteroids (BRs). Other studies consider
polyamines as a class of phytohormones (Upreti and Sharma 2016). These hormones have different
receptors and potentiate different entangled metabolic pathways during biotic and abiotic stress
conditions. The two most intriguing questions in the aim to understand their mode of action during
stress conditions are how stress signal perception drives plants to change their hormonal profiles,
and which proteins recognize these growth regulators to generate the corresponding downstream
signalling events. This review will shed light on the roles of ABA and JA during abiotic stress

tolerance as examples.

2.4.1 Abscisic acid (ABA)
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Abscisic acid is known for its role in protecting plants during abiotic and biotic stress

conditions, as its increase during stress-induced stomatal closure induces stress-responsive gene
expression, like many late embryogenesis abundant proteins (LEA), and accumulation of many
compatible solutes. Stress-responsiveness in plants includes ABA-dependent and ABA-
independent pathways (Rihan et al. 2017). In the ABA-dependent pathway, many protecting genes
that have ABA-responsive cis-acting elements (ABRE) in their promoters are provoked to
upregulate their transcripts. Eyidogan et al. (2012) indicated that ABA ability to disable the role
of 2C protein phosphatases (PP2C) on sucrose nonfermenting 1-related protein kinase 2 (SnRK?2)
dephosphorylation initiates this event. Thus, ABA indirectly enhances SnRK2 phosphorylation.
The phosphorylated form of SnRK2 subsequently phosphorylates ABA-responsive element
(ABRE)-binding factors (AREBs/ABFs) to initiate ABA-regulated gene expression. In the
absence of ABA, PP2C remains free and thus acts to dephosphorylate SnRK2 kinases, keeping
SnRK2 kinases in their inactive forms. The authors confirmed its homology to other protein
kinases, its accumulation in response to ABA, and identified many potential sites of
phosphorylation in its sequence. Based on this scenario, ABA signalling cascades will be
negatively regulated by the free forms of PP2C as it can form a phosphatase—kinase complex
(PP2C—SnRK?2) while positively regulated by phosphorylated forms of SnRK2.
Identification of which molecules bind to ABA remains controversial and the most well-known
receptors are the soluble cytosolic pyrabactin resistance 1/pyrabactin resistance 1-like/regulatory
component (PYR/PYL/RCAR) proteins. ABA acts as a facilitator molecule that develops the
binding of PYR/PYL/RCAR proteins with PP2C, thus halting PP2C from dephosphorylating
SnRK2, keeping SnRK2 in its active phosphorylated form (Pokotylo et al. 2017).

ABA treatment causes an alteration in the expression of many enzyme-coding genes in the
lipid-signalling pathways. Besides altering membrane fluidity, ABA increases the activity of
phospholipase D (PLD) and other enzymes like phosphatidic acid kinase and N-ethylmaleimide-
sensitive PA phosphatase thus Diacylglycerol pyrophosphate (DGPP) and Diacylglycerol (DAG)
accumulate respectively from these enzymatic activities on phosphatidic acid (PA) (Zhang et al.
2009; Pokotylo et al. 2017). ABA treatment causes transient accumulation of PA as shown in
barley aleurone (Villasuso et al. 2013). This scenario supports the mutant study on Arabidopsis
thaliana that illustrates ABA’s effect on downregulating LPP2 activity and the dependence of
ABA-induced PAK activity on LPP2 disruption (Paradis et al. 2011). This effect of ABA on lipid-
signalling enzymes supports the hypothesis that there may be another unknown receptor of ABA
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in the membrane rather than the cytosolic (PYR/PYL/RCAR) proteins. Pokotylo et al. (2017)
found that some lipids perform similar physiological responses as ABA does. For example, PA is
able to induce stomatal closure even in the absence of ABA and ABA is unable to induce stomatal
closure during the inhibition of PLD-mediated PA production through its activity on
phosphatidylcholine (PC). Accordingly, PLD activity is necessary for ABA signal cascade since
PA production relies on either PLD or phospholipase C/diacylglycerol kinase (PLC/DGK). Other
than lipids, another organic molecule (IP3) produced with DAG by the hydrolysis of
phosphatidylinositol 4,5-bisphosphate (PIP2) has also been shown to induce stomatal closure.
Thus, ABA treatment increases IP; accumulation level in stomata. It is worth mentioning that both
IP; and DAG are involved in releasing Ca*? from cellular organelles (Dong et al. 2012). Hence,
ABA induces many physiological responses through its effects on phospholipid activity, many
other organic molecules, and through controlling cellular Ca*? distribution. Hallouin et al. (2002)
showed that ABA-activation of PLD acts upstream of plasma anion channels, taking RABI8 as a
gene marker for detecting ABA stimulation effects. Guo and Wang (2012) state that this signal
perception is done through membranes as calcium ions bind to the C-domain of PLDal. This
improves the binding of cytosolic PLDal with membrane lipids which, in turn, activates PA
localized there to bind with sphingosine kinase (SPHK) forming PA-SPHK complex. This
activated form of SPHK induces the generation of the phytosphingosine-1-phosphate (phyto-S1P)
that activates PLDal in a positive feedback loop. This ABA-triggered PA activation is involved
in SPHK activation which in turn activates PLDal, as examined using sphkl-1 and sphk2-1
mutants of Arabidopsis (Liang Guo et al. 2012).

Most research was focused on PLD as ABA-mimic compounds until Zalejski et al. (2005)
showed that PA triggers the activation of anion currents without affecting the accumulation of the
RABI8 transcript. In contrast, treating plants by diacylglycerol pyrophosphate (DGPP), a product
from PA, imitates ABA on anion currents as well as RAB8 transcript accumulation. PA enhances
DGPP accumulation through its phosphorylation by phosphatidate kinase (PAK); thus, DGPP
accumulation is detected only after PA accumulation. Affinity membrane studies showed that
DGPP binds to glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which is also increased in
response to ABA treatment where this interaction may have a function in ABA signalling cascade
(Astorquiza et al. 2016). GAPDH is one of the core enzymes in the glycolytic pathway where it
provides energy in the form of NADH by oxidizing glyceraldehyde-3-phosphate to 1,3-
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bisphosphoglycerate, where the former is the first precursor of ABA biosynthesis in plastids
through the 2-C-methyl-D-erythritol-4-phosphate (MEP) pathway (L Guo et al. 2012).

2.4.2 Jasmonic acid (JA)

Free polyunsaturated fatty acids are essential for the biosynthesis of Jasmonates (Oxylipin
compounds) and are synthesized from phosphoglycerolipids by lipases, such as the release of a-
Linolenic acid from biological membranes by PLC enzymatic action. The released a-Linolenic
acids will then be under a series of biochemical modifications beginning with the oxidation by
lipoxygenases until the relief of JA. Zhao (2015) reviewed the occurrence of JA biosynthesis from
the action of PLDs on PC and found PLD-produced PA positively regulates JA biosynthesis
whereas PLDal and PLDB1 mutation impairs it. The pathway of JA biosynthesis is known as the
octadecanoid pathway (Turner et al. 2002; Pokotylo et al. 2017). One crucial JA precursor is 12-
oxophytodienic acid (OPDA), which induces stomatal closure although MeJA does not trigger
stomatal aperture (Montillet et al. 2013). The Ca?" signalling pathway and MAPK cascade also
control regulation of JA biosynthesis where calcium signalling regulates the expression of some
lipoxygenase-encoding genes, and JA biosynthesis elevation occurs ultimately by Ca?*-signalling
activating lipoxygenases (Wasternack and Hause 2013). Jasmonic acids have been known for their
prominent role during pathogenic infections and during grazing by wound-causing insects, acting
as a promoter for synthesizing many defensive compounds. Many laboratory experiments have
showed its crucial role in protecting plants during abiotic stress conditions such as drought, cold,
salinity, and heat stress (Turner et al. 2002; Sharma and Laxmi 2016).

After its biosynthesis, JA is bound to isoleucine (Ile) forming a bioactive ligand, JA-
Isoleucine (JA-Ile), which interacts with a receptor Coronatine Insensitivel (COIl) to allow
interaction with other transcription factors like MYC, MYB, and ICE or other signalling
compounds like jasmonate ZIM-domain (JAZ) proteins (Thines et al. 2007; Sharma and Laxmi
2016). Sharma and Laxmi (2016) reviewed the importance of the discovery of JAZ proteins, which
enhanced our understanding of the way by which JA launches a physiological response after its
perception. Under normal growth conditions, JAZ proteins interact with various stress-controlled
transcription factors (TFs) through its conserved C-terminal domain, where it halts TF from
binding with cis-elements of stress-controlled gene promoters. Stress induces the biosynthesis of

JA and its epimerization or isomerization into JA-Ile, which in turn is capable of binding with JAZ
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proteins, causing the circulation of many TFs upon binding to stress-controlled gene promoters
(Figure 2.3). Under normal growth conditions, JAZ proteins somehow halt many essential TFs that
are involved in abiotic and biotic stress pathways such as MYC2, MYC3, MYC4, ICE1, and ICE2.
Therefore, JA-Ile positively regulates ABA-independent pathway (CBF regulon) through releasing
transcription factors like ICE1 and the ABA-dependent pathway via a bHLH transcription factor
MYC2 (Figure 2.3).

ABA regulates the expression of MYC2, which upregulates the expression of many genes
in ABA pathway by binding to G-box or Z-box elements in their promoters such as ABRE-element
in PP2C gene promoter, G-box element is there to recruit MY C2 protein (Mine et al. 2017). Thus,
some genes are regulated by both ABA and JA. Additionally, MY C2 upregulates the transcription
of many genes involved in JA-biosynthesis like AOC1, DDE2 and LOX2. Aleman et al. (2016)
showed that ABA facilitates the repression of JAZ6 that is positively regulated by MYC2 by
enhancing the binding of MYC2 with ABA receptor PYL6, however, this ABA-mediated PYL6-
MYC?2 interaction induces JAZS transcription. Avramova (2017) found that high JA is noticed
only in the early phase of stress like drought, but not in the second dehydration stress due to the
induction of MYC?2 in the first phase of stress only. However, the factor that suppresses MYC2

transcription in subsequent dehydration stress is still unknown.
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Figure 2.3: Proposed model for the crosstalk between ABA and JA during abiotic stress conditions

such as cold stress.

Pauwels et al. (2010) show that JAZ proteins recruit Groucho/Tupl-type co-repressor
TOPLESS (TPL) and TPL-related proteins (TPRs) through an adaptor protein INteractor of JAZ
(NINJA) to induce epigenetic silencing of many critical hormone-synthesizing genes, including
early JA-signalling genes. Therefore, JAZ proteins released by JA-Ile coordinate the cross-talk
among different phytohormones. JA-Ile binds to JAZ repressor proteins through an F-box protein
of the E3 ubiquitin ligase Skip-Cullin-F-box complex SCF“°!! which is encoded by COII locus.
This SCFO!! complex guides JAZ proteins aided by JA-Ile to be degraded through a ubiquitin-

proteasome system (Wasternack and Hause 2013; Sharma and Laxmi 2016).

2.5 Cold acclimation: Cradle of Vernalization

The formation of ice causes the preliminary damage of cold stress in the apoplastic space
due to its hypotonic nature. Water diffuses to the apoplastic space by the vapour pressure gradient,
causing the formation of more ice crystals and the membrane to rupture in cold-sensitive plants
(Yadav 2010). Because of this cold-induced dehydration, cold-sensitive plants and non-acclimated
plants show signs of wilting, reduced development, and membrane damage. On the other hand,
cold-tolerant plants can produce antifreeze proteins (AFP) that accumulate mostly in the apoplast
to surround the ice crystals to prevent recrystallization (Bravo and Griffith 2005) or in the cytosol,
chloroplast, and mitochondria. Plants are capable of developing cold-tolerance ability either
inherently or by cold-acclimation (Thakur and Nayyar 2013).

Plants, as sessile organisms distributed across various environments, have developed
fundamental and unique mechanisms to help overcome harsh environmental conditions. One of
these mechanisms is the ability of some plant species to be cold-acclimated. In the northern
hemisphere, temperatures can reach around zero in the fall, and quite below zero in the winter,
where ice crystals can quickly form in the living cells of plants. Cold acclimation is a period of
partly low temperature during which plants are reprogrammed to enhance their chilling and
freezing tolerance, and thus to be capable of vernalization. The ability of plants to be cold-
acclimated relies mainly on their genetic architecture which can adequately respond to the cold
acclimation period. The adaptation of plants in hot conditions over long periods of time causes

them to tune their genetic makeup in a different way. One example can be seen in winter wheat
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which can be cold acclimated, tolerate harsh winter conditions, and flower after an extended cold
periods of acclimation (vernalization). This is in contrast with its spring variation. With their
tremendous diversity, Kosova and Prasil (2012) stated that plants embody three main categories
regarding their ability to tolerate cold conditions: (1) Chilling-sensitive plants, which can be
partially cold-acclimated but with severe cellular damage that will affect plant performance and
fitness. These are typically tropical plants like maize, rice, tomato, chickpea, and soybean. (2)
Chilling-tolerant plants which tolerate the chilling period of cold acclimation but cannot tolerate
frosts, like sub-tropical plants such as potato and sugar beet. (3) Frost (freezing)-tolerant plants
that can be cold-acclimated well and tolerate frost conditions, like winter cereals from the tribe
Triticeae.

Freezing tolerance as identified by Saulescu and Braun (2001) is the plant's ability to
survive ice formation without significant cellular damage. This ability differs within different plant
tissues due to their diverse physio-types. Plant tissues do not exhibit the same resistance level
towards freezing conditions where the root collar (crown tissue) is the most tolerant part (Chen et
al. 1983). In this sense, collars should have a significant role in protecting the plant from freezing
damage as recently infrared thermography showed that freezing starts from the base of the plant,
root collar, and then go upwards where leaf collar hinders the progression of ice propagation to
the leaves (Livingston et al. 2018). Saulescu and Braun (2001) found that the freezing tolerance
trait is associated with vernalization requirements, prostrate growth type, day-length response,
accumulation of specific gliadin blocks, and phenotypic differences like tissue water content,
accumulation of polysaccharides, free proline and cold-regulated proteins.

Studies that had focused on chilling-sensitive plants and compared them with cold-tolerant
ones showed that sensitive plants could not modify their lipid and protein profiles during cold
stress. Additionally, the biological membranes of the sensitive plants have a higher proportion of
saturated fatty acids, rendering them to solidify faster from a semi-fluid state into a semi-crystalline
state under low-temperature conditions. The transition temperature of the biological membranes
of cold-sensitive plants was recorded to be around 10°C (Yadav 2010). The solid state of water
vapour pressure is shallow in comparison with its liquid state, thus, as ice is formed in the
apoplastic space, a vapor pressure gradient will be created between the hypotonic apoplast and
hypertonic cytosol. This forces water molecules to migrate to the apoplastic space which in turn
increases the rate of ice crystal formation and drives cell rupturing in cold-sensitive plants (Yadav

2010). Through their capability to shape their lipid and protein profiles, frost-tolerant plants
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develop mechanisms to overcome this physiological consequence by their ability to produce and
accumulate unique apoplastic proteins with cryoprotective and antifreeze activities, enabling them
to surround ice crystals and halt ice re-crystallization (Winfield et al. 2010). Cold acclimation
includes many important events like cold-signal perception and transduction which are
significantly different among the three classes that group plants by their responsiveness to cold.
In general, cold stress reduces most plant metabolic reactions as the stress negatively
affects the rate of most enzymatic reactions including the activity of ribulose-1,5-biphosphate
carboxylase/oxygenase (Rubisco) and phosphoenolpyruvate carboxylase (PEP). Photoinhibition
exhibit the same physiological consequences and is associated with decreasing both ratios of
chlorophylls @ and b to carotenoids and the maximum quantum yield efficiency (Fv/Fm) with a
stable rate of electron transport. These events surge the non-photochemical quenching (NPQ) to
dissipate the excess energy as heat (photochemical dissipation), therefore maintaining
photosystem II (PSII) integrity is important (Huner et al. 1998; Kosova and Prasil 2012). During
cold acclimation periods, winter annual plants evolve distinctive mechanisms to dissipate excess
energy and to maintain PSII integrity either by reducing energy transfer efficiency from PSII to
PSI, surging NPQ rate, developing smaller size of PSII antenna, changing leaf angle, leaf optical
properties, or by elevating the activity rates of Calvin cycle enzymes (Huner et al. 1998). In winter
cereals, cold acclimation drives activity and accumulation of photosynthetic carbon metabolic-
regulatory enzymes such as Rubisco, fructose biphosphate, and sucrose phosphate synthase. It also
maintains the oxidation state of the first stable electron acceptor protein, named the primary
quinone (Qa) of PSII reaction centre. The plastoquinone (PQ) pool thus maintains its activity
during cold acclimation periods to transmit the electron transport signals into the Calvin cycle in
forms of NADPH and ATP (Huner et al. 1993; Huner et al. 1998; Ensminger et al. 2006). This
ability to maintain oxidized Qa is positively correlated with freezing tolerance and negatively
affects photosynthesis (Ensminger et al. 2006; Janda et al. 2014). Accordingly, cold-acclimated
plants develop mechanisms that balance consumed energy and light absorption, mimicking the
process of photoacclimation to high light to avoid the photodamage of PSII (Ensminger et al.
2006). This kind of photoprotection mimicking cold acclimation protection contrasts the events
which happen during cold stress where plants lose the ability to halt the photoinhibition of PSII.
For example, the expressed levels of light harvesting complex proteins (LHC) and nuclear genes
encoding PSII and PSI core proteins are induced during the day of the cold acclimation periods,

while they are suppressed during cold stress, enhancing photosynthetic inhibition (Janda et al.
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2014; Hiiner et al. 2016). This balance between absorbed and consumed energy of photosynthesis,
is known as "Photostasis" and it is only a feature of environmentally well-adapted plants that can
keep the oxidized state PQ pool under a long period of environmental fluctuations (Ensminger et
al. 2006). To keep the metabolic sink up to date with the photosynthetic activity and cold
acclimation conditions, a cross-talk necessary. For example, the chilling-tolerant Arabidopsis
species maintain the level of Calvin cycle gene expression during cold treatment and the
accumulation of sugars with contrast to chilling-sensitive species. Other sugar-biosynthetic
specific genes are light-dependent, and their transcripts accumulate under cold-hardening periods,
like that of fructosyltransferase genes in wheat which has a role in increasing membrane
stabilization and freezing tolerance (Sandve et al. 2011; Janda et al. 2014). These genes are up-
regulated under water stress conditions, as seen in cell wall hydrolases that provide a source of
energy to the plants under nutrient deficiency conditions. SnRK1 (a sucrose non-fermenting 1-
related kinase 1 or SNF1-related protein kinase 1) is thought to be an upstream regulator of these
genes as its activity is also upregulated under water stress conditions where it enhances catabolic
pathways to provide another source of energy under low photosynthetic activity (Biswal et al.
2011). This accumulation of photoassimilates usually occurs in the early phase of cold acclimation
periods, like in autumn or early winter, and acts as an energy source during long cold acclimation
times. This photoacclimation strategy of plants increases carbon assimilation during the early
phases of cold acclimation and carbon metabolism during late phases of cold acclimation periods
(Sandve et al. 2011). With a focus on wheat cultivars, spring growth-habit plants show sensitivity
towards cold due to photoinhibition of PSII, in line with their distinctive low expression of CBF
regulon genes. However, winter growth-habit plants show more active photosynthetic
performance, higher accumulation of photosynthetic gene transcripts, lower photorespiration, and
higher expression of CBF regulon genes (Hiiner et al. 2016). The unique signature of cold-
acclimated plants is to maintain efficient photosynthesis together with the accumulation of soluble
sugars which discriminate this event from that of the cold stress event, where sugar accumulation
is negatively affecting the photosynthetic efficiency.

During the early phase of the cold acclimation period, plants begin to gradually accumulate
unique proteins with cryoprotective and antifreeze activities in various cell compartments. This
protects the cell from severe low-temperature conditions. Dehydrins are an essential set of Late
Embryogenesis Abundant (LEA) proteins that accumulate during water-limiting conditions. LEA

proteins are diverse and contain various groups, although in general they have been found in
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maturing seeds, anhydrobiotic plants, animals, and microorganisms (Wise and Tunnacliffe 2004).
Battaglia et al. (2008) have classified LEA proteins into seven main groups according to their
structural and functional characteristics. Dehydrins are in group 2 of LEA proteins and recently in
the group (D-11). Dehydrins include five distinct subgroups, recognized by their characteristic K-
segment (EKKGIMDKIKEKLPG) that is predicted to form amphipathic a-helical structures that
may protect membranes from dehydration and mediate specific protein-protein interactions and
protect enzymes from inactivation. If the dehydrin protein has many K-segments, they may interact
together forming a bundle with amphipathic alpha-helical conformations. In Arabidopsis, two
dehydrins named early responsive dehydration proteins (ERD10 and ERD14) are found to protect
many enzymes from dehydration (Kiyosue et al. 1994; Kovacs et al. 2008). Most LEA proteins
and dehydrins pass the cryoprotective assay of freeze-liable enzymes (Lin and Thomashow 1992).
In general, LEA proteins prevent protein inactivation through their “Molecular shield activity”
which reduces protein aggregation, imminent from water stress, in addition to the solution effects
of polysaccharides that minimize protein aggregation (Chakrabortee et al. 2012). Liu et al. (2016)
identified a group three LEA protein in maize (ZmLEA3) which is upregulated in reduced water
activity and ABA. While its over-expression enhances tolerance of tobacco towards low-
temperature conditions, other proteins in LEA group three have been found in pea mitochondria
(PsLEAm), which can interact with and protect liposomes from dehydration (Stupnikova et al.
2006). WCS19 has been characterized in wheat as an LEA which localizes in chloroplast stroma
(NDong et al. 2002). The WAP27A and WAP27B are localized in the endoplasmic reticulum
(Ukaji et al. 2001). A wheat protein (TaEm) which belongs to group one LEA showed an ability
to protect citrate synthase and lactate dehydrogenase (LDH) from aggregation due to low water
conditions (Battaglia et al. 2008). Other LEA proteins were still unique and not classified into any
of the seven known groups. Sasaki et al. (2014) identified a novel LEA protein from wheat
(WCI16) which showed a cryoprotective tendency to enzymes and DNA in vitro and was involved
in conferring transgenic Arabidopsis plants with increased freezing tolerance.

In line with various LEA protein accumulation during cold acclimation, other unique
groups called antifreeze proteins accumulate under low-temperature conditions in tolerant plant
species, particularly in their apoplast. AFP are unique in their ability to either increase the
difference between melting and hysteretic freezing points, known as Thermal Hysteresis (TH), or
by their ability to inhibit ice recrystallization by surrounding ice crystals affecting its shape and

preventing the growth of ice crystals. AFP surrounding ice crystals requires minor AFP activity in
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comparison with TH (Preston and Sandve 2013; Duman and Wisniewski 2014). Antifreeze activity
in plants is not only confined to proteins and glycoproteins, but also some non-proteinaceous
molecules, such as antifreeze glycolipids. Sugar moieties in some antifreeze glycoproteins or
glycolipids serve crucial roles due to their tendency to bind with ice (Gupta and Deswal 2014).
While thermal hysteresis is most common in fish, insects, and plants, ice re-crystallization
inhibition proteins (IRIP) are well-known in plants during cold acclimation (Urrutia et al. 1992;
Preston and Sandve 2013). AFPs are highly upregulated in plants once they sense cold, such as
that of LpIRI-a with which transcription is upregulated to 40-fold in Lolium perenne upon one
hour of cold acclimation and can reach 8000-fold after seven days of acclimation.

Another example is TalRI-1 from Triticum aestivum, where its transcript is upregulated in
the first day of cold acclimation and keeps increasing between 6 days and 36 days of cold
acclimation with increased accumulation in the winter wheat cultivar, Norstar as compared to the
spring wheat cultivar Glenlea (Tremblay et al. 2005; Gupta and Deswal 2014). Plant AFPs show
diverse physicochemical properties, some of which having pls in the acidic range and others
having basic pls. Most of them are hydrophilic, but hydrophobic AFPs have been reported, with
the majority of AFPs having a high aliphatic index (Gupta and Deswal 2014).

Metabolic modifications, photoacclimation, signal transduction, and accumulation of LEA
and AFPs are some events that happen during cold acclimation periods. Cold acclimation is a
multigenic, quantitative trait that implicates numerous physiological and biochemical events
(Wisniewski and Gusta 2014). The cold acclimatization reprograms genetic and metabolic
networks enabling the plant to withstand an extended period of low-temperature, thus it is an

essential step for vernalization.

2.6 Vernalization: Qualification for Flowering

Vernalization is a prolonged period of cold acclimation which drives certain plant varieties
towards competency to flower during normal conditions following vernalization, i.e. in spring
season or during a deacclimation phase (Danyluk et al. 2003; Trevaskis 2010; Brian Fowler 2012).
Not all plants need vernalization to flower, and this is usually only limited to winter varieties.
Many efforts have been made to answer the question why spring wheat varieties can flower without
any vernalization requirement while winter ones cannot. The discovery of the MADS-box
transcription factor gene VRN1/VRTT1 that is responsible for vernalization in cereals and which

has high homology with Arabidopsis thaliana meristem identity gene APETALAI (API), opens
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the door for understanding the mechanism of vernalization in cereals (Danyluk et al. 2003; Yan et
al. 2003). These studies have shown that spring wheat cultivars have deletions in the VRN1/VRT1
gene promoter that impedes the VRN2 repressor in identifying its binding site, thus VRN keeps
its constitutive expression without any need for vernalization in these spring cultivars. Whereas
winter wheat varieties have VRN1 promoter sequence that can be recognized by VRN2 and only
prolonged cold treatment liberates VRN2 from the VRN1 promoter to enhance the expression of
the floral promoter gene (VRN1) (Danyluk et al. 2003; Yan et al. 2003; Yan et al. 2004). It has
been found that VRN not only controls the transition from vegetative to reproductive phase in
wheat where its radiation-induced deletion results in plants that never flower, but is also negatively
correlated with the transcription of COR genes and degree of freezing tolerance (Danyluk et al.
2003; Shitsukawa et al. 2007).

Moreover, Distelfeld et al. (2009) found that vegetative-to-flowering transition is also
associated with a VRN2 region deletion, resulting in wheats with spring growth habits. ZCCT
gene-contained VRN2 regions that encode two similar functional putative proteins with Zinc-
finger and CCT domains. The epistatic interaction between VRN1 and VRN2 is not accomplished
by direct binding of VRN2 to the VRN promoter, though a repressor complex may be involved
in this regulation. Kane et al. (2005) identified another gene in bread wheat named VRT2 that has
been found to bind with the CArG motif (MADS-box-binding site) in the VRNI promoter, and
this binding may enhance VRN2 repressor complex formation which may regulate VRNI1 activity.
Other studies suggested that the binding of VRT2 to the VRN 1-CArG motif promoter not interfere
with VRN2-regulating VRN1 activity or vernalization requirement as many diploid 7riticum
monococcum accessions with VRNI1-CArG-motif deletions still show winter-growth habit
(Distelfeld et al. 2009; Pidal et al. 2009).

However, with looking into the effect of day length on VRN2 expression, Turner et al.
(2013) showed that long days (LD) upregulate its expression rather than short days (SD).
Dubcovsky et al. (2006) found that six weeks of SD treatment intervening LD treatment is enough
to substitute the need for vernalization to suppress VRN2. However, this interruption of SD
treatment never upregulates VRN1 until the plants are again at LD which may suggest the presence
of another VRN repressor that is down-regulated during the LD retreatment. Kane et al. (2007)
showed that SD treatment induces VRT2 expression in spring wheat (Figure 2.4). Thus, the VRN1
gene is repressed during the intervening SD treatment. However, Trevaskis et al. (2006) showed

that day length in barley does not regulate VRT2 gene expression. Oliver et al. (2009) showed that
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vernalization controls the epigenetic state of VRNI1 in barley rather than VRN2 or VRN3. As
vernalization stimulates VRN1 gene expression by increasing the level of histone 3 lysine 4
trimethylation (H3K4me3) and decrease the level of histone 3 lysine 27 trimethylation
(H3K27me3), it thus activates chromatin at VRN1 locus. This epigenetic control of vernalization
in Arabidopsis happens in a different way where vernalization provides FLC repression by
inducing H3K27me3.

LD Cold Acclimation
VRN3 CBF regulon

FDL2 CORs/LTI/LEA

Vernalization TaGRP2 TaGRP2

Figure 2.4: An overview of photoperiod, cold acclimation, vernalization and flowering crosstalk
in wheat. Post-translational events are highlighted by superscripted letters on symbols where “P”
refers to phosphorylation and “G” refers to O-glycosylation. Questions marks indicate that more
elucidations are needed to indicate the exact molecular pathway while exclamation mark refers to
a hypothetical model where SD effect or induce VRT2, but this effect is in need to be verified

across different wheat varieties and under different treatments.

Continued analyses of wheat requirements for vernalization identified an essential gene
named VRN3 whose expression upregulates VRN1 without vernalization, irrespective of day
length (Yan et al. 2006). As shown in Figure 2.4, this occurs through the interaction of its protein
with FD-LIKE2 (FDL2) and the VRNI1 promoter (Li and Dubcovsky 2008). A transposable
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element insertion associated with the dominant VRN3 allele promoter causes transgenic winter
wheats with the spring wheat dominant VRN3 allele to upregulate the expression of VRN gene.
Thus, these transgenic plants show rapid flowering without vernalization or short daylength
requirements (Yan et al. 2006; Li and Dubcovsky 2008; Distelfeld et al. 2009). Moreover,
transgenic wheats with reduced VRN2 transcript levels showed a significant increase in VRN3
transcript levels (Yan et al. 2004; Distelfeld et al. 2009). The loss of VRN2 results in rapid
transition into the flowering stage only under long-day conditions (Karsai et al. 2005; Hemming
et al. 2008; Trevaskis 2010).

As the VRN3 gene has been shown to be regulated by photoperiod with its induction during
the long day conditions, it has been suggested that VRN2 represses VRN3 under extended day
conditions (Distelfeld et al. 2009; Trevaskis 2010). Transgenic polyploid wheat studies showed
that the abundance of VRNI transcripts downregulates VRN2 genes in isogenic lines carrying
different combinations of dominant and recessive VRN alleles, rather than isogenic lines carrying
only recessive vrnl alleles (Loukoianov 2005; Distelfeld et al. 2009). Another mechanism has
been introduced by Xiao et al. (2014) to interpret the regulation mode of VRNI gene activation
during vernalization of wheat plants. They found that vernalization induces VER2 expression in
the shoot apex nuclei and stimulates O-GlcNAcylation of TaVRN1 pre-mRNA repressor protein
(TaGRP2) at Thr17. Phosphorylated VER2 proteins bind only to O-GlcNAc-TaGRP2 during
vernalization to release its repression effect on TaVRNI1 pre-mRNA, thus promoting flowering
(Figure 2.4).

Vernalization is a complicated process that is controlled by many genetic elements, where
all components collaborate efficiently with genetic-network controlling photoperiodism and
flowering. Cold acclimation and vernalization are highly coordinated, as vernalization is a long-
term cold acclimation that allows winter varieties to flower only under suitable conditions. During
cold acclimation, winter varieties show biomass accumulation in line with increased
photosynthetic capacity, building up the energy needed for rapid flowering and seed formation
after vernalization (Hiiner et al. 2016). Moreover, freezing tolerance is to be built up during cold
acclimation and if plants grow at low-temperature conditions until they reach the vernalization
saturation point where they are ready to flower. Subsequently, plants begin to lose their frost
tolerance by down-regulating many frost tolerance controlling genes like CBF and COR genes
(Trevaskis 2010).
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2.7 Evolutionary Aspects

Domestication of crop plants drives many permanent modifications in phenotypes through
loss-of-function mutations and cis-regulatory changes, or in their metabolic pathways via selection
on structural and regulatory genes (Olsen and Wendel 2013). These phenotypic and metabolic
changes are a product of genotype-by-environment interactions (Hansen et al. 2012). However,
local populations of wheat differentiate immensely due to limited gene flow among these
populations. Regardless of its life cycle and the complexity of its genome, wheat is one of the ideal
organisms for genotype-by-environment interaction studies. Cereals originate from the artificial
selection of wild grasses, by which they got their current diverse phenotypic, physiological, and
genetic changes as domestication changes ancestral genetic loci (Pozzi et al. 2005). Over past
centuries, artificial selection in wheat plants selected for agronomic traits such as free-threshing
and yield components as well as plant performance to fill the needs blooming human populations.
This process of artificial selection along with geographic isolation decreased the genetic diversity
of modern wheat landraces compared to wild wheat species (Nevo et al. 2012). Domestication of
the crop plant in different climatic conditions results in opposing adaptive machinery. For example,
wheat domestication has resulted in the evolution of winter, spring, and facultative wheats
regarding cold tolerance. Another example is the response of wheat genotypes to different levels
of heat stress during their filling period since the selection of the resistant genotypes is significant
for wheat breeding (Castro et al. 2007).

During cold acclimation and vernalization periods, spring and winter plant varieties show
opposing phenotypic plasticity which is due to long-term natural selection (adaptive evolution) in
the tropics and temperate climate conditions. Kdrner (2016) has reviewed three evolutionary
adaptation characters that plants have developed during the cold-adaptation of their genome: 1)
their ability to maintain the movement of water molecules from the cytosol to the apoplast, 2) fine-
tuning their phenology during different seasons, and 3) keeping small stature in response to cold.
Spring varieties of plants respond to cold acclimation periods by showing more resistance to
damage, while winter varieties show higher responsiveness to decrease the negative impacts of
damage. Both tolerance and resistance traits have opposing trends in these varieties (Agrawal et
al. 2004).

With a focus on the subfamily Pooideae, winter varieties accumulate multifarious
compounds like IRI-like proteins and dehydrins during cold acclimation periods. These

compounds protect them from injury due to freezing, and the evolution of their functionality may
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have evolved independently or from a common ancestor. Sandve et al. (2008) assumed that IRI-
like proteins evolved their ice-recrystallization inhibitory activities through gene duplication
events after rice-Pooideae divergence, which has been detected by an ice-binding domain.
Moreover, no orthologous genes have so far been identified for the cold acclimation wheat
WCS120 gene outside the tribe Triticeae, indicating the independent evolution of cold acclimation
traits (Schubert et al. 2017). However, the similarity of the flanking regions of the IRI-domain in
the subfamily Pooideae within the rice leucine-rich repeat domain in phytosulfokine receptor
kinase (OsLRR-PSR), raises the hypothesis that the IRI-domain may have evolved from the
OsLRR-PSR domain by a series of genetic modifications. Likewise, the evolutionary study of 47
different AFPs using the unweighted pair group method with arithmetic mean (UPGMA) grouped
the 12 IRI-containing AFPs from Pooideae into a subsister clade, indicating the presence of a
common ancestor (Gupta and Deswal 2014). A different example is the neofunctionalisation of
core Pooideae cold acclimation genes, CBFIII and CBFIV, as they did not show the same
expression patterns, which may indicate their role in cold acclimation outside the core Pooideae
(Schubert et al. 2017). These authors showed that cold stress marker genes like HYDHNS and
HvDHNI13 have the same expression patterns with a more conserved protein structure and absence
of duplication events, as these show a sign of sharing general responsiveness to cold with their
most recent common ancestor.

In wheat, VRN genes play an adaptive role that is linked to freezing tolerance and heading
time. It has been found that winter wheat varieties with FROST TOLERANCE 2 allele T (FR-A2-
T) and three VRN-A1 copies tolerate frost conditions more than varieties with less VRN-A1 copies
(Zhu et al. 2014). Kippes et al. (2018) reported 3 SNPs in the first intron of the VRN-A1 gene, the
binding site of the GRP2 protein, that are associated with a significant earlier heading time of the
winter wheat haplotype. Although, winter wheat varieties with various VRN-A1 copies did not
show this significant difference in the heading time.

The vernalization-regulatory genetic network has evolved independently across dicots,
whereas in monocots it has evolved through neo-functionalization where orthologous genes
possess different functions — sometimes even amongst different dicot plants (Kim and Sung 2014).
The Flowering Locus C (FLC), a MADS-box floral repressor gene, is the principal regulator for
vernalization in Arabidopsis since a variation in its promoter, first exon, and first intron drives
different responses to vernalization. FLC down-regulation by cold releases the repression of the
Flowering Locus T (FT), FLOWERING LOCUS D (FD), and the suppressor of overexpression of
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COL1 (SOC1). In turn, this release upregulates many other genes that develop the transition from
vegetative to the flowering stage after vernalization like the floral homeotic gene APETALALI
(AP1) (Trevaskis et al. 2007; Trevaskis 2010; Preston and Sandve 2013). The positive regulator
FRIGIDA (FRI) is an upstream regulator gene which also accounts for the natural variation in
vernalization requirements and the autonomous pathway genes as negative regulators (Trevaskis
et al. 2007; Kim and Sung 2014). Vernalization in Arabidopsis acts by downregulating the FLC
gene. The transcription of FT and API genes is induced, while in wheat it acts mainly by
upregulating the VRNI1 gene, which in turn downregulates the VRN2 gene (a repressor of
VRN3/FT). Thus, VRN3 transcription is induced (Trevaskis et al. 2007). Although VRN3 in wheat
is the orthologous gene of the FT gene in Arabidopsis, evolutionary studies did not show any
orthologs of VRN2 outside temperate cereals or any FLC-like genes in monocots, regarding the
function only, both VRN2 and FLC in temperate cereals and many dicots respectively act to repress
the FT gene.

Furthermore, vernalization downregulates both VRN2 and FLC to release the repression
of the VRN3/FT gene (Yan et al. 2006; Trevaskis et al. 2007; Trevaskis 2010). Vernalization may
have evolved independently, but the intercommunication between vernalization and freezing
tolerance seems to be tightly regulated, as vernalization ensures the onset of flowering which in
turn reduces freezing tolerance. It has been found that temperate cereals with active VRN1 alleles
show reduced expression of CBF genes (Stockinger et al. 2007; Dhillon et al. 2010; Deng et al.
2015).
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Chapter Three: Identification of Cold-Tolerance Associated Genes in Wheat

Abstract

The low temperature and freezing conditions affect growth and development of plants
reducing the productivity of crops. Identification of cold tolerance related genes is crucial for
developing cold tolerant crop plants to increase agricultural productivity. Although many
molecular mechanisms, metabolic pathways and genes involved in cold acclimation in plants are
known, recent microarray-based gene expression data revealed many genes in plants that are
differentially expressed in response to exposure to cold. The function of many of these genes are
unknown and serves as an invaluable resource for identification and characterization of cold
tolerance genes in plants. The present study is focused on 1) selecting genes in wheat (7riticum
aestivum) that show microarray based evidence for differential expression in response to exposure
to cold, ii) verifying their expression in wheat plants treated with cold for short and long durations
and iii) predicting their function through bioinformatics approaches, and iv) analysing the
expression of the selected genes in response to Abscisic acid (ABA) and Methyl Jasmonate (MetJ),
two of the signalling molecules involved in stress response, including cold response in plants.

The 40 selected genes with uncharacterized functions that showed increased expression in
response to cold treatments were clustered into four groups namely i) Defense related regulators,
il) Transcriptional and epigenetic regulators, iii) Post-transcriptional and post-translational
regulators, and iv) Genes of unknown function. The Real Time Quantitative PCR (RT-qPCR)
analyses of cold exposed wheat plants revealed differential regulation of many genes in response
to cold treatment, including i) Remorin - upregulated in response to cold, ii) a novel gene with
remote homology to RD29B of Arabidopsis — upregulated in response to cold and ABA and iii)
an unknown gene upregulated by both ABA and MetJA.

Introduction

A great deal of research focuses on understanding the mechanisms by which winter
cultivars of the grass family, Poaceae, can tolerate low-temperature conditions more than spring
cultivars of the same species. Species with spring-cultivating backgrounds are not competent
enough to develop frost tolerance traits during the cold-acclimation period (Preston and Sandve

2013). The ability of temperate grasses to acquire a diverse transcriptomic network under low-
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temperature environments has gained much interest in the scientific community, and many global
gene expression studies have tried to designate the reshaping of their transcriptomes.

Global gene differential expression has often been investigated using DNA Microarray
technology, although newer, more precise and advanced technology has now become available,
such as RNA-Seq. Before using gene expression tools to thoroughly study the function of specific
genes related to cold acclimation, it is crucial to validate the results of the global gene expression
tool used. Exploring microarray data from previously published works (Skinner 2009; Laudencia-
Chingcuanco et al. 2011; Kane et al. 2013; Li et al. 2018) and highlighting candidate genes that
have a role in cold acclimation of wheat plants is the first step for investigating gene expression in
temperate grasses. Selection of genes from previously published microarray data results in forty
genes of interest that can be re-evaluated by qPCR under specifically designed cold conditions.
The selected genes have been annotated from NCBI and are found to have various functions
ranging from defence regulation, transcriptional, epigenetic, post-transcriptional and post-
translational functions, while genes with unknown functions are kept together in one separate
group.

When plants are exposed to low temperatures, some genes are differentially expressed
during the short-phase of low-temperature exposure (i.e. cold acclimation), while others are
induced only during the long-phase of low-temperature exposure (i.e. vernalization). However,
early-induced genes are essential for the induction of genes during vernalization. One example of
this is the induction of the CBF regulon that is essential for the activation of the VRNI1 gene
through an unknown mechanism. Cold acclimated plants gain their cold tolerance traits during the
first phase of low-temperature exposure by the induction of ICE, a transcription factor which in
turn induces the CBF regulon that turns on the transcription of LEA and COR genes. The
developing of plant's cold tolerance traits lead to the induction of vernalization genes and the
down-regulation of CBF regulon (Trevaskis 2010). The cross-talk mechanism between
vernalization genes and the CBF regulon are not yet fully understood. To better understand the
function of these identified genes, it is important to know whether it is induced only during the
short phase or the long-phase of low-temperature exposure. For this purpose, we designed two
experiments where we analyzed the expressions of the selected genes under the cold acclimation
period (short-growth kinetics) and the long-phase of low-temperature exposure (long-growth

kinetics).
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Tissue specificity in gene expression is another significant factor to consider as genes
orchestrate the physiology and development of plants by different levels of expression throughout
the day (circadian genes) and in different tissues (tissue-specific genes). Many genes have been
previously observed to accumulate in specific tissues under low-temperature conditions. Chauvin
et al. (1993) identified a leaf specific light-stimulated WcS3.19 gene that is induced during cold
acclimation periods, while NDong et al. (1997) showed that the Fcor3 gene is specific to leaves
and its expression profoundly declined in strawberry leaves during cold acclimation. On the other
extreme, some genes do not show tissue specificity, such as Wcor410 that accumulates in the
plasma membrane of either leaves, roots, or crowns under low-temperature conditions (Danyluk
et al. 1998). We investigated the expression of the selected genes in different plant tissues, namely
roots, crowns, stems, and leaves. Due to the variation in physiological states of cells in the same
tissue, leaves are partitioned into three parts; tip of the leaf, the middle parts of the leaves, and leaf
base. We separated the stem into two different segments: the lower part of the stem and upper part.
Our study on gene expression regulation in different plant tissues will improve the understanding
of where the transcription of the candidate gene is mainly needed. In this study, we flagged forty
genes, determined their expression profiles, and evaluated their necessity across different wheat

tissues under short- and long-cold conditions.

Materials and Methods

Exploratory data mining and selection of candidate genes

Many candidate genes with increased expression under cold exposure but no identified
roles in cold acclimation in wheat Triticum aestivum (cv. Norstar) were manually selected from
microarray data of published articles (Skinner 2009; Laudencia-Chingcuanco et al. 2011; Kane et
al. 2013; Li et al. 2018). Some of the genes were selected based upon the functions related to
homologous with genes in Arabidopsis (Duque 2011). The selection process was made based on
two main criteria (1) differential gene expression observed in microarray data where upregulated
genes in response to cold treatment were selected (at least < 3 fold change) and (2) the predicted
functions of the candidate genes where most of the selected genes have unknown/speculative
functions in winter wheats that survive under cold acclimation or freeze tolerance conditions. Forty
genes were selected and were anticipated to be promising for further studies. Probe sets IDs were

used to retrieve the identifiers from Netafex (Liu et al. 2003). These identifiers were used as queries
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in the nucleotide BLAST program (NCBI Resource Coordinators 2016) to retrieve gene accession
numbers in the genus (77iticum), then the translated nucleotides were used as queries in blastx to
identify the closest annotated homologous proteins, and whenever possible, start and stop codons
of the chosen candidate were predicted from the blastx results. Table S3.1 summarizes these data,
and for convenience, the selected candidates were given numbers from 1 to 40 and then grouped
according to their predicted functions into four main groups (I) Defence-related regulators (II)
Transcriptional and epigenetic regulators (III) Post-transcriptional and post-translational

regulators (IV) genes of unknown function.

Plant material and growth conditions
Two kinds of growth experiments were set up to validate the expression of the selected candidate
genes under short and long cold treatments.

Short kinetics growth condition:

Wheat, Triticum aestivum L. cv. Norstar (Grant 1980) plants were grown in a growth
chamber under controlled conditions of 20°C, long days (LD) (16 h at 320 umol m? s*"). For cold
treatment, seven-day old plants were grown under 4°C and sampled after one more day (CA-I) and
eight more days (CA-II). Untreated seven-day old wheat seedlings were grown and sampled after
one more day (NC-I) and three days (NC-II). Sampling was always started at 12:00 PM. Different
plant tissues were sampled from each plant, including the roots (R), crowns (Cr), lower part of the
stem (S1), upper part of the stem (S2), leaf base (L1), middle part of the leaf (L2) and upper part
of the leaf (L3). The partitioning of stems was done into two halves while leaves into three thirds,
equally divided based on their lengths. Samples were kept in dry ice for less than a half-hour until
all the samples were collected, then stored at -80°C for further analysis.

Long kinetics growth condition:

Wheat crowns of Norstar (Grant 1980) and Manitou (Campbell 1967) grown under field

conditions were collected at five time points in 2010 as described by Q. Li et al. (2017), where T1,
T2, T3, T4 and TS5 refer to sampling on 22 September, 4 October, 18 October, 25 October and 5
November, respectively. Biological samples were collected for each sampling date and
immediately frozen in liquid nitrogen and stored at —80°C for analysis.

Hormone Treatment:

ABA and Met] treatments were performed as described previously (Danyluk et al. 1998;
Diallo et al. 2014). Briefly, two groups of seedlings were sprayed and watered with 150 uM MetJ
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or 100 uM ABA dissolved in 0.1% tween 20 solutions respectively. Each group of treated plants
was watered with the same treatment solution. The untreated plants received a mock treatment of
0.1% Tween 20 solution and used as a control. The samples were collected after four hours of the

treatments.

Gene expression analysis
RNA Extraction:

Total RNA was extracted from different sample tissues using Qiagen kit as follows: one
sample was ground in a pre-chilled mortar, and 0.1 mg was taken as a representative sample and
extracted with 100 pl plant aid and 1000 pl lysis buffer. For crowns, approximately ten crowns
were weighed and ground in a pre-chilled mortar in plant aid (w:v ratio was 1:1) and lysis buffer
(w:v ratio was 1:10). The mixture was left for 5 minutes at room temperature after homogenization
and then centrifuged at 15000 rpm for 5 minutes. A volume for 500 pL supernatant was taken, and
50 pul miRNA homogenate was added to it; the tubes were then vortexed three times and kept in
ice for 10 minutes. Acid-phenol chloroform (500 pL) was added, followed by vortexing of the tube
several times. Samples were then centrifuged for 7 minutes, and the upper phase was carefully
removed and mixed with 1.25 volume of pure 100% ethanol by pipetting. The mixture was filtered
through the Qiagen Yo filter in two successive runs and centrifugation (10,000 rpm/ 15 sec) was
applied in each one, followed by discarding the flow-through. Each filter membrane was then
washed one time with Solutionl 700ul and two times with Solution2/3 500ul, centrifugation
(10,000 rpm/ 15 sec) with discarding the flow-through at each washing step. The filter was then
centrifuged for 1 minute at 10,000 rpm and then 5 minutes to make sure that no more washing
solutions are remaining. The membrane was then eluted by a preheated (95°C) elution buffer (80
uL) in two successive steps by applying 40 uL to the center of the filter followed by centrifugation
60 sec./10,000 rpm in each step. Extracted RNA was then stored at -20°C. A Nanodrop
spectrophotometer was used then measured RNA concentration.

Formaldehyde RNA gel:

Agarose (1.5 gm) was dissolved in pure distilled water (100 ml) by heating in a microwave
for two minutes. Once it was at a safe temperature (~ 40°C), a mixture of MOPS 10x (10 ml) pH
7 and formaldehyde (16.2 ml) was added to the agarose solutions, and the flask was swirled to mix
the gel buffer with the agarose solution. The gel was poured into the gel casting and given time to
solidify. Gel hydration solution [MOPS 10x (20 ml), distilled water (144.2 ml), and Formaldehyde
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(38.8 ml)] were then added to cover the gel, and a glass plate was applied on the gel to minimize
formaldehyde evaporation. The gel was left like this under the fume hood for at least 40 minutes.
An RNA sample loading buffer was prepared as follows [Formamide (10 pL), Formaldehyde (4
uL) MOPS 10x (2.5 pL), Ethidium Bromide (10 mg ml') (0.1 uL)], all of which was added to 6
uL of RNA. Samples were heated to 70°C for 10 minutes, then kept in ice for 5 minutes and
loaded into wells. The running gel buffer that was used consisted of MOPS (1x), with a run time
of 60 to 90 minutes at 90V.

Genomic DNA elimination reaction:

RNA samples were diluted by RNase free water to make a final concentration of (900ng),
and 2pl of gDNA wipeout buffer was added to make a final volume of 14 pL. RNA Samples were
then incubated at 42°C for 10 minutes and then stored in ice.

cDNA preparation:

Reverse transcription master mix (RT) and None-reverse transcriptase (NRT) reactions

were prepared on ice as follows:

Component Volume/ RT reaction Volume/NRT reaction
Quantiscript reverse transcriptase 1 uL -

Quantiscript RT buffer 4 uL 4 uL

RT primer mix 1 puL 1 uL

RNase free water - 1 uL

A total of 6 puL from either RT master mix or NRT master mix was added to each template
RNA (14 pL). The tubes were incubated at 42°C for 30 minutes, and the reaction was terminated
at 95°C for 3 minutes and chilled on ice.
Quantitative real-time PCR:

cDNA (RT and NRT) was diluted 10-fold with RNase free water. Quantiscript SYBR
Green PCR (2x ) Master Mix was prepared as follow:

Component Volume (pL)/reaction
SYBR Green (2x) 12.5
Primer (A+B) 0.75
RNase free water 9.75
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A volume of 2 pL of the diluted cDNA was added in each 96 PCR plate according to the
plate design. The master mix was then distributed to 23 pL for a total reaction of 25 pL in each
well. Thel8S rRNA was used as an internal standard for normalization of expression levels with
the delta-delta-Cq method for the calculation of relative expression. The plate was then centrifuged
(2500 rpm/4°C/5 minutes). Real-time PCR analysis was performed in a Roche Light Cycler 480
according to the manufacturer’s instructions. The program used contains four steps: the first step
is the initial activation at 95°C for 15 min, the next step is the PCR amplification, performed up to
40 cycles with 94°C for 15 s, 57 °C for 30 s and 70 °C for 30 s. The third step is the melting curve
for one cycle (95 °C for 5 s, 65 °C for 30 s and 95 °C continuous), and the last step of the program
is cooling for one cycle at 37°C for 5 minutes. Melting curve analysis was used to assess the
specificity of the qRT-PCR products. Primers for the forty selected candidate genes were designed
by primer3 and are listed in Supplementary File S3.2.

Data Curation

Raw Cq data values were normalized to 18S Cq values and one day cold acclimated crown
sample was used in all plates as an inter-plate calibrator to balance any variations among different
PCR runs, and logy relative expressions were calculated (Schmittgen and Livak 2008). All graphics
and statistical analysis were done using R programming (R Development Core Team 2013) and R
package ggplot2 (Wickham 2009). Linear regression model was used to assess the relationship of
log> relative gene expressions and different sampling times in the long-kinetics experiment.
Moreover, the adjusted R-squared (R2) and p-values (p) were estimated to the assess the
significance of the linear model. Estimated p-values from a t-test were used to evaluate the
significance between one day non-acclimation of one-week old wheat seedlings (NC-I) versus one-
day cold-acclimation of one-week old wheat seedlings (CA-I), and three-days cold-acclimation of
one-week old wheat seedlings (CA-I) versus one-week cold-acclimation of one-week old wheat
seedlings (CA-II). Both p-values and 95% confidence intervals were used in the experiments with

two biological replicates.

Results

Bioinformatics-assisted gene annotation and functional domain prediction
The previously selected genes (Skinner 2009; Laudencia-Chingcuanco et al. 2011; Kane et

al. 2013; Li et al. 2018) were categorized into four main groups based on their functions as
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predicted through their protein domains (Table S3.1) (NCBI Resource Coordinators 2016). For the
matter of convenience, all candidates were given different numerical identifiers.

Group I contained all proteins that play a role in increasing plant defence against pathogens.
Predicting protein domains revealed that more than 50% coverage of candidate number 1 protein
had a conserved domain that belonged to Alpha-amylase inhibitors, lipid transfer and seed storage
protein (AAI-LTSS) superfamily. Candidate number 2 protein had many kelch repeats and
homology with nitrile-specifier protein that had a role in changing myrosinase-catalyzed
hydrolysis of glucosinolates to form nitrile in place of isothiocyanate in the glucosinolate
degradation system (Kong et al. 2012). Candidate gene number 3 encoded a dirigent-like protein
that had been given a role in lignan production and was usually induced in response to diseases
(Behr et al. 2015). Although candidate number 4 protein had homology with RNA-binding protein
Fus, its protein had a ricin B lectin domain that was able to bind to simple sugars like galactose
and lactose. Lectins with the ricin-B domain were classified as R- type lectins (Cummings and
Etzler 2009). Candidate gene number 5 encoded a mannose/glucose-specific lectin and had two
domains, a dirigent domain and Jacalin-like domain (NCBI Resource Coordinators 2016). The last
candidate in this group was annotated to be a remorin gene. Most remorins were thought to be
induced either under abiotic stress or pathogen infection (Raffaele et al. 2007).

Group II contained all candidates with a significant function of DNA-binding activity.
Candidate gene number 7 was annotated as a member that encoded whirly (WHY) transcription
factors that had multifarious functions, such as maintaining nuclear and plastid genome stability,
RNA splicing, transcription activator for the PR1 gene in potato, and as a transcription repressor
for the KP1 gene in Arabidopsis (Desveaux et al. 2000; Grabowski et al. 2008; Majeran et al. 2012;
Zhang et al. 2013). Candidate gene number 8 encoded a CAAT-binding transcription factor, Qu et
al. (2015) showed that overexpression of wheat CAAT-binding transcription factor enhanced
wheat plant growth and grain yield under different nitrogen and phosphorus supply levels.
Candidate gene number 9 encoded basic helix-loop-helix 19 (bHLH19) transcription factor, b(HLH
genes were differentially expressed under cold conditions in rice (Chawade et al. 2013), also
bHLH19-like in Tripogon loliiformis was down-regulated by MiR5059 (Njaci 2016). A putative
nuclease HERBI1 was encoded by gene candidate number 10, the encoded protein has two
domains, one domain belonging to the DDE superfamily endonucleases, and the other was a
transcriptional regulator ICP4. Candidate gene number 11 encoded a protein with a SANT domain

that had a DNA-binding activity (Zhang et al. 2016). MYB transcription factors had this domain
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localized in their N-terminal (Bi et al. 2016), though the domain had a principal role in allowing
its protein to interact with histones for chromatin remodelling (Boyer et al. 2004). Domains of the
translated protein of candidate gene number 12 revealed that it might be a cytosine-S DNA
methyltransferase that was responsible for silencing genes by an epigenetic mechanism, through
adding a methyl group to the carbon number 5 of the targeted cytosine residues (Zhang and
Jacobsen 2006; Pavlopoulou and Kossida 2007). Another DNA-binding protein was gene
candidate number 13 that encoded a high mobility group domain (HMG-box) that was found to be
conservative in all eukaryotic organisms. Proteins with this domain showed diverse nuclear
functions, some functioned as transcription factors or subunits of chromatin remodelling or
modulating DNA recombination and repair, while others were recognized to unwind and bend the
DNA helix through binding with its minor groove as a manner to induce the assembly of
nucleoprotein complexes (Antosch et al. 2012).

Group III candidates included genes that had a post-transcriptional or post-translational
activity. Candidate gene number 14 encoded one of a group of pseudo-response regulators (PRRs)
which are known to have a function in regulating plant circadian clocks (Kim et al. 2010). This
annotation is based on this protein which has an N-terminal signal receiver domain (REC) and C-
terminal CCT domain (Farré and Liu 2013). Gene candidate number 15 had a DEAD-box helicase
domain which is required for many RNA processing mechanisms, such as splicing, ribosome
biogenesis, and RNA degradation (Macovei et al. 2012). Protein candidate number 15 had a
methyltransferase domain, with NCBI blastp results (NCBI Resource Coordinators 2016) showing
a high homology with the protein arginine N-methyltransferase (PRMT) that catalyses the transfer
of a methyl group from S-adenosyl-L-methionine (SAM) to arginines in proteins that may be either
RNA-binding proteins or proteins that were involved in transcription (Ahmad et al. 2011).
Candidate gene number 17, 18, 19, 20, and 21 encoded mainly as alternative splicing regulators,
as all of them had RNA recognition motif domains (RRM domain) for RNA recognition. They
were, however, diverse proteins since in addition to their RRM domain they had other distinctive
domains. For example, candidate gene number 17 encoded a pre-mRNA processing factor
(RSZ22) which was known as serine-arginine rich 22 which had an N-terminal RRM domain and
C-terminal arginine-serine rich domain (RS-rich domain) that are mainly involved in controlling
alternative splicing mechanisms (Duque 2011). Candidate number 18 had two more zinc-finger
domains which were zf~-CCHC and ZnF _C2HC next to its RRM domain, while candidate number

20, which annotated as U2 small nuclear ribonucleoprotein auxiliary factor (U2AF), could
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recognize 3°-splice sites, and only had a zf-CCCH domain next to its RRM domain. Candidate 19
had two RRM domains, and candidate 21 had only one RRM domain. Candidate numbers 22 and
23 mainly acted as post-translational regulators with two diverse functions. Because of its UBC
domain, regulator number 22 is annotated as ubiquitin-conjugating enzyme E2, and proteins with
this domain could covalently attach ubiquitin to target proteins in guiding them to be degraded
through proteasome (Xu et al. 2009; Wang et al. 2016). Candidate number 23 may perform a
different post-translational function because it is annotated as pyrrolidone-carboxylase peptidase
(Pcp). This enzyme was recognized to cleave pyroglutamate (pGlu) from the N-terminal of target
proteins to facilitate their degradation by other proteases (Awad¢ et al. 1994).

Group IV had fifteen genes where some of them were found to have proteins with unknown
domain function. For example, gene candidate numbers 39 and 40 are annotated, but they had
anonymous function and are not characterized yet. Candidates 37 and 38 were found to not code
for any proteins, and so they may be non-coding RNA species. These candidates were grouped in

group number I'V.

Validation of gene expression under cold treatment conditions by quantitative RT-PCR

In the Group I, target number 1 showed a significant induction under short-kinetics cold
conditions in the roots (R), lower part of stems (S2) and leaves (L) after 8 days of cold acclimation
in comparison with three days non-acclimated plants (Figure 3.1). While, candidate gene number
2 showed significant upregulation only in roots of 8 days of cold-acclimated plants (Figure 3.1).
Target number 3 did not seem to have a clear pattern of induction due to short-kinetics cold
treatment, but it was only induced in the lower part of the stems (S) after one day of cold
acclimation in comparison with one day non-acclimated plants (Figure 3.1) and showed a
significant induction in crown tissues under long-kinetics filed experiment (Figure 3.2).
Additionally, Target numbers 4, 5 and 6 showed a significant induction in crown tissues under
long-kinetics filed experiment (Figure 3.2). Although, gene number 5 was induced in a consistent
pattern in crowns during the field experiment, its expression in the growth chamber experiment
showed significant repression due to cold treatment in different tissues (Figure 3.1 and Figure 3.2).
Gene number 6 showed a significant induction in both experiments, with more induction in leaf
tissues in short-kinetics cold treatments (Figure 3.1 and Figure 3.2).

Regarding the DNA-binding regulators, candidate gene number 7 showed a significant

induction in stems and over time during the field cold conditions (Figure 3.3 and Figure 3.4). Gene
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numbers 8, 9, 11, 12 and 13 were not significantly regulated by cold treatment in the field (Figure
3.3 and Figure 3.4). On the other extreme, target number 10 was significantly repressed by cold
over time in the field (Figure 3.4). Targets 11, 12, and 13 tended to be repressed by cold treatments
at 63 days in the long-kinetics experiment (Figure 3.4). All the targets in this group showed a
significant regulation by cold during short-kinetics experiment during at least one of the tested

points (Figure 3.3).
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Figure 3.1: Quantitative RT-PCR analysis of targeted candidate genes 1 to 6 (Table S3.1) in
different tissues of wheat plants under various cold treatments. Different tissues were coded as R
for roots, Cr for crowns, S1 for the lower parts of the stems, S2 for the upper parts of the stems,
L1 for the lower part of the leaves, L2 for the middle part of the leaves, and L3 upper parts of the
leaves. The log, transformed relative expression values of candidate genes in one-week old
seedlings subjected to 1 day and 8 days cold (4°C) exposure treatment were plotted. The t-tests
were performed by comparing Log transformed candidate gene expression levels between one-

week old seedlings exposed to one day of cold (CA-I) with 8 days old non-treated seedlings (NC-
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I), and one-week old seedlings exposed to eight days of cold (CA-II) with 10 days old non-treated

seedlings (NC-II). The p-values < 0.05 were considered as statistically significant and indicated in

boldface.
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Figure 3.2: Quantitative RT-PCR analysis of targets 1 to 6 (Table S3.1) of wheat crowns sampled

at different times from the field experiment according to Q. Li et al. (2017). The sampling times

were at days 1, 3, 35, 49, 63 and 70 days. The values are plotted on the graph represent log>

transformed relative gene expressions levels at different sampling times. The gene expression over

time is given as linear regression with adjusted R-square (R2) and p-values (p) were estimated.

The p-values < 0.05 were considered as statistically significant and indicated in boldface.
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Figure 3.3: Quantitative RT-PCR analysis of targeted candidate genes 7 to 13 (Table S3.1) in

different tissues of wheat plants under various cold treatments. Different tissues were coded as R

for roots, Cr for crowns, S1 for the lower parts of the stems, S2 for the upper parts of the stems,

L1 for the lower part of the leaves, L2 for the middle part of the leaves, and L3 upper parts of the

leaves. The log, transformed relative expression values of candidate genes in one-week old

seedlings subjected to 1 day and 8 days cold (4°C) exposure treatment were plotted. The t-tests

were performed by comparing Log transformed candidate gene expression levels between one-

week old seedlings exposed to one day of cold (CA-I) with 8 days old non-treated seedlings (NC-

I), and one-week old seedlings exposed to eight days of cold (CA-II) with 10 days old non-treated

seedlings (NC-II). The p-values < 0.05 were considered as statistically significant and indicated in

boldface.
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The p-values < 0.05 were considered as statistically significant and indicated in boldface.

Figure 3.4: Quantitative RT-PCR analysis of targets 7 to 13 (Table S3.1) of wheat crowns sampled
at different times from the field experiment according to Q. Li et al. (2017). The sampling times
were at days 1, 3, 35, 49, 63 and 70 days. The values are plotted on the graph represent log>
transformed relative gene expressions levels at different sampling times. The gene expression over

time is given as linear regression with adjusted R-square (R2) and p-values (p) were estimated.

repression under cold, short kinetics conditions for numbers 14, 17, 18, 19, 20, 21, and 23 in most

tissues (Figure 3.5). Moreover, their expression mostly showed a repression pattern in the field




experiment, with regulator number 19 and 23 showed a significant repression as affected by cold
in the field with R2=0.47 and p=0.01 (Figure 3.6). On the other hand, target numbers 14 and 15
were significantly upregulated by cold in the field over time (Figure 3.6). Cold treatments in both
experiments very slightly induce regulators numbers 15 and 16, however regulator number 15 was
repressed only at points 3 and 35 days in the long kinetics experiment (Figure 3.5 and Figure 3.6).
Regulator number 22 was slightly induced in almost all tissues with a significant induction in the
upper part of the stem (S1) and the middle part of the leaf (L2) (Figure 3.5).

In the last group of genes with unknown functions, numbered 24, 26, 36, and 39 were
significantly induced by cold treatments in both experiments (Figure 3.7, Figure 3.8 and Figure
3.9), while genes 27, 28, 38 and 40 showed a significant induction in some tissues, and in the long
kinetics experiment, especially in the late points of cold acclimation (Figure 3.7, Figure 3.8 and
Figure 3.9). In this group, only candidate number 29 showed a significant repression due to cold
treatment in the field (Figure 3.9). Although gene numbers 25, 30, 31, 32, 33, 34, 35 and 37 showed
no significant indication of being regulated by cold in the field, they tended to show a significant
regulation by cold during at least one point of the short-kinetics experiment (Figure 3.7, Figure 3.8

and Figure 3.9).
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Figure 3.5: Quantitative RT-PCR analysis of targeted candidate genes 14 to 23 (Table S3.1) in
different tissues of wheat plants under various cold treatments. Different tissues were coded as R
for roots, Cr for crowns, S1 for the lower parts of the stems, S2 for the upper parts of the stems,
L1 for the lower part of the leaves, L2 for the middle part of the leaves, and L3 upper parts of the
leaves. The log, transformed relative expression values of candidate genes in one-week old
seedlings subjected to 1 day and 8 days cold (4°C) exposure treatment were plotted. The t-tests
were performed by comparing Log transformed candidate gene expression levels between one-
week old seedlings exposed to one day of cold (CA-I) with 8 days old non-treated seedlings (NC-
I), and one-week old seedlings exposed to eight days of cold (CA-II) with 10 days old non-treated
seedlings (NC-II). The p-values < 0.05 were considered as statistically significant and indicated in
boldface.
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Figure 3.6: Quantitative RT-PCR analysis of targets 14 to 23 (Table S3.1) of wheat crowns
sampled at different times from the field experiment according to Q. Li et al. (2017). The sampling
times were at days 1, 3, 35, 49, 63 and 70 days. The values are plotted on the graph represent log>
transformed relative gene expressions levels at different sampling times. The gene expression over
time is given as linear regression with adjusted R-square (R2) and p-values (p) were estimated.

The p-values < 0.05 were considered as statistically significant and indicated in boldface.
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Figure 3.7: Quantitative RT-PCR analysis of targeted candidate genes 24 to 32 (Table S3.1) in
different tissues of wheat plants under various cold treatments. Different tissues were coded as R
for roots, Cr for crowns, S1 for the lower parts of the stems, S2 for the upper parts of the stems,
L1 for the lower part of the leaves, L2 for the middle part of the leaves, and L3 upper parts of the
leaves. The log, transformed relative expression values of candidate genes in one-week old
seedlings subjected to 1 day and 8 days cold (4°C) exposure treatment were plotted. The t-tests
were performed by comparing Log transformed candidate gene expression levels between one-
week old seedlings exposed to one day of cold (CA-I) with 8 days old non-treated seedlings (NC-
I), and one-week old seedlings exposed to eight days of cold (CA-II) with 10 days old non-treated
seedlings (NC-II). The p-values < 0.05 were considered as statistically significant and indicated in
boldface.
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Figure 3.8: Quantitative RT-PCR analysis of targeted candidate genes 33 to 40 (Table S3.1) in
different tissues of wheat plants under various cold treatments. Different tissues were coded as R
for roots, Cr for crowns, S1 for the lower parts of the stems, S2 for the upper parts of the stems,
L1 for the lower part of the leaves, L2 for the middle part of the leaves, and L3 upper parts of the
leaves. The log, transformed relative expression values of candidate genes in one-week old
seedlings subjected to 1 day and 8 days cold (4°C) exposure treatment were plotted. The t-tests
were performed by comparing Log transformed candidate gene expression levels between one-
week old seedlings exposed to one day of cold (CA-I) with 8 days old non-treated seedlings (NC-
I), and one-week old seedlings exposed to eight days of cold (CA-II) with 10 days old non-treated
seedlings (NC-II). The p-values < 0.05 were considered as statistically significant and indicated in
boldface.
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Figure 3.9: Quantitative RT-PCR analysis of targets 24 to 40 (Table S3.1) of wheat crowns
sampled at different times from the field experiment according to Q. Li et al. (2017). The sampling
times were at days 1, 3, 35, 49, 63 and 70 days. The values are plotted on the graph represent log>
transformed relative gene expressions levels at different sampling times. The gene expression over
time is given as linear regression with adjusted R-square (R2) and p-values (p) were estimated.

The p-values < 0.05 were considered as statistically significant and indicated in boldface.

Detailed expression analyses of gene candidate gene numbers 24 and 39

The qPCR screening of the forty genes revealed many promising candidates whose
functions are still unknown. From these candidates, we selected numbers 24 and 39 for more
detailed analysis regarding their expression in winter versus spring wheat, across different tissues

and as affected by ABA or JA treatments. The results showed that both genes are significantly
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ACq

upregulated during the short and long phase of cold acclimation with a more significant increase
during extended periods of cold acclimation in winter wheat Norstar versus spring wheat Manitou
(Figures 3.10A and 3.11A). Additionally, both genes were expressed in all the selected tissues —
leaves, stems, crowns and roots — with no significant differential expression among the tissues as
indicated by ACq values (Figures 3.10B and 3.11B). Finally, both genes were significantly
upregulated by ABA treatment while JA treatment significantly upregulates only gene number 24
and down-regulates number 39 (Figures 3.10C and 3.11C).
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Figure 3.10: Relative expression analysis of the gene candidate number 24 (Table S3.1), including
(A) relative expression analysis in the crowns of winter wheat norstar versus spring wheat manitou
during different cold acclimation periods (B) relative expression analysis across different tissues
and (C) relative expression analysis after four hours of hormone treatments versus NT (mock-

treated plants). Statistical analysis was performed on two biological replicates for each point where
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each biological replicate has two technical replicates. Error bars indicate the 95% confidence
interval (CI) and the figure presents p-values between different points where as examples in (A)
time point zero displays p-value significance of norstar versus manitou at this point and in (C) p-

value displays significance regarding the treated versus mock-treated (NT).
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Figure 3.11: Relative expression analysis of the gene candidate number 39 (Table S3.1), including
(A) relative expression analysis in the crowns of winter wheat norstar versis spring wheat manitou
during different cold acclimation periods (B) relative expression analysis across different tissues
and (C) relative expression analysis after four hours of hormone treatments versus NT (mock-
treated plants). Statistical analysis was performed on two biological replicates for each point where
each biological replicate has two technical replicates. Error bars indicate the 95% confidence

interval (CI) and the figure presents p-values between different points where as examples in (A)
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time point zero displays p-value significance of norstar versus manitou at this point and in (C) p-

value displays significance regarding the treated versus mock-treated (NT).

Discussion

The ability of the cold-tolerant winter wheat plants to change their transcriptome in a
manner to tolerate cold conditions is well studied by global gene expression technologies, such as
microarrays and RNA-Seq (Skinner 2009; Laudencia-Chingcuanco et al. 2011; Kane et al. 2013;
Li et al. 2018). We show the importance of exploring microarray data and validating them by
qPCR to highlight the most significant genes that may play a crucial role in protecting wheat plants
under icy conditions. We flagged forty candidate genes from their predicted protein domains and
used qPCR to validate their expression in different tissues under short growth kinetics and in
crowns under prolonged periods of cold treatments. Many of these candidates show a response
either in one or both experiments, though further study is needed to investigate their function in

the wheat plant under cold treatment.

Defence-related regulators

Studies have shown that some defence-related proteins accumulate during the periods of
cold acclimation (Griffith and Yaish 2004; Dumont et al. 2011; Espevig et al. 2012). Regulator
numbers 4 and 6 (R-type lectin and remorin, respectively), show a significant induction due to cold
treatments in both experiments and across some different tissues (Figures 3.1 and 3.2). Lectins are
a family of carbohydrate-binding proteins that play diverse roles in protecting plants against abiotic
and biotic stresses (Jiang et al. 2010). Regulator number 4, with its ricin-B-lectin, is expected to
play a role in defence mechanisms during cold acclimation conditions as most of the R-type lectins
that accumulate either in the vacuole or the apoplast and can remove highly conserved adenine
residues from the sarcin/ricin loop of 28S ribosomal RNA by their RNA N-glycosidase activity.
Thus their proteins block other protein syntheses by inhibiting ribosomes from binding with
elongation factor 2 (Lannoo and Van Damme 2014). Remorins are plant-specific proteins which
are known to accumulate under abiotic and biotic stresses. Among large number of genes in the
family, some are specific to pathogen attack, nodule formation, cold and drought conditions and
they are also involved in coordinating hormone cross-talk (Raffaele et al. 2007; Gui et al. 2016).
The molecular function of the wheat R-type lectins and remorins due to abiotic stress had not been
studied before, while our results show that they may have functions in cold tolerance traits

acquisition. Gene candidate number 5 shows a significant induction by cold over time in the field
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(Figure 3.2), while it shows a significant repression during the first phase of cold-treatment in the
short-kinetics experiment in crown, stems and upper part of the leaf tissues (Figure 3.1). This
candidate is a member of mannose/glucose-specific lectins, with its dirigent and Jacalin-like
domains, has a structural similarity with TaJAl that is induced by jasmonic acid. Its
overexpression in tobacco confers resistance against the pathogenic bacteria, Pseudomonas
syringe (Ma et al. 2013). The unusual expression of this regulator may indicate a new functional
mechanism in cold adaptation, as its transcript accumulates in crowns of wheat plants grown under
field experiment (Figure 3.2). Yet its gene expression is repressed in all other tissues except the
roots during the cold acclimation period of the short kinetics experiment (Figure 3.1). This gene
expression behaviour demands further study to elucidate its function. Regulator number 1 shows
a significant repression in the upper part of the stems. Though, it exhibits a significant induction
during the second phase of the cold treatment in the short-kinetics experiment in crown, lower part
of the stems and leaf tissues (Figure 3.1). Regulator number 4 is significantly induced in stems and
lower part of the leaf during short cold acclimation conditions. While the function of regulator
number 4 was not revealed, its klech repeat domains indicates homology with nitrile-specifier
protein and raises the question as to whether some wheat tissues need to accumulate nitriles during
short cold acclimation conditions rather than other tissues. Regulator number 1 is one member in
the sizeable AAI-LTSS superfamily (Alpha-Amylase Inhibitors (AAI), Lipid Transfer (LT) and

Seed Storage (SS) Protein family), and its function during cold acclimation is still speculative.

DNA-binding Proteins

Many of the screened genes that have been identified as DNA-binding proteins, did not
show a high magnitude of regulation by cold treatment. However, the low magnitude of change
may have a physiological role in abiotic stress tolerance. Targets number 10 and 12 seem to be
down-regulated in crowns even with small decreases in the temperature of both experiments, and
in the root tissues of the short-kinetics experiment (Figure 3.4). However, the significant repression
was in the crowns and lower part of the stems for regulator number 12 and mostly in the leaf tissues
for regulator number 11 (Figure 3.3). Regulator number 12 is annotated as a harbinger (HARBII)
protein which is not only known for its transposase activity but also its roles in controlling
transcription of other genes and other epigenetic functions (Kapitonov and Jurka 2004). In addition
to this, regulator number 12 is cytosine-5 DNA methyltransferase, which controls the transcription

of other genes by an epigenetic silencing mechanism (Zhang and Jacobsen 2006).
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Genes 7, 8, and 11 were highly induced in the wheat crown tissues under field conditions
at 35 days, then the accumulation of their transcripts was down-regulated at 49 and 63 days, but
slightly induced at 70 days (Figure 3.4). These three regulators have mostly the same expression
patterns as affected by cold conditions in the field. The expressions of genes 7 and 8 were induced
by low-temperature under short kinetics conditions in most tissues (Figure 3.3). As target number
7 is annotated as the WHY'1 transcription factor, its function is likely to maintain plastid genome
stability, regulating telomere length homeostasis, and controlling the transcriptional activity of
other genes (UniProt Q9MO9S3). Target number 8 which is annotated as CAAT-binding
transcription factor B (Table S3.1) and a related protein in wheat is found to be necessary for root
development, and its overexpression increases grain yield in wheat (Qu et al. 2015). Target number
11 is a DnaJ homolog subfamily C member 2; its exclusive SANT domain in the N-terminal
suggests it is a nuclear protein (Zhang et al. 2016). This gene showed a significant down-regulation
in wheat plant leaves of the short-kinetics experiment (Figure 3.3). The transcript of bLHLH19 gene
or candidate number 9 accumulates slightly in roots and significantly in the middle of the leaves,
while it is repressed in crowns, stems, and the tip of the leaves. Moreover, the transcript of the
HMG gene or regulator number 13 is repressed only in crowns, roots, and stems, though with their
multiple functions it is hard to predict the role of their repression or accumulation in these distinct

tissues.

Post-transcriptional and post-translational Genes

Candidate numbers 14, 15, 17, 18, 19, 20, 21, and 23 show a decline in their expressions
once the temperature goes down as indicated in the field experiment (Figure 3.6), while their
expressions varies across the tissue samples in the short kinetics experiment (Figure 3.5). These
regulators control alternative splicing processes in the plant, except for regulator number 23 that
is annotated as pyrrolidone carboxyl peptidase. Staiger and Brown (2013) showed the impact of
alternative splicing in controlling most biological processes, such as the circadian clock, defence,
development, and tolerance to biotic and abiotic stresses. Their work and this study support the
notion that discovering the function of these genes and the timing of their expression is a crucial
point to understand gene to gene regulation during stress conditions. Similarly, post-translational
regulator elements that are vital in limiting the accumulation of other proteins, or in their

production of mature functional proteins helps the cell to tolerate abiotic stresses.
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Genes of unknown functions

Many genes with unknown function show either induction or repression under cold
treatments (Figures 3.7, 3.8 and 3.9). Some encode proteins with unknown domain functions, and
others are non-coding RNA species (genes number 37 and 38). Detailed expression analyses show
that genes 24 and 39 are ABA-regulated genes while JA upregulates gene 24 and downregulates
gene 39. Additionally, both genes show significant upregulation in the winter wheat versus the
spring version especially during the extended period of cold acclimation (Figures 3.10 and 3.11).
This indicates their significant prospective role in conferring cold-tolerance traits. Identifying the

functions of these unknown genes are crucial in many biotechnological aspects.

Conclusion

In conclusion, this work sheds light on the value of data mining on gene function
predictions and discovery. We have selected 40 genes with diverse functions from global gene
expression studies of microarray or RNA-Seq technologies (Skinner 2009; Laudencia-
Chingcuanco et al. 2011; Kane et al. 2013; Li et al. 2018), for investigating their transcripts’
accumulations across different tissues in growth-champers (Short-growth kinetics) and crown
tissues during different growth time points of cold acclimation in the field (long-growth kinetics).
This gene expression study was performed using qPCR. According to their predicted functions,
the selected genes were grouped into four main groups (Table 1). These groups are defence-related
gene candidates, DNA-binding proteins, genes of unknown functions and post-transcriptional and
post-translational genes.

The results showed that from the defence-related genes; regulators 4, 5 that are annotated
as lectins, regulator 6 which is a remorin-encoding gene and regulator number 1 that belongs to
AAI-LTSS superfamily are cold-regulated genes. Many speculative DNA-binding candidate
proteins were found to be up-regulated during T3 time point (35 days) of cold-acclimation in the
field, such as candidate numbers 7, 8 and 11 that are annotated as a WHY1 transcription factor,
CAAT-binding transcription factor and DnaJ homolog superfamily C number 2, respectively.

On the other hand, candidate genes 15, 17, 18, 19, 20 and 21 that control alternative splicing
events, were repressed in crown tissues as affected by low-temperature conditions in the field, with
a significant pattern of repression over time for candidate numbers 15, 18 and 19 (Figure 3.6).
Additionally, many genes with unknown functions were found to be cold-regulated genes, such as

genes number 24 and 39 (Figures 3.7, 3.8 and 3.9). Furthermore, detailed expression of analyses
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of candidate numbers 24 and 39, showed that the former is upregulated by ABA and JA while the
latter by ABA only, and both are significantly upregulated in winter wheat more than spring wheat
(Figures 3.10 and 3.11).

Finally, flagging candidate genes that are cold-regulated is the first step for more function
studies that will enhance our understanding of the development of cold-tolerance associated traits

in plants with a winter background.
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Chapter Four: Genome-Wide Identification and Characterization of the Wheat Remorin
(TaREM) Family and its Association with Cold Tolerance

Abstract

Remorins (REMs) are plant-specific proteins that play an essential role in plant-microbe
interactions. However, their roles in vernalization and abiotic stress responses remain speculative.
Most remorins have a variable proline-rich N-half and a more conserved C-half that is predicted
to form coils. A search of the wheat database revealed the existence of twenty different remorin
genes that we classified into six groups sharing a common phylogenetic and structure origin.
Promoter analysis of TaREM genes revealed the presence of putative cis-elements related to
diverse functions like development, hormonal regulation, biotic and abiotic stress responsiveness.
Expression levels of TaREM genes were measured in plants grown under in field and laboratory
conditions and in response to hormone treatment. Our analyses revealed twelve members of the
remorin family that are regulated during cold acclimation of wheat in four different tissues (root,
crown, stem and leaves), with the highest expression in roots. Differential gene expression was
found between wheat cultivars with contrasting degree of cold tolerance suggesting the implication
of TaREM genes in cold response and tolerance. Additionally, eight genes were induced in
response to ABA and MetJA treatment. This genome-wide analysis of TaREM genes provides

valuable resources for functional analysis aimed at understanding their role in stress adaptation.

Introduction

Remorins (REMs) are plasma membrane-associated proteins found explicitly in all
embryophytes including angiosperms, gymnosperms, pteridophytes, and bryophytes (Checker and
Khurana 2013). Although remorin proteins are specifically associated with the plasma membrane,
they lack a transmembrane domain. They are characterized by a conserved C-terminal region with
the signature coiled-coil structure (Marin et al. 2012), and a dynamic membrane-anchoring motif
(Perraki et al. 2014). Experimental evidence showed that the C-terminal region plays a determinant
role in the mechanism by which most REM proteins bind specifically to the inner leaflet of
membrane domains. This binding is mediated by S-acylation of cysteine residues in a C-terminal
hydrophobic core (Konrad et al. 2014). The N-terminal region is highly variable and harbours
many residues that can be phosphorylated under a wide range of biological conditions (Marin et

al. 2012; Marin and Ott 2012). Using yeast two-hybrid interaction assay in Arabidopsis, Marin et
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al. (2012) demonstrated that the phosphorylation of Ser-residue (Ser-66) in the intrinsically
disordered N-terminal region of AtREMI1.3 mediates protein-protein interactions, and may
constitute a regulatory domain stabilizing these interactions.

REMs have diverse functions in plant-microbe interactions (Campo et al. 2008; Jarsch and
Ott 2011), and plant defence against some pathogens (Jacinto et al. 1993; Reymond et al. 1996;
Raffaele et al. 2009), and have been found in membrane lipid rafts and plasmodesmata. It was been
inferred that REMs impair cell-to-cell movement of the Potato Virus X by directly binding to the
virus’ movement protein TGBp1 (Raffaele et al. 2009). Other REMs, identified as membrane-raft-
associated proteins, interact with signalling proteins such as receptor-like kinases (RLK) or act as
scaffold proteins (Lefebvre et al. 2010).

Recent studies report that REMs are critical factors for plant signaling cascades,
particularly during plant-microbe interactions (Raffaele et al. 2009; Lucau-Danila et al. 2010; T6th
etal. 2012; Demir et al. 2013), and play essential roles in signal transduction and plasma membrane
trafficking (Reymond et al. 1996; Marin et al. 2012; Marin and Ott 2012; Té6th et al. 2012). REMs
participate in plant hormone responses, as well as in the cross-talk in a variety of plant
developmental processes (Bariola et al. 2004; Gui et al. 2016). They are also associated with apical,
vascular and embryonic tissues (Bariola et al. 2004), involved in somatic embryogenesis as found
in chicory (Lucau-Danila et al. 2010), and in regulating stem development and phloem formation
in Populus deltoides (Li et al. 2013). OsREM4.1 protein coordinates the antagonistic interaction
between abscisic acid (ABA) and brassinosteroid (BR) signalling pathways to regulate plant
growth and development (Gui et al. 2016). In rice, the REM setting defect]l (GSD1) gene affects
grain setting through regulating plasmodesmata conductance by interacting with actin. An over
expression in GSD1 leads to a reduction in grain setting rate, carbohydrate accumulation in leaves,
and soluble sugar content in the phloem exudates (Gui et al. 2014; Gui et al. 2015). Recently, Gui
et al. (2016) found that the OsSREM4.1 plays an essential function in equilibrating plant growth
with the surrounding growth environments in rice.

In addition to their role in plant defence and development, there is evidence that REMs
may play a role in plant adaptation to environmental conditions. The mulberry remorin (MiREM)
transcript was induced during salt and water stress in mature leaves (Checker and Khurana 2013).
In millet, the SIREM6 transcript was induced by high salt and cold treatment, but not by drought
stress (Yue et al. 2014). The overexpression of these two remorin genes improved salt (Checker
and Khurana 2013; Yue et al. 2014), and dehydration tolerance (Checker and Khurana 2013), in
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transgenic Arabidopsis during seed germination and seedling developmental stages. Although, the
remorin gene family has been investigated in potato (Jacinto et al. 1993), tobacco (Mongrand et
al. 2004), tomato (Bariola et al. 2004), Arabidopsis (Bhat et al. 2005), rice (Raffaele et al. 2007),
and Medicago (Lefebvre et al. 2007), the structural features, phylogenetics, and functional
properties of the REMs gene family in common wheat (7. aestivum) have not been studied,
especially in relation to cold tolerance and hormonal regulation.

In this study, 20 TaREM genes were identified from Ensembl wheat genome sequences
and RNA-Seq data. Phylogenetic analysis, chromosomal localization, and expression profiling of
these REMs were investigated during phenological development, cold acclimation, and in response
to hormonal treatment. The analyses revealed that TaREMs are expressed in many different
tissues. Several members of the wheat REM family were regulated during cold acclimation and
associated with cold tolerance while others responded to ABA and Methyl jasmonate (MetJ)
treatment. This genome-wide analysis of TaREM genes provides valuable resources for functional

analysis to determine their role in stress adaptation.

Materials and Methods

Plant material and environmental conditions

Norstar (Grant 1980) winter, and Manitou (Campbell 1967) spring wheat (7. aestivum L.)
cultivars were used for gene expression experiments where plants were grown in environmentally
controlled growth chambers as previously described (Badawi et al. 2007). Cold treatment (4°C)
and sampling dates are indicated in Figures 4.7 and 4.8. ABA and MetJ treatments were performed
as described previously (Danyluk et al. 1998; Diallo et al. 2014). Briefly, two groups of seedlings
were sprayed with 150 pM MeJA or 100 pM ABA dissolved in 0.1% tween 20 solutions
respectively. Each group of treated plants was watered with the same treatment solution. The
untreated plants received a mock treatment of 0.1% tween 20 solution and used as a control. The
samples were collected at the indicated time points. For the tissue-specific experiment, different
tissues representing the seedling, root, crown, stem and leaves were collected at each sampling
date. For all experiments, two biological replicates were collected for each sample for expression
analysis

For RNAseq analyses, developing crowns of Norstar and Manitou wheat grown under

field conditions were collected at five-time points in 2010 as described by Q. Li et al. (2017). Two
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biological replicates were collected for each sampling date and immediately frozen in liquid

nitrogen and stored at —80°C for analysis.

Identification of the REM genes in Triticum aestivum

In order to investigate the REM gene family in wheat, all REM sequences of O. Sativa
were used as queries for a blast search against the whole genome sequence of 7. aestivum cv.
Chinese Spring (release no. 31) from Ensembl Plants databases (http://plants.ensembl.org) (Kersey
et al. 2014) with an expectation value of 0.01. All potential REM proteins were further screened
to confirm the presence of the REM domain by NCBI. The REM sequences were confirmed based
on the presence of a remorin domain, and the putative REM proteins were aligned to rice and
Arabidopsis. Remorin proteins were classified into different groups, as described by Raffaele et
al. (2007). All putative annotation of the REM genes was retrieved from the 7. aestivum genome

website (https://wheat-urgi.versailles.inra.fr/Seq-Repository/Annotations).

Phylogenetic and Mapping Analyses

Rice and wheat REM protein sequences were obtained from NCBI
(http://www.ncbi.nlm.nih.gov/protein/) and Ensembl (http://plants.ensembl.org) (Kersey et al.
2014), databases. These sequences were analyzed and 20 TaREM and 20 OsREM genes were
aligned using MUSCLE (http://www.ebi.ac.uk/Tools/msa/muscle/). A neighbor-joining (NJ)
phylogenetic tree of remorin_C domain sequences was constructed with 500 bootstrap replicates
implemented in the MEGA (Molecular Evolutionary Genetics Analysis) version 6 (Tamura et al.
2011). To confirm the phylogenetic analysis, Bayesian analysis was performed in a different way
on the same set of the proteins. First, the proteins were aligned with default parameters using
Probcons that is implemented Jalview (version 2.10.3b1) software (Waterhouse et al. 2009). The
alignment with the predictions of preotein secondary strucutre is presented in the supplementary
Figure S4.4. The best-fitted amino acid substitution model was selected with the lowest BIC score,
using ProtTest v3.4.2 (Darriba et al. 2011) which was LG+G. Then, A Bayesian phylogenetic tree
was constructed via MrBayes v3.2.6. (Ronquist et al. 2012) with the LG+G substitution model.
The Markov Chain Monte Carlo parameters were: Ngen = 40x10%, nchains = 8, burninfrac = 0.25.
The constructed Bayesian phylogenetic tree is presented using the online tool iTOL (Letunic and

Bork 2016) and it shows the posterior probabilities as percentages from 0 % to 100 % on the
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branches. Graphical representation of TaREMs positions on chromosomes of 7. aestivum was

drawn using MapChart software (Voorrips 2002).

Conserved Motif Analyses

Genomic sequences and open reading frames (ORFs) of TaREMs were obtained from
Ensembl (Kersey et al. 2014). Conserved motifs of the genes were analyzed using the Multiple
Em for Motif Elucidation (MEME) program (http://meme.nbcr.net/meme/) (Bailey and Elkan
1994). The following parameters in MEME tool were used for the distribution of motif
occurrences: any number of repetitions, the maximum number of motifs was set to 20 motifs;
optimum motif width was set to 6—100 and minimum/maximum number of sites: 5/100. Identified
MEME motifs other than C-remorin domain was achieved by PROSITE (Sigrist et al. 2013) and
Eukaryotic Linear Motif resource (ELM, http://elm.eu.org/) (Gould et al. 2010), for functional

sites in proteins.

Database searching and identification of cis-regulatory elements in the promoter regions
Putative cis-acting regulatory DNA elements in the promoter TaAREM genes were identified
from 1.5-kb upstream of the 5’-UTR as in previous studies (Badawi et al. 2008; Li et al. 2018),
except for copies A of TaREM4.2, U (U represents unmapped genes in any wheat genome) of
TaREM6.1 and B for TaREM6.6 whose promoter sequences are not complete. Promoter sequences
were analyzed by the PlantCARE program
(http://bioinformatics.psb.ugent.be/webtools/plantcare/html/) as previously described (Lescot et
al.  2002). Protein subcellular localization was determined wusing CELLO

(http://cello.life.nctu.edu.tw/).

Gene expression profile analysis

The RNA-Seq data corresponding to the TaREM genes was downloaded from the
Norstar/Manitou wheat crown transcriptome database (Li et al. 2018). Illumina RNA-Seq data
analyses were performed on crowns of plants grown under field conditions from early autumn to
winter in 2010 (Li et al. 2018). The reads per million (RPM) were obtained from the field condition
RNA-Seq database. The expression cluster for each TaREM gene for each cultivar/time point
represents the total reads of the three copies (A, B and D) and the mean values of two replicates.

A BLASTN search of the gene sequence obtained from the Ensembl wheat genome was performed
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against TaREM genes identified in this study to find and confirm the corresponding Genevestigator
REM identifiers (Table S4.3). One of the three homeologs was selected to represent the expression
of the three homeologs, where the homeolog with the highest expression under different
perturbations was selected (Table S4.3). The RNA-Seq databases of 7. aestivum from different
tissues and developmental stages were analyzed using Genevestigator  tool
(http://www.genevestigator.ethz.ch/) (Zimmermann et al. 2014). The expression patterns obtained
are presented as heat maps in yellow/blue for different stresses and burgundy-white colour-coding

for tissues and developmental stages.

RNA extraction and expression analyses by qRT-PCR of the TaREM genes

Total RNA was isolated from samples of all the experiments using the mirVana miRNA
Isolation Kit (Ambion Inc. US). The purity and quality of RNA were analyzed by NanoDrop 2000c
(Thermo-Scientific, USA). A 0.9 ng aliquot of total RNA was treated with gDNA wipeout buffer
in QuantiTect Rev. Transcription Kit (QIAGEN, Carlsbad, CA, USA) and then reverse-transcribed
using the QuantiTect Reverse Transcription Kit (QIAGEN, USA). Two Microliters of cDNA
template (equivalent to 90 ng of total RNA) were used in qRT-PCR with LightCycler 480 SYBR
Green I Master (Roche). The qRT-PCR was performed using FX96 Real-time Detection System
(Bio-Rad, USA) according to the manufacturer's instructions. The PCR conditions were set as
follows: 95°C for 15 minutes; 40 cycles of 95°C for 15 seconds and 55°C for 30 seconds; and
72°C for 30 seconds; the experiments were repeated for the two biological replicates. The AACT
method was used to calculate relative expression levels of TaREM genes using 18S as the reference
gene. The gene-specific primers were used to quantify the transcripts of TaREM. All the primers
used for qRT-PCR were listed in Supplemental Table S4.4. Each reaction was conducted in
duplicate to ensure reproducibility of results. Expression levels were calculated from the cycle
threshold according to the delta-delta CT method (Livak and Schmittgen 2001). The statistical
significance was assessed by InStat 3.0 using one-way ANOVA followed by Tukey’s multiple
range tests where the p-values < 0.05 were considered as significant. Then, the graphs were made

using GraphPad Prism 6.0.
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Results and Discussions

Analyses of gene families have become an essential step in the understanding of gene
structure, protein function, and evolution. Here, we conducted a comprehensive analysis of the
TaREM gene family to determine their potential functions in response to abiotic stresses (i.e.
exceptionally cold temperatures), phenological development, and hormones such as MetJ and
ABA.

Identification and phylogenetic analysis of the wheat remorin gene Family

Twenty rice REM genes were used to search the Ensembl database (release 31) and then
used to identify genes encoding REMs in the wheat genome. Twenty TaREM coding sequences
were identified. Based on their genomic location, these genes were present as two or three
homeoallelic coding sequences on the three genomes of hexaploid wheat (A, B and D). To be
consistent with the nomenclature established for the cereal species O. sativa (Raffaele et al. 2007);
we assigned identical gene numbers to orthologs of hexaploid wheat (0.1-6). In total, 57 TaREMs
copies were identified with their characteristic information such as the gene ID, position on the
chromosomes, coding sequence (CDS) size and amino acids (Table 4.1). Most wheat REM gene
loci have three copies distributed across the three wheat genomes except TaREMO0.12, TaREM 1.3
and TaREM 6.6 that have only two copies (Table 4.1). Since all homeologs of TaREM6.4 were
incomplete, we included the D genome progenitor, Aegilops tauschii (A. tauschii) ortholog
(AtgREM6.4), as a substitute for sequence comparison. All identified TaREM proteins had a
typical remorin motif at the C-terminus (Figures 4.1A and B). The TaREM-C motif contained a
coiled-coil domain, a signature of the remorin family. The multiple sequence alignment of the C-
terminal region of all identified wheat REM proteins revealed a highly conserved coiled-coil
domain (Figure 4.1A). The number of identified REMs in rice, Arabidopsis and wheat are
nineteen, sixteen and twenty, respectively, while there are only eight remorins in poplar (Raffaele
et al. 2007), and eleven in millet (Yue et al. 2014), indicating that the REM family in the first three
species has expanded over time. This expansion of TaREMs gene family is probably due to whole-
genome duplication or segmental duplication. Gene duplication played a crucial role in the
expansion of gene families creating the opportunity for changes in gene function, which in turn

allowed for optimal adaptability to diverse environmental conditions (Xu et al. 2012).

Table 4.1: Characteristics of TaREM genes identified from the genome-wide search analysis,

showing: putative REM gene names based on the phylogenetic analysis, Accession number (Gene
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ID) and chromosome location from ensembl or NCBI, open reading frame in base pair (ORF bp)
and the total numbers of deduced amino acids (aa) length. Since the gene TaREM6.4 was
incomplete, the gene AtgREM6.4 from the D genome progenitor Aegilops tauschii was used. The
star sign (*) indicates that this protein is complete in both Triticum aestivum and Aegilops tauschii

genomes. U, unknown chromosome.

Gene name GENE ID/Chromosome location ORF | Total
(bp) amino
acid (aa)

TaREMI.1 | TRIAE CS42 6AL TGACvl 474254 AA1534720.1 | 516 | 171%
TRIAE_CS42 6BL TGACv1 499375 AA1580240.1 | 522 | 173*
TRIAE CS42 6DL_TGACv1 527128 AA1698990.2 | 507 | 168*
TaREMI1.2 | TRIAE CS42 1AL TGACvl 000064 AA0001950.1 | 534 | 177*
TRIAE_CS42_1BL TGACv1 032062 AA0124920.1 | 534 | 177*
TRIAE_CS42_1DL_TGACvl 061146 _AA0186900.1 | 534 | 177*
TaREMI1.3 | TRIAE CS42 SAL TGACvl 375758 AA1226750.1 | 534 | 177*
TRIAE_CS42 4DL_TGACvl 342748 AA1120910.1 | 528 | 175*
TaREMI1.4 | TRIAE CS42 6AL TGACvl 471085 AA1502500.1 | 582 | 193*
TRIAE CS42 6BL TGACvl 500374 AA1603800.1 | 576 | 191*
TRIAE_CS42 6DL_TGACvl 528469 AA1714380.1 | 576 | 191*
TaREMI1.5 | TRIAE CS42 2AL TGACv1 094593 AA0300040.1 | 632 | 210*
TRIAE_CS42 2BL TGACv1 129653 AA0391780.1 | 645 | 214*
TRIAE_CS42 2DL_TGACvI 158509 AA0520480.3 | 645 | 214*
TaREMO.1 | TRIAE CS42 U TGACv1 646021 _AA2145870.1 1275 | 424*
TRIAE_CS42 6BL TGACv1 501473 _AA1617960.1 | 1047 | 348
TRIAE_CS42 6DL_TGACvl 528336 AA1713340.1 | 1275 | 424*
TaREMO.12 | TRIAE CS42 6BL_TGACvl 506147 AA1629390.1 | 1188 | 396
TRIAE_CS42 6DL_TGACvl 530381 AA1719440.1 | 1284 | 427*
TaREMO0.2 | TRIAE CS42_1AS _TGACvl 019235 AA0063720.1 | 1056 | 351*
TRIAE CS42 1BS_TGACv1 050175 AA0168550.1 | 1056 | 351*
TRIAE CS42 1DS TGACvl 080889 AA0255170.1 | 1056 | 351*
TaREMO0.23 | TRIAE CS42 4AS _TGACvl 307255 AA1018940.1 | 939 | 312*
TRIAE_CS42 4BL TGACv1 322745 AA10729202 | 942 | 313*
TRIAE_CS42 4AS TGACv1 307255 AA1018940.1 | 891 | 296
TaREM4.1 | TRIAE CS42 2AS TGACvIl 114832 _AA0369660.1 | 936 | 311*
TRIAE_CS42 2BS TGACvl 147285 AA0481090.2 | 861 | 286
TRIAE CS42 2DS TGACvl 178392 AA0594940.1 | 930 | 309*
TaREM4.2 | TRIAE CS42 5AL TGACvl 374215 AA1194030.1 | 927 | 308*
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TRIAE_CS42 5BL_TGACv1 404576 AA1304770.1 | 921 | 306*
TRIAE_CS42 5DL_TGACvl 433857 AA1423910.3 | 913 | 270
TaREM4.3 | TRIAE CS42 7AL TGACv1 556525 AA1764760.1 | 855 | 284*
TRIAE CS42 7BL TGACvl 576816 AA1855900.1 | 837 | 278*
TRIAE CS42 7DL_TGACv1 604984 AA2003590.1 | 834 | 277*
TaREM5.1 | TRIAE CS42 6AL TGACv1 472197 AA1519020.2 | 1293 | 430 *
TRIAE_CS42 6BL TGACv1 502167 AA1623490.4 | 1293 | 430 *
TRIAE CS42 6DL TGACv1 528653 AA1715370.5 | 1293 | 430 *
TaREM5.3 | TRIAE CS42 5AL TGACv1 374503 AA1201850.3 | 1869 | 622 *
TRIAE_CS42 U TGACv1 640702 _AA2069810.1 1806 | 601
TRIAE_CS42 5DL_TGACvl 433202 _AA1405370.1 | 1848 | 615*
TaREM6.1 | TRIAE CS42 6AS_TGACvl 486089 AA1556650.1 | 1527 | 508 *
TRIAE CS42 6BS TGACv1 514845 AA1665050.1 | 1527 | 508 *
TRIAE_CS42 U TGACv1 641607 AA2099410.1 1530 | 509*
TaREM6.2 | TRIAE CS42 SAL TGACv1 374361 AA1197990.1 | 1269 | 422
TRIAE_CS42 4BL TGACv1 320542 AA1042610.1 | 1275 | 424
TRIAE_CS42 4DL_TGACvl 343728 AA1138750.1 | 1410 | 469*
TaREM6.3 | TRIAE CS42 5AS TGACvl 393298 AA1270840.1 | 1290 | 429
TRIAE_CS42 5BSTGACv1 423765 AA1382870.1 | 1416 | 471*
TRIAE_CS42 5DS TGACv1 456797 AA1478190.1 | 1320 | 439
AtgREMG6.4 | ASM34733v1:Scaffold94581:24487:26802: 1 1248 | 415*
TaREM6.5 | TRIAE_CS42 4AL TGACvI 289894 AA(0978450.2 | 1050 | 349%
TRIAE CS42 4BS TGACv1 329879 AA1104500.1 | 1065 | 354*
TRIAE_CS42 4DS TGACv1 361131 AA1161740.1 | 1062 | 353*
TaREM6.6 | TRIAE CS42 2BL_TGACvI 129903 _AA0399020.1 | 1587 | 528*
TRIAE CS42 2DL TGACv1 158356 _AA0516500.1 | 1590 | 529*
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REM1.5 2AL -KRNSLIKEEEENEKTAENGA---—--- TEKVSAHLS| TKmNIEAQ.KﬁI.EQKKEAEYAEEMKNKAAMIHLE!
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REM1.3_SAL
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AtgREM6. 4 -vAAVTECREDDERAGSCIRY------- QHEEAK!QAEINLESAKAEAQsRﬁLlVKﬁQKMESNLEEELMKR;TSVHHRH
REM4.3 7AL -EAEAKVARJOAEEVARINNGF-—-—-—— KEEEVVENGENQQIHTATAYSHI.RKEEEEAKATEEAQNENARAP{‘KH
REM4 .1 2AS -EVETKIARROTAEVARVNNEF------- KHEEVViNGﬁGDQVEKASAWYlRKﬁE KEAKAMEEAQNEHARARhKi
REM4 .2 5AL -EVETKVSEROTAE IARINNEF-----—- KhEEVViNG-TEQVDKASAWEK{‘I.RKEE QEAKAVEETQNDNAKAREKH
REM6.6 2BL -EYATRAANGEDAENSEHTARF——————— KEEELKEEAJESRORTKVESEKELBERABKMISEAMARMARRFE L ARGV
REM6.3_5AS -EFEARAARIAESKKCJLASEY--—---- OEKEVEEOEEBNCOKSKFEAKEREARY0ASOMEARAKNS LTKRESTLSEKY
REM6.1_6AS -ATEVRAANEEEAEKARYLARF-—————— KEEE T KEHAQBDHOKAK T EAEYRE BV EFBRMEARAQDELMSKEASTRE TR
REM6.2_ 5AL -DRETRAADJOEAEKARYLARF-———-—— OEEEVEKEOARBNHORAK I EAETKS IBAKYBRKEAREHDEFARKIAS ARERE
REM6.5_ 4AL -TLESRAAREDEAERAGFMARY - - - - -~ KEEEVKECARBINHERRKAELEYKE TEMK ABOMEARAOEFLASKEATAREVE
—
REMO.1_U 73 BRKEVKKOJATNSRIDGVKRALEEMSRTERLPWA-—
REMO.12_6DL 80 BMKSQO-EEPAAKSKIASFERALQVMSRA--------
REMO.2_1AS 73 AASELSAEDKKRNAEGKVWEKAAKIRSTEKLPWS--
REMO.23_4AS 73 GGARSMAGERKYEDEKKIREKAKKIESTEKSPRA--
REMS5.1_6AL 71 QGMETTVSVSEDQCAVSEDQCAVRATKKES LRRTGK
REM5.3_5AL 73 OGMEADAATESODEHLCRKAKKT SHVTKNEOIRSL--
REM1.1_6AL 73 EEo@AAVERRROEEMIKCOETAAKHESOETTPAK--
REML1.4_6AL 73 BEKBAMVVEBRRGEEVLKAEEMAAKYRATEBLAPKK--
REM1.5_ 2AL 73 BEKEAMVERKKGEELLKAEEMAAKY[EATENSPKK--
REM1.2_1AL 73 BExBAAAERRRGEEIVAAEVTAAKYRAKEEAPKK--
REM1.3_5AL 73 BExBAMAERKRGEEI IMAEEMAAKYRAKEEAPTK--
AtgREM6. 4 73 BEWwRAAACBOHLOQOLRRATTE-HQARRVKT I SHHL-
REM4.3_7AL 73 BeEr@ASAERARGTKTARVMDLAIFMEAVERLPTK--
REM4.1_2AS 73 EpxRAsAERKRGTKVARVLELANFMEAVERAPTK--
REM4.2_5AL 73 BExRAsAERKRGLKLAKVLELANFMEAVERVPTK--
REM6.6_2BL 73 EexBAsANEKMNKOAARAVOKADLIFQTERIPGS--
REM6.3_5AS 73 HGKQARVEQRRNRRAVRLARQVERIFKTERVRSR--
REM6.1 6AS 73 BEORAAAESKRDRSAARTAEQAEHIFRTERMPPS--
REM6.2_5AL 73 BAKBEAAERRRSOEAERTDEQAAQIEKTEHIPSS--
REM6.5_4AL 73 BExBAVAERTINEGAARTSEKADY IERTEHLPSS--

Figure 4.1: Conserved motif analysis of the REM C-terminal sequences in wheat. (A) Multiple
sequence alignment of wheat REM motif is shown. The homeologous A copy from all REM genes
were used in the analysis except for TaREM0.12, TaREM6.6 and TaREMO0.1 genes where the B
and U copies were used respectively. Since the gene TaREM6.4 was incomplete, the gene
AtgREM6.4 from D genome progenitor Aegilops tauschii was used. The coiled-coil domain in the
REM motif is boxed. The conserved amino acid, and blocks of similar amino acid residues are

shaded in black and gray, respectively. (B) Sequence representation LOGO derived from the

-74 -



multiple sequence alignment of the Remorin-C motif. The x-axis represents the conserved
sequence. The y-axis is a scale that reflects the conservation rate of each amino acid across all

proteins.

Previously, Raffaele et al. (2007) had shown that some monocot and eudicot REM
sequences are separated on a phylogenetic tree suggesting the existence of specific groups in
monocots/eudicots. To study the phylogenetic relationships of the wheat REM family, we retrieved
the REM proteins described by Raffaele et al. (2007), the 16 Arabidopsis REM members and the
four Populus/Medicago group 2-specific members as representatives of eudicot REMs, and the
twenty O. sativa REM members as additional monocot representatives. During our initial
comparisons of REM proteins from different groups, it was difficult to align the entire protein of
distant members with complete confidence. Therefore, we only aligned the amino acids
encompassing the conserved C-motif from the 57 proteins. A Maximum Likelihood tree was
derived from this alignment and is presented in Figure 4.2A. Additionally, Figure 4.2B shows a
Bayesian phylogenetic tree that presented based on the alignment from Figure S4.4. Both analyses
showed that REM proteins cluster into six monophyletic groups. Groups 0.2, 1 and 4 clearly show
a separation of monocot and eudicot REM sequences suggesting that only one representative per
group may have existed during eudicot/monocot divergence. These groups now account for ten

REM proteins in each species.
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Figure 4.2: (A) Phylogenetic relationships between all remorin proteins from 7. aestivum, O.
sativa and Arabidopsis. The amino acids corresponding to the conserved C-motif from the three
species were aligned by MUSCLE in MEGA6. A Maximum Likelihood tree (ML) was derived
from this alignment using LG + Gamma model and bootstrap value with 500 replicates. In addition,
four proteins from Populus/Medicago (group 2-specific remorins in Raffaele et al. (2007)) were
included for comparison. The wheat remorins were grouped into six distinct groups and annotated

with different colors. Genes belonging to the different groups are listed in Table 4.1. (B)
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Phylogenetic Bayesian analysis of the same set of the proteins. The Markov Chain Monte Carlo
parameters were: Ngen = 40x10% nchains = 8, burninfrac = 0.25. The constructed Bayesian
phylogenetic tree is presented using the online tool iTOL (Letunic and Bork 2016) and it shows

the posterior probabilities as percentages from 0 % to 100 % on the branches.

Groups 5 and 6 display two and four distinct branches that contain at least one REM
member from each species suggesting that the amplification of genes within these groups preceded
eudicot/monocot divergence. These groups now contain six, nine and eight REM proteins in
Arabidopsis, rice and wheat, respectively. There were no Arabidopsis REM proteins clustered with
members from group 0.1, suggesting its specificity to monocot group. The REM phylogenetic tree
showed mostly the same clustering patterns in the two members of the grass family wheat and rice.
The phylogenetic similarity between 7. aestivum and O. sativa REM proteins suggests that they
might have evolved conservatively. In total, 19 REM proteins out of 20 were clustered as pairs
revealing their orthologous relationship.

Furthermore, TaREMO0.12 and OsREMS.2 represent additional genes that may have
explicitly duplicated in wheat and rice, respectively. Yue et al. (2014) showed that the eleven
SiREMs (Foxtail millet) were classified into four phylogenetic groups. In Arabidopsis, all 16
AtREM genes were divided into five groups (1, 3, 4, 5 and 6). These results indicate that TaREM,
OsREM, and AtREM genes may have undergone different duplication events. As shown in Figure
S4.1, the orthologs from the A, B and D genomes tended to form an orthologous pair at the branch
end indicating that the orthologs from A, B and D had a close relationship.

Chromosomal locations of wheat remorin members

TaREM genes were located on all the homoeologous groups of wheat chromosomes except
group 3 (Figure 4.3), while no REM genes were found in rice chromosomes 1, 5, 6 and 7. As in
wheat, REM genes in Arabidopsis were distributed among all five chromosomes (Raffaele et al.
2007). TaREM genes were overrepresented on group 6 and 4 chromosomes, which contain six and
four genes respectively (Figure 4.3). Interestingly, the group 6 chromosomes have the most
substantial number of COR genes (Li et al. 2018). TaREM4.2, TaREMS5.3, and TaREM6.3 were
located in group 5 chromosomes, which is known to harbour some regulatory genes that may
regulate cold tolerance and development. Miller et al. (2006) stated that chromosome SA has the

freezing tolerance locus (FR2) and contains a cluster of CBF (C-repeat binding factor) genes.
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Figure 4.3: Chromosomal locations of 7aREM genes in the wheat genome. The distributions of

the 57 remorin genes was determined according to the scaffold number and are shown in red.

-79 -



Chromosomes in the group number three do not have any remorins and was excluded in this figure.
The numbers on the top indicate each chromosome number and the genome A, B or D. Positions

are indicated in kilobases on chromosomes and bases on scaffolds.

Motifs and sub-cellular localization analysis

Putative motifs were identified wusing the MEME program (http://meme-
suite.org/tools/meme) to study the diversity and conservation among the TaREMs. Twenty distinct
motifs were identified among the 20 TaREMs proteins. The distribution of motifs in the different
remorin groups, the protein motifs, and their consensus are shown in Figure 4.4, Table S4.1. The
size of the identified motifs ranged from 10 to 107 amino acids (Table S4.1). The closely related
genes within each group in the phylogenetic tree shared common motif sequences and positions
(Figures 4.2 and 4.4). In general, remorins have a conserved C-terminal domain, considered to be
a signature of the protein, a predicted coiled-coil and a variable N-terminal region. Motif analyses
showed that the remorin-C domain (motif 1) is uniformly present in all wheat remorin proteins,
suggesting that they have been evolutionarily conserved in plants.

The remorin-N domain is about 64 amino acids (motif 2) and was found only in group 1
remorins. This group has both Remorin-N and Remorin-C domains except for TaREM1.1, which
is missing the Remorin-N domain but still contains high proline content as other members of group
1. Exclusively, group 4 members have similar numbers of proline in the N-terminal region. It was
reported that group 1 remorins from dicots have a higher percentage of prolines in this region, but
the biological significance remains unclear (Raffaele et al. 2007; Yue et al. 2014). We found that
Group 1 Remorins have several motifs (3 to 10) in the N-terminal region. Group 4 was
characterized by the presence of a serine-rich sequence in the N-terminal region that contains one
specific motif (motif 11) corresponding to glycosylation site. Group 5 contains only one conserved
motif in the N-terminal region and has a putative phosphorylation site (motif 14). Group 6 has four
conserved motifs (motifs 15 to 18 corresponding to Collagen IV carboxyl-terminal, LDL-receptor
class B, PKC Protein kinase C and LIG_LIR Gen 1) at the N-terminus except TaREM6.4 and
TaREMG6.5, which contained only two motifs (15 and 16).

Most of the closely related members in the phylogenetic tree had identical motif
compositions, suggesting functional similarities among the REM proteins within the same group
(Figures 4.2, 4.4 and Table S4.1). The motif distribution and organization showed that remorin

proteins were conserved during evolution and the motif distribution in different groups of proteins
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could be the source of the functional divergence in remorin genes over time. The presence of
variable N-terminal regions in remorin genes suggests different structures and functions (Marin
and Ott 2012).

Group | Gene Motifs

Name

TaREMI.1 _. Remorin-C

TaREM1.2 4|5 10 Remorin-N Remorin-C

1 TaREMI1.3 4|5 10 | 9 | Remorin-N Remorin-C

TaREMI .4 4|5 10 Remorin-N Remorin-C

TaREM1.5 4[5 8 |9 | Remorin-N Remorin-C

TaREM4.1 12 Remorin-C

4 TaREM4.2 12 | 13 Remorin-C

TaREM4.3 Remorin-C

TaREMS.1 Remorin-C

5 TaREMS.3 Remorin-C

TaREM6.1 Remorin-C

TaREM6.2 Remorin-C

6 TaREM6.3 Remorin-C

TaREM6.4 Remorin-C

TaREM6.5 Remorin-C

TaREM6.6 9 Remorin-C

0.1 TaREM(.1 Remorin-C

TaREMO.12 19 Remorin-C

0.2 | TaREMO0.2 Remorin-C

TaREMO0.23 Remorin-C

Figure 4.4: Schematic diagram of the conserved motifs in wheat 20 REM genes identified by
MEME. Each colored number represents a motif. Yellow box Remorin-C domain represents motif
number 1. Remorin-N domain represents motif 2. The other motifs are shown in different colours.
The consensus sequences of these motifs identified by MEME and their function identified by

prosite and Eukaryotic Linear Motif resource programs are presented in Table S4.1.

Subcellular localization of the TaREM proteins was predicted using the CELLO program.
Putative TaREM protein subcellular localization showed that most TaREMs were concentrated in
the nucleus. However, few REMs genes (TaREM 1.2, TaREM 1.3, TaREM1.5D and TaREM4.1B)
were localized in the cytoplasm (Table 4.2). These differences may be related to the motif sequence

and suggest that the subcellular localization of TaREMs is diverse and complex.
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Table 4.2: Prediction of cell localization of wheat remorin proteins in comparison to rice and
Arabidopsis prediction and to the experimental location in Arabidopsis. CELLO program was used
for the localization prediction (http://cello.life.nctu.edu.tw/). U is a gene localized in unknown
chromosomse. The asterisk (*) represents AtgREM6.4 from Aegilops tauschii. The minus sign (—

) indicates that the gene is not existing in the species. Experimental localization of the Arabidopsis

remorin C-terminal anchor was done by Konrad et al. (2014).

Gene name Prediction in Prediction In rice | Prediction in Experimental in
wheat Arabidopsis Arabidopsis

TaREMI1.1 6AL Nuclear OsREM1.1 AtREMI.1 Nuclear | Cytosol

TaREMI1.1 6BL Nuclear Nuclear

TaREMI1.1 6DL Nuclear

TaREM1.2 1AL Cytoplasmic OsREM1.2 AtREM1.2 Nuclear | Cytosol

TaREM1.2 1BL Cytoplasmic Cytoplasmic

TaREM1.2 1DL Cytoplasmic

TaREM1.3 SAL Cytoplasmic OsREM1.3 AtREM1.3 Cytosol

TaREM1.3 4DL Cytoplasmic Nuclear Cytoplasmic

TaREM1.4 6AL Nuclear OsREM1 4 AtREM1.4 Nuclear | Cytosol

TaREM1.4 6BL Nuclear Nuclear

TaREM1.4 6DL Nuclear

TaREM1.5 2AL Nuclear OsREML1.5 AtREM3.2 Nuclear | Cytosol

TaREM1.5-2BL Nuclear Nuclear

TaREM1.5-2DL Cytoplasmic

REMO.1 U Nuclear OsREMO.1 - -

REMO0.1 6BL Nuclear Nuclear

REMO0.1_6DL Nuclear

REMO0.12_6BL Nuclear - - -

REMO0.12 6DL Nuclear

REMO0.2 1AS Nuclear OsREMO.2 AtREM3.1 Nuclear | Cytosol

REMO0.2 1BS Nuclear Nuclear AtREM6.6 Nuclear | Cytosol

REMO0.2 1DS Nuclear AtREMS6.7 Nuclear | Plasma Membrane

REMO0.23 4AS Nuclear - - -

REMO0.23 4BL Nuclear

REMO0.23 4DS Nuclear

-8 -




TaREM4.1 2AS Nuclear OsREM4.1 AtREM4.1 Nuclear | Cytosol
TaREM4.1 2BS Cytoplasmic Nuclear
TaREM4.1 2DS Nuclear
TaREM4.2 SAL Nuclear OsREM4.2 AtREM4.2 Nuclear | Cytosol
TaREM4.2 5BL Nuclear Nuclear
TaREM4.2 5DL Nuclear
TaREM4.3 7AL Nuclear OsREM4.3 - -
TaREM4.3 7BL Nuclear Nuclear
TaREM4.3 7DL Nuclear
TaREMS.1 6AL Nuclear OsREMS. 1 AtREMS.1 Nuclear | Cytosol
TaREMS.1 6BL Nuclear Nuclear
TaREMS.1 6DL Nuclear OsREMS.2
Nuclear
TaREMS.3 SAL Nuclear OsREMS5.3 AtREM6.4 Nuclear | Plasma Membrane
TaREMS5.3 U Nuclear Nuclear
TaREMS.3 5DL Nuclear
TaREM6.1 6AS Nuclear OsREM6.1 AtREMS6.1 Nuclear | Plasma Membrane
TaREM6.1 6BS Nuclear Nuclear
TaREM6.1 U Nuclear
REM6.2 SAL Nuclear OsREM6.2 - -
REM6.2 4BL Nuclear Nuclear
REMS6.2 4DL Nuclear
REM6.3 5AS Nuclear OsREM6.3 - -
REM6.3 5BS Nuclear Nuclear
REM6.3 5DS Nuclear
AtgREM6.4* Nuclear OsREM6.4 AtREM6.3 Nuclear | Cytosol
Nuclear
REM6.5 4AL Nuclear OsREM6.5 AtREMS6.5 Nuclear | Cytosol
REM6.5 4BS Nuclear Nuclear
REM6.5 4DS Nuclear
REM6.6 2BL Nuclear OsREM6.6 AtREMS6.2 Nuclear | Plasma Membrane
REM6.6 2DL Nuclear Nuclear

Bioinformatics analysis of putative TaREM promoters
The transcriptional response elements of 19 TaREMs and REM6.4 from A. tauschii
promoters were identified from the regions upstream to the start site in the 7. aestivum genome

using the PlantCARE promoter databases to elucidate the regulatory mechanisms of their genes.
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All the putative TaREM promoters possessed typical TATA and CAAT boxes (Table 4.3, Table
S4.2), which are the core elements in promoter and enhancer regions. The predicted regulatory cis-
elements include transcription factor binding sites and numerous elements related to stress,
phytohormone and light responses (Table 4.3). Light-responsive elements, which contain different
core elements (Table S4.2), represent most predicted elements. Every promoter possessed 10 to 20
types of light core elements, indicating that light might differentially regulate TaREMs.

The presence of light-responsive element was reported in a soybean Remorin gene
regulated under drought stress (Marcolino-Gomes et al. 2014). The thirteen predicted hormone-
responsive regulatory elements are associated with ABA (ABRE, CEl, CE3 and motif 1Ib),
ethylene (ERE), MeJA, (CGTCA and TGACG-motifs), GA (GARE-motif, TATC-box and P-box),
auxin (AuxR-core, TGA-box and TGA element) and SA (TCA-element) responses. The ABA-
responsive cis-elements in REM gene promoters were also found in Foxtail millet (Yue et al.
2014). Regulation of REM gene expression in response to hormone treatment including ABA,
MetJ, IAA and/or salicylic acid has been reported in different species (Checker and Khurana 2013;
Yue et al. 2014; Kong et al. 2016). The induction of MiREM and SiREM6 in response to
exogenous ABA treatment in mulberry and millet suggest that these two genes could be involved
in abiotic stress tolerance through the ABA-dependent signal pathway (Checker and Khurana
2013; Yue et al. 2014). The predicted TaREM promoters had many cis-elements related to
endosperm expressions such as Skn-1 and GCN4, and the seed tissue-specific elements (RY and
CCGTCC-box) as shown in Table S4.2.

The tissue specificity of REM genes has been reported in many tissue localization studies
(Bariola et al. 2004; Li et al. 2013; Yue et al. 2014; Kong et al. 2016). Presence of the tissue-
specific element in TaREM genes promoters reveals a vital role in plant development.
Furthermore, putative TaREM promoters have different types of stress-responsive regulatory
elements (abiotic and biotic) including LTRs and C-repeat/DRE, AREs, HSEs, MBSs, TC-rich
repeats, and Box-W s related to low-temperature, anaerobic induction, heat stress, drought stress,
defence and fungal elicitors responses respectively (Table S4.2). Tissue-specific and stress-related
cis-elements in the promoters may be responsible for many functions of TaREMs through complex

regulatory mechanisms.
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Table 4.3: In silico promoter analysis of TaREM genes using PlantCARE database program.
Numbers of stress-related cis-elements, regulatory, development elements predicted in the
upstream regions 1500 pb of TaREM genes. Sequences <1500bp were used for copies A of
TaREM4.2, U of TaREM6.1 and B for TaREM6.6 promoter sequences because they are not
complete. The cis motifs identified in TaREM candidate genes in relation to the transcription start
site. DRE, dehydration-responsive element; ABRE, ABA-responsive element; Met], Methyl
Jasmonate —responsive element; other hormone-responsive elements include (SA, Gibberellin,
ethylene, Auxin); LRE, 45 different light-responsive elements (like G-box, ACE, GAG, Box 4,
Sp1, BoxI, II, ITII, CAG motif ect.).; Regulatory, elements (AT-rich element, CAAT box, 3-AF3
binding site, SUT Py-rich stretch, A-box and OBP-site); Development, elements (AC-1, AC-IT and
H-Box). For more information on LRE Regulatory and development elements see Table S3. Since
the gene TaREMG6.4 was incomplete, the gene AtgREM6.4 from D genome progenitor Aegilops

tauschii was used. The minus sign (—) indicates that the element does not exist in the promoter.

Gene name

DRE

ABRE

MetJ

Other

hormones

LRE

Regulatory

Development

Promoter
Size bp
in
different

genomes

TaREMI1.1

22

14

87

60

17

1500 (A,
B, D)

TaREM1.2

17

11

73

39

20

1500 (A,
B, D)

TaREM1.3

44

32

16

1500 (A,
D)

TaREM1.4

20

57

45

18

1500 (A,
B, D)

TaREM1.5

13

18

64

61

42

1500 (A,
B, D)

TaREMO0.1

10

12

36

72

14

1500 (U,
B, D)

TaREMO0.12

38

61

12

1500 (D)
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TaREMO0.2 | 2 3 12 9 36 54 30 1500 (A,
B, D)

TaREMO0.23 | 6 7 10 13 74 77 21 1500 (A,
B, D)

TaREM4.1 | 6 4 12 12 49 46 15 1500 (A,
B, D)

6 15 2 5 63 35 25 950 (A)

TaREM4.2 1500 (B)

1500 (D)

TaREM4.3 | 4 6 24 12 46 49 23 1500 (A,
B, D)

TaREM5.1 | 16 | 13 8 2 75 33 14 1500 (A,
B, D)

TaREM5.3 | 12 16 | 24 11 53 61 19 1500 (A,
U, D)

TaREM6.1 | 8 1 18 7 43 67 17 1500 (A,
B,)

750 (U)

TaREM6.2 | | 6 4 5 45 48 9 1500 (A,
B, D)

TaREM6.3 | 2 16 2 4 100 85 22 1500 (A,
B, D)

AREM6.4 | 5 2 4 2 24 14 2 1500 (D)

TaREM6.5 | | 1 14 4 48 55 15 1500 (A,
B, D)

TaREM6.6 | - 3 6 10 46 18 8 1100 (B)

1500 (D)

In silico expression profile of TaAREM genes in crowns of two wheat genotypes grown under
Autumn field condition
To understand the function of TaREM genes in response to cold acclimation and

vernalization, we analyzed the transcriptome of developing crowns from five time points for two
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genotypes grown under field conditions from early autumn to winter in 2010 at Saskatoon,
Saskatchewan, Canada. The winter (Norstar) and spring (Manitou) wheat genotypes differ in
vernalization requirement and freezing tolerance potential (Limin and Fowler 2002; Li et al. 2018).
The transcript abundance of twenty TaREM genes was determined from the RNA-Seq data as
reads per million (RPM) (Figure 4.5 A and B). Digital gene expression analysis revealed that wheat

REM genes varied in their expression depending on the genotype and on the exposure time to cold.
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Figure 4.5: Digital gene expression profiles of TaREM genes based on the transcriptome data from
the field study of 2010. The expression profiles of 20 REMs representing each the combined counts
of the three homeologous copies were deduced from the Illumina RNA-Seq data of winter
genotype Norstar and spring genotype Manitou sampled from early autumn to winter. (A) Genes
in phylogenetic group 1, 4 and 5; (B) Genes in phylogenetic group 6, 0.1 and 0.2. The y-axis
represents count per million of remorin genes. The gene expression in this experiment represents
the three copies added and then the mean between two the biological replicates are presented. T1,
T2, T3, T4, and T5 represent the sampling five time points during autumn cold acclimation of
crowns, where sampling were on 22 September, 4 October, 18 October, 25 October and 5

November, respectively, according to Q. Li et al. (2017).

TaREM genes were divided into three clusters based on their regulation in response to cold:
up-regulated, down-regulated, or constitutively expressed. The up-regulated REM genes included
the highly induced TaREM1.2 (30-fold) and the moderately induced TaREM1.3 (4-fold) and
TaREMI1.1 (2.5-fold). These genes have the putative CRT/DRE or low-temperature-responsive
elements in their promoter regions (Table 4.3). Interestingly, their expression was higher in the
cold tolerant Norstar than the less tolerant Manitou, indicating their possible association with
freezing tolerance and vernalization in the crown tissue. TaREMO.12 showed an inverse
association in the less tolerant Manitou. The down-regulated REM genes included 10-fold
repression of TaREMO0.23 and two-fold of TaAREM4.1 and TaREM4.3. The other REM genes did
not reveal any up- or down-regulation of more than two-fold and are considered here as
constitutively expressed. Another interesting observation was that some genes were expressed in
one genotype at a higher level across all-time points analyzed. The tolerant genotype shows higher
expression of TaREM1.1, TaREM1.3, TaREM4.3, TaREM6.1, TaREM6.5 and TaREM®6.6
whereas the less tolerant Manitou shows higher expression of TaAREM1.4. The expression of these
genes relies on the genetic background and could be considered positively or negatively associated
with freezing tolerance and vernalization in the crown tissue.

Furthermore, the expressions of all the TaREM genes were examined in the publicly
available data of spring wheat transcriptomics from multiple RNA-Seq experiments using different
tissues and abiotic/biotic stress conditions (Zimmermann et al. 2014). Unfortunately, there is no

public data available for winter wheat for comparison. The Genevestigator identifiers
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corresponding to the TaREM genes are shown in Table S4.3. RNA-Seq data in Figure S4.2 showed
that some TaREM genes (TaREM4.1, TaREM 4.2 and TaREM 4.3) are responsive to cold
treatment (Zimmermann et al. 2014), while others were not. As reported in many species, REMs
identified in this study are also responsive to drought and heat treatment (Figure S4.2). They were
also expressed in different tissues and developmental stages (Figures S4.3 A and B). This suggests

that REM genes have diverse functions during abiotic stresses.

Expression profiles of TaAREM genes during cold acclimation under controlled environment

Real-Time quantitative PCR (qQRT-PCR) was used to determine the expression levels of
the 20 TaREM genes in aerial tissues of Norstar and Manitou to compare the RNA-Seq data from
the field experiment with that of the controlled environment. The REM genes were classified into
three groups according to their expression patterns: up-regulated, down-regulated, or constitutively
expressed (Figure 4.6A and B). The first group represents those genes that were up-regulated in
response to cold acclimation and correspond to TaREM1.1, TaREM1.2, TaREM4.1, TaREM4.2,
TaREM4.3, TaREM6.3, TaREM6.4, TaREMO.1, TaREMO0.12, and TaREMO0.23. Interestingly, the
entire group 4 remorins were strongly induced by cold. The highest increase in expression (7-fold)
was found in TaREM4.3 followed by TaREM4.2 (4.5-fold) after 56 days of cold treatment
suggesting an association with late cold response. In contrast, expression of the other 8 TaREMs
peaked after seven days of cold treatment and then decreased towards the end of the treatment
suggesting an association with early responses to cold. The second group represented the down-
regulated genes and contained two genes from group 1 (TaREM1.3 and TaREM 1.4) that were
also associated with the cold response. The third group contained eight constitutively expressed
genes (TaREMO0.2, TaREM1.5, TaREMS.1, TaREMS.3, TaREM6.1, TaREM6.2, TaREM6.5 and
TaREMBS6.6) that were not significantly responsive to cold (Figure 4.6A and B).
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relative transcript abundance

Figure 4.6:

(Manitou) wheats during cold acclimation under experimental condition using qPCR. Expression
of REMs genes was compared between control (CTR) and cold acclimated plants (CA) for 22
hours, 7, 21, 35 and 56 days, respectively using qPCR. (A), Genes in phylogenetic group 1, 4 and
5; (B), Genes in phylogenetic group 6, 0.1 and 0.2. The y-axis represents the relative expression
levels of remorin genes compared to 18S. Bars represent the mean values of two biological and

technical replicates + standard deviation (SD). The small different letters present statistically
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Regulation of REM genes under abiotic stress has been reported in several species. In
mulberry (Morus indica), MiREM was the first reported remorin gene involved in abiotic stress.
The heterologous expression of MiREM in Arabidopsis improved drought and salinity tolerance
during the germination and seedling stages (Checker and Khurana 2013). In another study,
SiREM6 from Foxtail millet increased by 5.2-fold under high salinity, 4-fold in response to low
temperature and 9.1-fold by ABA treatment. Overexpression of SIREM6 in Arabidopsis enhanced
tolerance to high salt stress during seed germination and seedling development stages (Yue et al.
2014). This gene has a high sequence similarity with TaREM1.5, which increased in expression
close to 2-fold after 7 days of cold treatment (Figure 4.6A). In a previous study, it was shown that
several REMs in group 1 respond to abiotic stress and ABA treatment (Checker and Khurana
2013).

Interestingly, most of TaREMs contain the DRE/CRT element in their promoter (Table
4.2), suggesting that TaREMs can be regulated by DREB/CBEF transcription factors in wheat. Byun
et al. (2015) showed that DaCBF7 binds to the upstream region of an endogenous REM, which
has a putative CRT/DRE. The overexpression of DaCBF7 in rice enhanced tolerance to cold stress
through the up-regulation of dehydrin, remorin, and several unknown/hypothetical genes
(0s03g63870, Os11g34790, and Os10g22630).

Moreover, all the induced TaREM genes were expressed to a significantly higher level in
the winter cultivar in at least one-time point compared to the spring cultivar suggesting their
potential implication in freezing tolerance and possible association with phenological
development. Additional work is needed to confirm their role. The pattern of gene expression
revealed by qPCR in aerial wheat tissues was similar to that which was detected in crowns using
the RNA-Seq data for some REM genes such as (TaREMO0.12, 1.1 and 1.2 (up-regulated) and
TaREML1.5, 5.1, 5.3, 6.1, 6.2, 6.5 and 6.6 (constitutively expressed)).

Remarkably, TaREMO0.12 and TaREM1.1 are located on chromosome 6, which is known
to harbour the most considerable COR gene numbers (Li et al. 2018). These results support the
possible role of TaREMO0.12, TaREM1.1, and TaREM1.2 in a more generalized cold response.
The differences observed in other REM expression profiles between both studies could be due to
the type of tissues used (crowns vs. aerial tissues) and the different experimental conditions (field
conditions vs. controlled conditions). Several transcriptional studies of cold acclimation in wheat

have shown that changes observed under controlled environments can be different from those in
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field studies (Campoli et al. 2009; Greenup et al. 2011; Laudencia-Chingcuanco et al. 2011; Wang
et al. 2014), as plants grown under field conditions are exposed to more independent factors

compared to controlled conditions.

Remorin regulation under hormone treatment

Plant hormones, such as ABA and MetlJ, are involved in regulating several biotic and
abiotic processes (Wasternack and Parthier 1997; Mittler and Blumwald 2015). Most TaREM
genes considered in this study were down-regulated in response to ABA treatment (Figure 4.7A
and B). Thirteen out of the twenty TaREM genes were repressed to different degrees, whereas the
remaining genes showed no change (TaREM4.3, and 6.4), or were up-regulated (TaREM1.1, 1.2,
1.5,4.2 and 0.23) under ABA treatment (Figure 4.7A and B). The up-regulated genes, TaREM1.2
and TaREM1.5, exhibited a high-level of transcript abundance with 15 and 3.5-fold increases,
respectively. The REM genes from group 5 and 6 (TaREMS.1, 5.3, TaREM6.1, 6.5 and 6.6) were
highly repressed by 50 to 400-fold changes. The other genes (TaREMO.1, 0.12. 0.2, 1.3, 1.4, 4.1,
6.2 and 6.3) were moderately repressed (2 to 21-fold changes) after ABA treatment (Figure 4.7A
and B). These results indicate that 16 TaREM genes responded in an ABA-dependent manner and
may play a role in ABA signalling. REM was also up-regulated in response to exogenous ABA in
rice, suggesting that REM is involved in ABA signal transduction pathway (Lin et al. 2003). In
Arabidopsis, REMs are induced through the binding of transcription factors to specific cis-
elements in both ABA-dependent and ABA-independent pathways (Raffaele et al. 2007). These
results demonstrate that TaAREM1.1 and 1.2 are responsive to cold as well as to exogenous ABA
treatment. In contrast, TaREMO0.23 and TaREM4.3 are regulated in response to cold exposure, but
not to ABA treatment; this suggests that ABA-dependent and independent pathways may regulate

REM expression in response to cold acclimation.
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Recently, (Kong et al. 2016) showed that the StREMa4 expression level was regulated by
SA, MeJA and ABA indicating that StREMa4, and perhaps other REMs, are part of a complex
regulatory network affecting plant host interactions with pathogens (Kong et al. 2016). This gene
has the strongest homology with wheat REM genes from group 1. The OsREM4.1 was induced by
ABA signal through the transcriptional activator OsbZIP23 and plays a role in modulating BR
signalling (Gui et al. 2016). Jasmonate positively regulates plant responses to freezing stress
through a critical upstream signal of the ICE-CBF/DREBI1 pathway to regulate Arabidopsis
freezing tolerance (Zimmermann et al. 2014). In our study MetJ treatment induced the expression
of TaREM1.2, 1.5, 4.2, and 0.23 genes (Figures 4.7A and B). The expression of TaREMI.1, 1.4,
4.3 and 6.4 showed no significant changes after the MetJ treatment (Figures 4.7A and B). As in
the ABA treatment, the expression of TaREMS.1, 5.3, 6.1, 6.5 and 6.6 was severely repressed (55
to 111-fold changes). TaREM 0.1, 0.12, 0.2, 1.3, 4.1, 6.2, and 6.3 were moderately repressed in
response to MetJ treatment (Figures 4.7A and B). These results suggest that the 16 differentially
expressed genes may play a role in Jasmonic acid signalling. All REM genes identified in
Arabidopsis were mostly involved in hormone and biotic/abiotic stress responses (Raffaele et al.
2007). REM accumulation in plants has often been associated with defence signalling molecules
(Anderson et al. 2004; Chen and An 2006; Wu et al. 2006). Interestingly, in our study, the gPCR
expression analyses revealed that the transcripts of TaREM1.2 and 4.2 accumulate upon exposure
to low temperature (LT), ABA, and MetJ. This suggests that both ABA and MeJA may mediate

their expression during cold acclimation.

TaREM gene expression in different tissues

REM gene expression is known to be tissue dependent (Raffaele et al. 2007), so to gain
insight on tissue preference of TaREMs during cold acclimation of wheat, we examined the
expression profiles of all REM genes in four organs (leaf, stem, crown and root) by qRT-PCR. All
twenty TaREM genes were expressed in the tested tissues; the expression patterns reveal spatial
variation in the expression of TaREM genes in different organs (Figure 4.8A and B). Some
TaREMs are expressed preferentially in a specific tissue, and this includes TaREM1.2 in leaves,
TaREM6.3 in stems, and TaREMI1.1, TaREMI1.3, TaREMI1.4, TaREM4.2, TaREM4.3,
TaREMO0.23 in roots.

-95.



>
w

REM.1 bI REMG.1

-m
o
B-
o
o
o
o
o
o 0 =~
o MO N
o
—0
-
Ho
o
o

=7
¢
N
o

.6
2
.8
4
o
REMG&6.2
a 2,5
3 ap 2
o 1.5
A :i 1 2 f a
1 b T
a 0.5 a
o, Il CRE NI i = [ = o
o 5 =
REM1.3
1.6 a o5 REMG6.3
1.2 a I 20. b
os 15
’ 10 a
.4 b 2 5 a 7
N .- 2 b b a s 2 gt [
o -
2.5 a REM1 .4 REMG.4
- 2
1.5 a 1.5 a a a
v a a
1 1 a I I
) a
0.5
38 b b b 2 b b g ©-s
g ©° = REM1.5 < o
<= - el REM6.5
"g 1,5 a g 1.2 .
2 1 g 2 2 =
=) I a o.8
-
~ 0,5 b o ?
=9 b b .= 0.4 b I b b
‘2 o min win | S mn ma ab ab
Q REM4.1 =2} o
N a f=| a REMG6.6
= 1,2 a S 1,6
< a a B a a
4;5‘) o5 I b o 1.2
a
.2 o.a ab = °*®
= ’ ab ab < I
= = 0.4 ab b
o o L o = a_ b_b
= ‘e . REM4a. .2 REMO.1
, 5 A
1.2 a
2
0.8 Y b a
a
0.4 b b b I b I 1 2 a I
o = || || i ] b b
b REM4.3 o
REMO.12
3 2 a
I
1.5
2 ) a
1 e a a a 7
pi b e e Ome
I a a
o _- [ ] - || ° . el
REMS.1 al
1.6 a a 2.5 REMO.2
: I ab
2
1.2 a
l 2 1.5 a ar I
0.8 a a
! I
0.4 b 2 . b b
E 0.5
c c
o [ L : . w1
| m1dCA d REMS.3 a REMO.23
1.6
S| m8dCA b ’
4 I 1.2 a
3 c 0.8
2 a
a 0.4 b
1 I a E b 1 b
ol Il i . a_a ° it e I
Root CA Crown CA Stem CA Leaves A Root CA Crown CA Stem CA Leaves (V2N

Figure 4.8: Expression profiles analysis of TaREM genes in different tissues of winter wheat
Norstar during cold acclimation using qPCR., Relative expression of REM genes was compared
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TaREM gene expression was markedly less in leaves during cold acclimation. Seven
TaREM genes (TaREMS5.1, TaREMS.3, TaREM6.1, TaREM6.2, TaREM6.5, TaREM®6.6, and
TaREMO.1) displayed significantly less expression in leaves but otherwise did not display a
pronounced preference for any other tissue. TaREM genes showed differential expression in
various tissues as reported in other plants (Raffaele et al. 2007; Yue et al. 2014). The expression
of 6 TaREMs was positively associated with preferential root expression while seven TaREMs
showed a substantial loss of expression in leaves during cold acclimation. The higher expression
level in roots indicates a possible role in root development during cold stress or may reflect the
higher susceptibility of underground tissues to biotic stress under these conditions. The lower
expression of TaREMs in leaves may stem from the reduced growth/developmental activity of the
mature leaf tissue compared to stems or crowns in cereals. In tomato, millet, and Arabidopsis
(group 1b genes), several members of the remorin family were expressed in the vascular system
(Bariola et al. 2004; Yue et al. 2014). In millet seedlings, SIREM6 was expressed in different
tissues (root, stem, leaf and inflorescences) in the early stage of vascular development (Yue et al.
2014). In Populus deltoides, PAREM was expressed in leaf buds, immature and mature phloem
indicating the possible function of PAREM in stem development and phloem formation (Li et al.
2013). In rice, the REM gene GSD1 was localized at the plasma membrane and plasmodesmata of
phloem companion cells and affected grain set by regulating the transport of photo-assimilates
(Guietal. 2015). According to the analysis of putative TaREM promoters, the TaAREM gene family
harbours different numbers and types of cis-elements involved in abiotic/biotic stresses, low-
temperature, ABA, and MeJA responses. Additionally, TaREM genes showed tissue-specific
responses during cold acclimation. Together these observations help to explain the complex
response of TaREMs to abiotic stresses and hormonal treatments. These results indicate that
TaREM genes have several functional roles in response to hormone and cold treatment.
Conclusions

In this study, we evaluated the functional importance of REM gene family members for
the first time in wheat. Twenty non-redundant REM genes were identified and phylogenetically
clustered into six distinct subfamilies. Phylogenetic analysis showed that TaREMs and other
monocots REMs (rice) are homologous, suggesting a probable functional similarity among them.
The responses of wheat REM genes to low temperature, ABA, and MeJA were determined where
several genes were specific to low temperatures, while others responded to low temperature, ABA,

and MeJA. This suggests that some REM genes may be regulated by cold through hormonal
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signalling pathways. Cis-element analyses of putative REM promoters revealed the presence of
cis-motifs specific to cold response, other abiotic stresses, hormone regulation, tissue specificity,
and development which indicates that the expression of the REM genes is modulated in part by
the regulatory elements in their promoters. Expression profiles of the twenty wheat REM genes in
leaves, stems, crowns and roots showed that they were expressed in all tissues, with higher
expression in roots. Comparisons between autumn field and controlled environments showed
common expression for some TaREM genes, but not in others. The contradictions between the two
experiments may be due to the type of tissues used and the different experimental conditions. The
expression of REM genes at different wheat developmental stages and in different tissues and their
association with cold acclimation and hormonal responses suggest a vital role during wheat
development. Understanding the function of each gene during the wheat life cycle may help to
select for varieties that tolerate higher biotic and abiotic stresses. One caveat of this study is that

some the retrieved wheat remorin sequences were incomplete (Table 4.1).
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Chapter Five: Evolutionary and In-Silico Functional Analysis of a Novel Cold Responsive
Gene in Wheat

Abstract

Identification of cold responsive genes is essential for developing cold tolerant crop plants
to increase agricultural productivity in the temperate regions. This study is focused on gaining
insights into evolutionary history and in-silico functional characterization of a novel cold
responsive gene in wheat. This gene in has a distant homology to known abiotic stress related
genes in other plants including CAP160 in Spinacia oleracea, RD29B in Arabidopsis thaliana and
CDeT11-24 in Craterostigma plantagineum. We investigated if these genes form a closely related
gene family with close homologous relationship and shared ancestry or if they are a result of
convergent evolution from unrelated proteins. Our results show that these genes are homologous
and evolved from a common ancestor. The Bayesian phylogenetic analyses of the protein
sequences of this gene from various plant species revealed three distinctive clades. Further
analyses revealed that this gene has predominantly evolved neutral processes with some regions
experiencing showing signatures of negative selections and some regions showing signatures of
episodic positive selections. These genes contained common K-like segments and function
predictions revealed that these protein-coding genes may share at least two functions related to
abiotic stress conditions. One function is similar to the cryoprotective function of LEA protein,

and the second function as a signalling molecule by binding specifically to phosphatidic acid.

Introduction

Abiotic stresses such as low temperatures (0-15 °C), freezing conditions (< 0 °C), heat (35-
45 °C), and drought stresses have adverse effects on plant growth, development and productivity.
These factors also determine the geographical distribution of many species. However,
geographically wide-ranging plant varieties show great variation in their tolerance towards such
stressful conditions: some varieties express tolerance whereas others, even within the same
species, are sensitive. These contrasting physiological responses within the same species towards
abiotic stresses are maintained by modifying the expression of various genes. Discriminative
transcriptional networks were detected between sensitive and tolerant varieties, either at the level
of intensity for some abiotic stress-regulated genes, or on the base of on-off gene regulation

mechanism. The identification of abiotic stress-related genes — either through genome-wide studies

-99 .



or by bioinformatic approaches — is essential for improving molecular studies and genetic
improvements. The identification of plant CAP160 homologous genes revealed their regulation by
abiotic stresses in both monocot and dicot plant species.

Identification of a new gene family or new genes within an existing gene family facilitates
further study of the gene’s pattern of evolution and its role during an organism’s development.
(Pearson 2013) states that identity, e-value, and bit-score are the common ways to infer homology
as e-value and bit-score are useful in inferring homology. However, Pearson (2013) notes that a
30% identity cut-off may ignore many homologs that can be found with an e-value <107!° for
nucleotide to nucleotide sequence comparison or e-value <107, and bit-score > 50 for protein to
protein sequence comparison. Presence of the same domain among proteins may infer function
relatedness but not authentic homologous relationships. Thus the presence of a protein domain
should be used to confirm homology, but not to validate it as many non-homologous proteins may
share domains and be taken mistakenly as homologs (Joseph and Durand 2009). One limitation of
using e-value, bit-score, and identity cut-offs is when retrieving homologs in protein super-families
that include many analogous protein sub-families across different species where it is problematic
for these measures only to infer authentic interspecies homology among related proteins as this
may account for the availability of information in the query database during a blast search. A
reciprocal blast should be used to verify the homologous relationship (Agostino 2013) and avoid
a misleading result. Thus, the use of reciprocal blast along with using other measures like e-value
cut-off is an essential step to infer authentic homology. Additionally, synteny can be used to verify
the occurrence of homologous genes within the flanking regions surrounding the gene of interest
across different species. This kind of comparative genomics provides insights not only into the
homologous relationship but also into gene order, the pattern of gene evolution and duplication
events, in addition to identifying these orthologous gene loci as possible linked evolutionary
markers.

Our interest focuses on a new, cold-regulated gene from wheat that has an extremely distant
homology with the CAP160 gene from spinach, the CDeT11-24 gene from Craterostigma
plantagineum, and the RD29 gene from Arabidopsis. Although these genes are distantly related
and have low identity values with the wheat gene, their expressions are similarly affected by abiotic
stresses. Arabidopsis RD29 genes are abiotic stress marker genes that are regulated by ABA
(Yamaguchi-shinozaki et al. 1992). These genes show discriminatory two-phase kinetics of

expression: the first phase is induced through the ABA-independent pathway in less than 30
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minutes from the onset of desiccation, whereas the second is provoked after three hours from the
start of desiccation through the ABA-dependent pathway. Further analysis indicated that
Arabidopsis has two RD29 genes located tandemly in an 8-kb region of its genome. One of them,
RD29B, showed induction through an ABA-responsive manner only after three hours under either
low-water activity or ABA conditions. The other, RD29A, accumulates its transcript after 3 hours
of low-water activity or ABA conditions, and also within 20 minutes of low-water activity
conditions in an ABA-independent manner (Yamaguchi-Shinozaki and Shinozaki 1993). It has
been shown that the promoter motif analysis of RD29 genes revealed an AtRD29A promoter with
DREs elements and one ABRE, while the RD29B promoter has three ABREs and one DRE
elements (Msanne et al. 2011; Jia et al. 2012). ABA-treated Arabidopsis plants exhibited more
induction of RD29A than RD29B, confirming their regulation through the ABA-signalling
pathway, and inferring their prospective roles as either cellular protective proteins or regulatory
proteins that may attenuate the negative effects of abiotic stresses, mainly water deficit conditions
(Hoth et al. 2002). Additionally, the primary protein structure for the products of RD29 genes
revealed high similarity regarding their hydrophilicity besides the presence of two acidic regions
and one basic region and only one amino acid cysteine. The stress-responsive RD29A protein has
two tandem repeats of 112 amino acids centrally located, and 21 amino acid tandem repeats near
its C-terminal, which are absent in its paralogous protein, RD29B.

Arabidopsis RD29 genes have a remote homology with the cold acclimation protein
CAPI160 in spinach (Kaye et al. 1998). The protein profile of cold-acclimated spinach leaves
versus non-acclimated plants showed the accumulation of many new polypeptides. Four of these
proteins had been named CAP proteins and were denoted numbers for their molecular weights; for
example CAP160 is a protein that has been identified as one of the four major accumulated proteins
in the cold acclimated spinach leaves (Guy and Haskell 1987). Studies using *’P-radiolabelling on
cold-acclimated spinach seedlings indicates that CAP160 with its characteristic isoelectric point
(pD) 4.5, is likely to be a phosphoprotein (Guy and Haskell 1989).

Velasco et al. (1998) identified a CDeT11-24 gene in Craterostigma plantagineum as a
distant homologous gene of both spinach CAP160 and Arabidopsis RD29. The CDeT11-24 gene
is upregulated in response to dehydration, salinity, and abscisic acid. This gene has a highly
conserved lysine-rich domain, which resembles those in other LEA proteins. Liquid
chromatography-tandem mass spectrometry techniques confirmed that its protein has many

phosphorylation sites, which are subject to phosphorylation only in dehydrated tissues (Rohrig et

- 101 -



al. 2006). This is similar to what had been preliminarily demonstrated in its nearest homologous
CAP160 gene, from spinach (Guy and Haskell 1989). It has been predicted that the dehydrin-like
lysine-rich motif (K-like segment) near the CDeT11-24 N-terminal, may form a coiled-coil
structure (Rohrig et al. 2006). This structure may be related to the function of this protein in
providing cellular protection by its accumulation during abiotic stress conditions.

Plant cells gradually accumulate LEA proteins due to their cryoprotective and antifreeze
activities in various cell compartments to protect the cell during severe low-temperature conditions
or low water activity (Wise and Tunnacliffe 2004). Previous works have found that dehydrins are
classified as a group II of LEA proteins which were previously identified as the group (D-11)
(Wise and Tunnacliffe 2004; Battaglia et al. 2008). Although dehydrins are categorized into five
distinct subgroups, all of these groups can only be structurally recognized by their characteristic
K-segment (EKKGIMDKIKEKLPGQG) that is predicted to form the amphipathic a-helical structure,
which acts to protect membranes from dehydration, mediate specific protein-protein interactions,
and protect enzymes from inactivation (Kiyosue et al. 1994; Kovacs et al. 2008). The presence of
many K-segments in the same dehydrin facilitate the formation of a bundle with amphipathic
alpha-helical confirmation as a result of their interaction. In general, LEA proteins prevent protein
inactivation through their “molecular shield activity”, which reduces protein aggregation imminent
from water stress, in addition to their solution effects that are similar to the impacts of
polysaccharides in minimizing protein aggregation (Chakrabortee et al. 2012). Further studies on
CDeT11-24 verified that its LEA group 2 (dehydrins) analogous characters are responsible for the
protective role towards in vitro tested enzymes, and its ability to bind specifically to phosphatidic
acid (PA) rather than other tested lipid molecules, where these behaviours are mainly due to its K-
like dehydrin segment (Petersen et al. 2012).

Although diverse abiotic stresses regulate RD29, CAP160 and CDeT11-24 genes, the
common characteristics of these genes have not yet been identified. A newly identified cold-
regulated gene from wheat is distantly related to this group of genes which all have remote
homology to one another. Due to this remote homology, only a limited number of genes have been
identified to be distantly related to the SOCAP160 gene, and no genes have been discovered in the
monocot clade. Thus, we aimed to test whether the cold-regulated gene from wheat is the authentic
homologues gene of CAP160, CDeT11-24, and RD29 genes from spinach, Craterostigma
plantagineum, and Arabidopsis, respectively. If these genes are homologs, we aim to identify other

homologous genes that can potentially be found in monocots and dicots in order to study the
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function, as well as the common and distinctive characteristics of this gene family. For the first
time, we identified and verified many homologous proteins inside dicots and in monocots. We
used structural alignment to accurately identify the most conserved structural and functional motifs
in this unique family of LEA proteins. We also examined the evolution of CAP160 gene homologs.
Our work found that CAP160 gene homologs constitute a family that is postulated to have evolved

EAN13

by vertical descent from a single common ancestor. Many intraspecies’ “new” genes were found
to arise from gene duplication events. The identification of this distinctive gene family supports
future molecular and function characterization studies because we identified new dehydrin-like
genes among different plant species. It was not our goal to provide an extensive study covering all
plant CAP160 orthologous genes, nor to provide specific domains distinctive to this family,
however, we answer the question of whether this gene family has been extended into monocot

plants, and we attempt to predict its function during water deficit conditions.

Materials and Methods

Sequence retrieval

The sequence of a novel cold-regulated gene was retrieved from the RNA-Seq dataset of
the cold experiment on wheat (Li et al. 2018). The gene was identified as XLOC 002283 and
annotated by the authors through the International Wheat Genome Sequencing Consortium with
IWGSC identifier as Traes 1AL 5184A1376. The gDNA, CDS, and protein sequence of this
candidate are found in Dataset S5.1 with a symbol identifier Tal.l. This wheat protein sequence
was used as a query in a tblastn search with a cut-off e-value <le-04 (Pearson 2013) to retrieve
other homologous genes from wheat and other monocots, as well as against the Theobroma cacao

genome database hosted by Ensembl Plants (http://plants.ensembl.org). The tblastn search against

the 7. cacao genome identified only one gene sequence that has been confirmed as an authentic
homologous protein of the wheat and barley genes by the reciprocal blast. The retrieved protein
sequence from 7. cacao was used in a manual PSI-tBLASTn with the same cut-off e-value against
many dicot plant genomes from different databases as indicated in Table S5.1, to retrieve all other
dicot sequences. All the retrieved gDNA, CDS, and protein sequences used in this study are listed
in Dataset S5.1.

Multiple sequence alignment and structure predictions
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Retrieved protein sequences have been aligned by MAFFT version 7

(https://mafft.cbre.jp/alignment/server/), T-COFFEE (Notredame et al. 2000; Di Tommaso et al.

2011), and Decipher, an R-based alignment software (Wright 2015). The quality of the alignments
was assessed by sum-of-pairs (SP), column score (CS) and avg_SPdist score by comparing them
with each other using the VerAlign online tool (Bawono et al. 2015). Protein secondary structure
was predicted on the alignment using Jalview (version 2.10.3bl) software (Waterhouse et al.
2009). The PONDR program (http://www.pondr.com) was used to predict the folding states of
some selected protein sequences. The amphipathic helices were selected and presented using the
HELIQUEST tool (Gautier et al. 2008).

Phylogenetic analysis

The best-fitted amino acid substitution model was selected with the lowest BIC score, using
ProtTest v3.4.2 (Darriba et al. 2011). A Bayesian phylogenetic tree was constructed via MrBayes
v3.2.6. (Ronquist et al. 2012) with the Jones-Taylor-Thornton (JTT) amino acid substitution
model, and (+1+G) for the rate of heterogeneity with (+F) for the empirical equilibrium of amino
acid frequencies from the alignment. The Markov Chain Monte Carlo parameters were: Ngen =
109, nchains = 12, burninfrac = 0.25. The reconstructed phylogenetic tree of clade III was done
using the same protein substitution model JTT+G+F+I for 6x10° generations while the model

JTT+GF suits clade I and clade II were done with 5x10° and 10° generations, subsequently.

Comparative genomics

Conserved gene order in micro-syntenic chromosomal regions (100-Kb) containing
CAP160/RD29/CDeT11-24 gene homologs was compared in rice Oryza sativa, cotton Gossypium
raimondii, tomato Solanum tuberosum, potato Solanum lycopersicum, sorghum Sorghum bicolor,
pink shepherd’s purse Capsella rubella, strawberry Fragaria vesca, rose gum Eucalyptus grandis,
papaya Carica papaya, thale cress Arabidopsis thaliana, and amborella Amborella trichopoda
against the matching genetic region in the cacao tree Theobroma cacao using the Plant Genome
Duplication Database (PGDD) freely available at http://chibba.agtec.uga.edu/duplication/ (Lee et
al. 2013).

Gene structure
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The intron/exon structures of different genes were determined using the GSDS online tool
(Hu et al. 2015) by comparing the full-length coding sequences with their counterparts genomic
sequences (Dataset S5.1).

Analysis of enriched cis-regulatory elements in promoter regions

According to their availability, 2-Kb of upstream sequences relative to the translation start
site were retrieved from the blast service hosted by the NCBI database (NCBI Resource
Coordinators 2016), and all the retrieved promoter sequences were listed in Dataset S5.2.
Distribution and occurrence of enriched PLACE cis-elements (Higo et al. 1999) were identified
and graphed according to Austin et al. (2016). Only motifs with Z-scores more than 5 were
presented, where the functional depth for position-specific scoring matrix (PSSM) was more than
0.35, and conditionally a minimum of 50% of the tested promoters in each group must have the

selected motif.

Protein characters and subcellular localization

Protein molecular weights, and their isoelectric points were estimated according to
Kozlowski (2017), and the grand average of hydropathy (GRAVY) was estimated according to
Kyte and Doolittle (1982). Subcellular localization of each protein was predicted by five different
tools which are LOCALIZER (Sperschneider et al. 2017), PredSL (Petsalaki et al. 2006), CELLO
(Yu et al. 2006), Predotar (Small et al. 2004) and LocTree3 (Goldberg et al. 2014).

Protein conserved motif evaluation
Thirty protein conserved motifs were identified using Multiple EM for Motif Elicitation
(MEME) at the website http://meme.sdsc.edu/meme/intro.html (Bailey et al. 2009), with default

parameters. The predicted functional sites in these motifs were retrieved from the Eukaryotic
Linear Motif (ELM) web-interface http://elm.cu.org/ (Dinkel et al. 2016). The retrieved MEME

motif representations, locations and numbers were annotated on the Bayesian phylogenetic trees

using the online tool iTOL (Letunic and Bork 2016).
Differential gene expression and Co-expression Analyses

Differential gene expression analysis of Arabidopsis, rice, barley, maize, and wheat

CAP160 homologous genes within various microarray-based experiments and across different
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treatments were retrieved from Genevestigator software (Zimmermann et al. 2014), using the
appropriate gene identifiers. In Arabidopsis, AT5G52300.1 and AT4G25580.1 were used to
represent the genes Athl.1 and Athl.2, respectively. In rice, Loc-Os10g36180.1 was used to
represent the Os gene. In barley, Mloc 74793.3 was used to represent the Hv gene. In maize,
GRMZM2G376743 was used to represent both Zml.l1 and Zml.2 genes. For wheat, the
Ta.8085.1.S1 at probe was used to represent Tal.l, Tal.2, and Tal.3 genes, while the
TaAffx.51089.1.S1 at probe was used to represent Tal.3, Tal.4 and Tal.5 genes. Positively co-
expressed genes of CAP160 homologs in Arabidopsis and rice were presented by using the same
software, highlighting the annotations of the highly connected genes and their differential

expression profiles.

Estimation of selection pressures

The alignment of protein-coding sequences from different species was used to evaluate the
effect of natural selection on protein evolution across this gene family. Mixed-effects models of
evolution (MEME) (Murrell et al. 2012) and the fixed effects likelihood approaches (FEL)
(Kosakovsky Pond and Frost 2005a) were used to assess selection on individual sites that may be
under episodic diversifying selection as determined by MEME, or pervasive selection, as measured
by FEL. FEL measures ® (Ka/Ks) ratios across lineages at individual sites by inferring a
maximum-likelihood tree, while MEME detects sites under positive selection where the rate of ®
not only varies from site to site, but also from branch to branch. MEME is more sensitive in
revealing sites under episodic positive selection through the same maximum-likelihood approach.
One limitation of MEME is that it does not assign specific branches where individually selected
sites that exhibit episodic positive selection. Therefore, to assess which branches and nodes
demonstrated episodic positive selection during the evolution of this gene family, the adaptive
branch site-random effects likelihood (aBSREL) method was used (Smith et al. 2015). The
aBSREL test requires no prior knowledge about lineages-of-interest, and thus all the lineages
across the entire phylogenetic tree were tested. These tools for estimating selection pressures are

implemented in the Datamonkey web server (Kosakovsky Pond and Frost 2005b).
K-like segments Assessments

The amphipathic helical wheels from wheat was compared with its homologs in

Craterostigma plantagineum, according to Gautier et al. (2008). Additionally, the tertiary
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structures of these amphipathic wheels were predicted and presented, according to Reifler et al.
(2014) and Schrodinger LLC (2016).

Results

Authentic homology assessment

A tBLASTn search with a cut-off e-value less than 1e-04 was used to test whether the
retrieved proteins from the monocot clade, such as sequences from wheat and barley, contained
any homologous genes in dicot plants. The proteins were used as queries against different dicot
genome databases; this yielded no results in the tested dicot plants except against the Theobroma
cacao genome database, where the tBLASTn algorithm identified only one gene sequence located
on chromosome number 3 in cacao with identifiers TCM_015165 and EOY23189. A reciprocal
blast search was performed against different monocot plant species, such as barley and wheat, to
validate the homologous relationships. One advantage of this approach was that cacao, barley, and
wheat, have their genome fully sequenced and publicly available, which diminishes the presence
of any false results and accurately assesses the authentic homologous relationship. Using the cacao
protein as a query in a tBLASTn search with an e-value parameter <le-04 returns all known
CAP160 proteins in various dicot species. These include CAP160, RD29, and CDeT11-24. The
inability of wheat or barley proteins to retrieve these sequences by a simple tBLASTn algorithm
may be due to the difficulty to establish a reliable alignment score among distantly related proteins.
Hence, comparing cacao with barley proteins yields a low identity value (26%), the cacao protein
query covers 83%, with a bit-score of 62.4; this indicates the limitation of using 30% identity cut-
off in overlooking many homologs (Pearson 2013). Finally, using either cacao or barley protein as
queries in a tblastn search with cut-off e-values <le-04 against different dicot and monocot plant
genome databases, respectively, we retrieved CAP160 homologous gene sequences from the
different dicot or monocot species. To investigate plant CAP160 genes characteristics and
evolution; many homologous gene sequences were retrieved this way from forty distinctive plant
species that exemplify three different families from monocots, sixteen families from dicots, and
Amborellaceae, a family that represents basal angiosperms (Table S5.1).

To further confirm the orthologous relationship between the retrieved cacao sequence gene
and other genes from monocot or dicot clades, comparative genomics was used for the
chromosomal segment-containing TCM_015165 from cacao with the corresponding chromosomal

segments of eleven different plant species. Results showed that many syntenic anchors in cacao
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match those in Amborella, rice, sorghum, and many other genes from dicot plants (Figure S5.1).
Moreover, microsyntenic analysis confirms the duplication events in two genes from Capsella and
for genes RD29B and CAP160 from Arabidopsis. Although two adjacent markers are enough to
infer homologous synteny blocks, Figure S5.1 reveals at least the presence of four syntenic
markers as in case of Crl.2 and Athl.2 genes. The presence of these syntenic anchors that match
the gene from cacao, with their homologous genes within different monocot or dicot species,
supports the orthologous relationship among these genes. With the conserved gene order among
cacao and other species in the designated micro-syntenic chromosomal segment, the analysis
confirmed the divergence of matching micro-syntenic anchors among distantly-related species, as
indicated in Figure S5.1 and the annotations of the cacao matching genes from Table S5.3.
Synonymous (Ks) and non-synonymous (Ka) substitution values presented an overall negative
trend, where Ka-Ks < 0 among most diverse plant syntenic anchors when compared with the
matching cacao genes except in the case of the two monocot plants rice and sorghum where Ka-
Ks> 0 as seen in Table S5.3 (Xia and Kumar 2006). The Ka-Ks positive values in rice and sorghum
indicates that their CAP160 gene pair and surrounding segments might be under positive selection
where the fixation rate of useful sites spreads. This may imply opposing selection pressures in

these micro-syntenic regions in monocots as represented only by rice and sorghum versus dicots.

Molecular phylogenetics

To estimate the evolutionary seeds of the newly identified ABA and cold-regulated gene
in wheat, many homologous genes available in public databases were retrieved to investigate the
origin and expansion of this gene family (Table S5.1 and Dataset S5.1). All the retrieved protein
sequences were aligned by MAFFT version 7 (https://mafft.cbrc.jp/alignment/server/), T-
COFFEE (Notredame et al. 2000; Di Tommaso et al. 2011), and Decipher, an R-based alignment

software (Wright 2015). Testing the quality of different alignments by the VerAlign tool (Bawono
et al. 2015) indicated that Decipher as a test alignment presents a higher sum of pairs (SP) score,
column score (CS), and SPdist score (Table S5.2); this shows that Decipher outperforms the other
two programs and has a higher quality of alignment. The Decipher outperformance may be due to
the alignment of protein coding sequences based on the predictions of the secondary structures of
their translated proteins by the GOR algorithm which is implemented in it (Wright 2015).
Therefore, the output alignment from Decipher was used for further analyses. The secondary

structure of the first protein in the alignment was predicted by Jpred4 (Drozdetskiy et al. 2015)
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which is implemented in the Jalview software, to present the secondary structure prediction on the
alignment.

Additionally, intrinsically disordered protein (IDP) regions were predicted by the [UPred
method which is implemented in Jalview, and both secondary structure and IDP predictions were
plotted on the alignment (Figure S5.2). The alignment showed the presence of a highly conserved
region of amino acids near the N-terminal, which is highly predicted with an alpha helix motif
structure and the existence of many IDP regions.

The Bayesian inference was performed using MrBayes v3.2.6. (Ronquist et al. 2012) to
represent the evolutionary relationships among the retrieved proteins. By taking the protein from
the basal angiosperm Amborella trichopoda, as an outgroup, the analysis showed that all the
retrieved protein sequences could be clustered within three major clades (Figure 5.1). All monocot
species except one duplicate protein from Musa acuminate (Mal.2) are distinguished in clade II,
with two common ancestors, which are Phoenix dactylifera (Pd) and Musa acuminate (Mal.l),
respectively. This result is in line with the phylogeny inference of Poales based on their plastid
genome (Givnish et al. 2010) and phylogenetic analysis of angiosperms families based on fossil
records (Magallon et al. 2015), where Arecales and Zingiberales are presented with older ages,
respectively. Also, Figure 5.1 presents many monocot cold and drought-sensitive species in a
separate clade originated from node 42 (N 42), which can be distinguished from cold and drought-
tolerant monocot species which originate from node 21 (N 21). Clade III represents only species
from dicots with Eucalyptus grandis (Eg) as a common ancestor, although fossil dating estimates
an older age of Ranunculales than Myrtales (Magallon et al. 2015). Many duplicate genes from
dicot species with one duplicate gene from monocot species represented by Musa acuminate
(Mal.1), were settled in a unique monophyletic group (Clade I) near the common outgroup (Figure
5.1) with a high posterior probability. This result supports the common origin of this unique gene
family and signifies the value of gene duplication events in facilitating its expansion. The
intron/exon organization showed pervasive symmetric exons, except for some genes from the
genus Triticum and genes Eg, Bol.1, Ah and Kf1.1 from Clade III (Figure 5.1). All symmetric
exons are surrounded with phase 1 introns while asymmetric exons are bordered by phase 0 and
phase 1. Numbers of introns ranged from 0 to 7, where cacao (Tc) is the only sequence in this
dataset that shows the total absence of introns. Most sequences exhibit short lengths of introns in

comparison with their surrounding exons.
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Figure 5.1: Bayesian phylogenetic analysis and gene structures with intron phase distributions of
CAP160 homologous genes from different plant species. The phylogenetic tree is rooted by using

the homologous sequence from Amborella trichopoda (Atr). The analysis reveals three distinctive
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clades which are colored as green, violet, blue for clade I, clade II and clade III, respectively.
Branches with red color and nodes with stars are verified with episodic diversifying selection
according to aBS-REL method (Smith et al. 2015).

Signatures of natural selection

Protein coding sequence alignment of CAP160 gene homologs was used to evaluate the
repercussions of natural selection on this gene family’s evolution. The FEL analysis showed that
373 sites are significantly under pervasive negative selection (Table S5.5) while only five sites are
positively selected with a p-value threshold of 0.05 (Table S5.4). These results indicated that the
evolution of the plant CAP160 gene family could be best described by neutral theory where only
12.6% are under constrained selection, and a small portion around 0.17%, are positively selected.
Mixed-effects model of evolution (MEME) was applied to test the presence of positively selected
sites on specific lineages. MEME results detected twenty sites under episodic diversifying
selection (Table 5.1); four of them were also significantly detected by FEL under pervasive
positive selection (Table S5.4). These methods identify sites under positive selection, thus both
methods agree on identifying these four codons under positive selection; since MEME is a more
complex model that tests the evolution of sites under positive selection in any fraction of branches,
it finds more sites under positive selection. Episodic selection model results indicated that sites
651, 682, 1110, 2237, and 2616 are positively selected in more fractions in the phylogenetic tree
with only one site (682), that is selected within more than 50% of branches, where "> o (Table

5.1).

Table 5.1: Codons of CAP160 gene homologs under episodic diversifying selection and their site-
specific parameter values as estimated by mixed-effects models of evolution (MEME; Murrell et
al., 2012). Twenty codons were detected under episodic diversifying selection with a p-value
threshold of 0.05. MEME results display parameters for each site where o represents synonymous
rate, B~ constitutes nonsynonymous rate at this site for lineages in the negative/neutral evolution
component and B* is for the nonsynonymous rate at this specific site for positively-selected
lineages. The probability of the tree evolving neutrally or under negative selection is represented
by p~ while the probability of the tree evolving under positive selection is represented by p'.
MEME uses likelihood ratio test (LRT) to infer the significance of positive selection (B* > o) for

a specific site.
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Codon i} B p p* p* LRT p-value

2 0.21 0.21 0.96 702.51 0.04 19.69 0
17 0.35 0.3 0.92 10.29 0.08 6.04 0.02
339 0.18 0.16 0.96 15.11 0.04 8.96 0
429 0.07 0.06 0.79 4.19 0.21 12.02 0
651 0.02 0 0.56 3.25 0.44 8.91 0.01
682 0 0 0.47 25.25 0.53 5.34 0.03
837 0 0 0.87 9.92 0.13 10.95 0
1110 0 0 0.52 1.63 0.48 7.61 0.01
1185 0.31 0.12 0.7 2.08 0.3 4.8 0.04
1966 0.26 0.16 0.87 7.65 0.13 7.52 0.01
1984 0.4 0.4 0.9 141.38 0.1 10.16 0
2040 0.59 0 0.77 5.73 0.23 6.04 0.02
2237 0.52 0.2 0.64 5.46 0.36 6.12 0.02
2332 0 0 0.77 10.31 0.23 10.97 0
2525 0.23 0 0.8 12.75 0.2 7.38 0.01
2616 0 0 0.67 5.32 0.33 6.16 0.02
2622 0 0 0 3.27 1 4.88 0.04
2631 0.44 0 0.84 33.82 0.16 9.83 0
2770 0.12 0.12 0.97 417.54 0.03 4.6 0.05
2917 0.15 0 0.53 2 0.47 4.62 0.05

To identify branches and nodes which have a fraction of sites under positive selection,
aBSREL was applied and revealed that 34% of branches can be modelled with a single ® rate
class, while 66% of branches can be only modelled with multiple o rate classes and 24 branches
have a proportion of sites under diversifying selection (Table 5.2). A total of twelve lineages and
twelve nodes showed episodic positive selection (Figure 5.1 and Table 5.3). In most lineages, the
portion of sites under positive selection was less than 30%, while the remaining sites exhibit neutral
or negative selection where m; ranges from 0.022 to 1 (Table 5.3). The episodic positive selection
was detected only on some branches and nodes in Clade II and Clade III, whereas no signs of

positive signatures were identified across Clade I sequences (Figure 5.1).
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Table 5.2: Adaptive branch site-random effects likelihood (aBSREL) analysis results (Smith et
al. 2015).

o rate classes # of branches % of branches % of tree length # under selection
1 43 34% 0.069% 0
2 83 66% 100% 24

Table 5.3: Lineages and nodes with significant (p-value threshold of 0.05) signatures of positive
selection as estimated by aBSREL (Smith et al. 2015).
Name B LRT Test p- Uncorrected p- o distribution over sites
value value o1 2

(Negative sites)  (Positive sites)

Tul.2 | 0.0000 139.3829  0.0000 0.0000 1.00 10000
(94%) (5.5%)

KfI.1 | 0.0000 180.6526  0.0000 0.0000 0.270 7500
(90%) (10%)

Bol.1 | 0.0000 28.0560  0.0000 0.0000 0.425 10000
(99%) (1.1%)

Brl.4  0.0000 32.6475 = 0.0000 0.0000 0.0958 (70%) 10000
(30%)

Fv | 0.0000 30.6036  0.0000 0.0000 0.225 1470
(69%) (31%)

Sol.2  0.0000 41.2442 | 0.0000 0.0000 0.747 38.6
(85%) (15%)

N22 0.0000 353608  0.0000 0.0000 0.0654 (84%) 11.1
(16%)
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N 34

N 38

N 42

N 122

N 21

Bd

Atal.2

N 121

N51

N78

N93

0.0000  44.5690 | 0.0000 0.0000 0.931 127
(93%) (6.8%)
0.0000 = 63.4478 = 0.0000 0.0000 0.0220 (98%) 10000
(1.8%)
0.0000 48.5106  0.0000 0.0000 0.0634 (86%) 64.3
(14%)
0.0000 | 26.9252 | 0.0001 0.0000 0.116 23.6
(89%) (11%)
0.0000 23.6973 = 0.0003 0.0000 1.00 423
(84%) (16%)
0.0000  22.8978 = 0.0004 0.0000 0.109 8.82
(85%) (15%)
0.0000 20.2870  0.0015 0.0000 0.703 10000 (0.95%)
(99%)
0.0000  20.3229 = 0.0015 0.0000 0.601 321
(87%) (13%)
0.0000 20.2926 = 0.0015 0.0000 0.152 14.2
(88%) (12%)
0.0000  20.1171 = 0.0016 0.0000 0.161 120
(90%) (9.6%)
0.0000 18.7646 = 0.0031 0.0000 0.230 10000
(94%) (6.2%)
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N 94 | 0.0000 | 17.3444 0.0062 0.0001 0.103 150

(92%) (7.9%)
Sh 0.0000 167699  0.0082 0.0001 0.164 95.6
(98%) (1.8%)
Os | 0.0000 16.0266  0.0119 0.0001 0.255 15.9
(92%) (7.6%)
Pvl.1 0.0000 157275  0.0136 0.0001 0.286 13.6
(70%) (30%)
SI | 0.0000 152666 | 0.0170 0.0002 0.0593 12.9
(95%) (5.1%)
N 101  0.0000 143266  0.0271 0.0003 0.149 73.4
(86%) (14%)

Function predictions

Protein characters

The predicted isoelectric points of CAP160 homologous proteins reveal acidic tendency,
where only Brl.4 has pl of 9.8 (Table S5.6), while other proteins have isoelectric points ranging
from 4.4 to 6.7. Sizes of the proteins revealed that Brl.4 is the smallest predicted protein, with
only 220 amino acids (24.12 kDa). This result may reveal the reason of its basic tendency, as this
may be the effect of the conserved K-like segment which is rich with positively charged amino
acids, mainly lysines. The biggest protein was Pv1.2 with 1299 amino acids (141.4 kDa), while
other protein predicted sizes ranged from 34.1 to 100.7 kDa. GRAVY values showed that all
proteins have negative scores which indicate their hydrophilic “water-loving” natures. The narrow
range of sizes and isoelectric points of most surveyed proteins in this study confirms common

biochemical characters among diverse CAP160 proteins.
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Subcellular localization

Protein localization is essential for understanding cellular function and homologous
proteins that share a common function mostly target the same cellular compartments. Different
algorithms have been applied to predict the function of diverse CAP160 plant homologs. Both
Loctree3 and CELLO use the hierarchical system of support vector machines (SVM), while the
former has an advantage of employing a PSI-BLAST homology-based inference that is trained on
SWISS-PROT database, and with a cut-off e-value < 1073 (Yu et al. 2006; Goldberg et al. 2014).
Other tools that are based on machine learning were applied, such as Localizer, Predotar, and
PredSL. The former is trained only on experimentally verified plant proteins, the second was
trained on known proteins from the SWISS-PROT database, and the latter on proteins available in
the UniProt database (Small et al. 2004; Petsalaki et al. 2006; Sperschneider et al. 2017). Using
diverse approaches is necessary to confirm the prediction results where all the selected tools of
prediction use either a different approach of prediction or were trained on a unique database. The
results, as presented in Table S5.7 show that all Clade I proteins are nuclear proteins, however,
PredSl predicts K11.4, Kf1.2 and KI1.3 as mitochondrial proteins and Localizer predicts this set of
proteins to be targeted to the nucleus or the chloroplast. Md1.3 is predicted by LocTree3 to localize
in the plasma membrane based only on its homology to the signalling mucin HKR1 in yeast. The
PSI-BLAST result indicates this homology-based annotation is established on the middle to the
near end of the Md1.3 protein, not within its N- or C-terminal. Overall, Clade I proteins are
frequently predicted as nuclear proteins. All tools predict Clade II proteins as either nuclear or
cytoplasmic proteins. Most of the Clade III proteins are also predicted as either nuclear or
cytoplasmic proteins. Although LocTree3 predicts Clade III proteins by machine-learning-based
LocTree2, Pvl.2, and Acl.1 were predicted by a PSI-BLAST homology-based inference as a
nuclear protein and centriole-related protein, respectively. These proteins have distant homology
with the mouse Npas4 (Neuronal PAS domain-containing protein 4) and Caenorhabditis elegans
spd2 (Spindle-defective protein 2), respectively. Only Gr protein in Clade IIT was predicted with
a signal peptide by PredSl and Predotar, while Fv was predicted as a secretory protein only by
PredSl; this might be because both use a neural network-based approach that is trained only on
known proteins. Like all other predictions, Atr that was used as an outgroup in the phylogenetic

analysis, was predicted as either a cytoplasmic or nuclear protein.
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Promoter cis-elements analysis

Promoter cis-elements are critical regulatory elements of gene expression. These are
sequence motifs that are found in the core, proximal, or distal region from the transcription start
site to direct the binding of particular transcription factors. The 2-kb promoter sequences upstream
of the translational start sites were retrieved from many CAP160 homologous genes of different
plant species to analyze the presence and distribution of different PLACE cis-elements motifs
(Dataset S5.2 and Figure S5.3). Although this gene family is thought to be related to abiotic stress,
the promoter analysis of species from clade I with the promoter of Atr did not show significant
enrichment (Z-score > 5) of cis-elements that may regulate the expression of abiotic stress induced-
genes. The promoters of genes Mgl.2, Cs1.2, Md1.3, and Acl.2 from clade I were analyzed in
silico. The results did not show the presence of motifs related to either the CBF-regulatory pathway
or ABA-dependent pathway to be significantly detected under the cut-off values that were used in
our analysis. However, the presence of motifs of low-temperature-responsive elements and ABA-
related cis-elements were detected (Z-score <5) in clade I (Data not shown). Phylogenetic analysis
shows that gene duplicates Mal.2 and Kf1.2 are ancestor alleles, and the enrichment of abiotic
stress related cis-elements motifs in the promoters of their derived alleles may indicate adaptation
to abiotic stress conditions. Promoter motifs related to development, light-dependent development
or embryogenesis were significantly detected in promoters of clade . CARGATCONSENSUS
which is a cis-element motif that is responsible for recruiting FLC (Flowering repressor protein),
was found in the promoter of Atr and Kf1.2 genes. This motif was also detected in the Mgl.1
promoter from Clade III. The gene promoters of clade II were analyzed in two separate groups,
group IIA and IIB (Figure S5.3). The results confirmed the enrichment of ABA-responsive
elements in both groups. The ABA-responsive core motif is (ACGT) which was represented in
group IIB by the presence of ABREMOTIFIIIOSRAB16B, ACGTOSGLUBI, and
DRE2COREZMRABI17, while it was only represented in group IIA by the presence of a related
cis-acting element, IRO20S. Group IIB was distinguished from group IIA by the significant
enrichment of the CRT/DRE element (CCGAC) which was exemplified by the presence of
CBFHV and LTRECOREATCORI1S5 cis-acting elements in their promoters. Groups from III to
VII represent plant gene promoters of clade III, where their promoter analysis showed that the
presence of ABA-responsive cis-acting elements is prevalent among all promoters. DRE/CRT
elements were also detected in Pv1.2, Sol.1 and Sol.2 of group VII promoters. Most groups

showed the enrichment of one or more elements related to light-dependent development. The

-117 -



circadian regulation was enriched only in group IVA promoters where the CIACADIANLELHC
motif was found in all of its members. To summarize, the results show that this gene family
embraces many ABA-regulated genes although of the diminishment of ABA-responsive cis-
elements in the analyzed clade I and Atr gene promoters. Additionally, the enrichment of
DRE/CRT cis-elements in group IIB and VII confirms that many genes in this family are regulated
through the CBF-dependent pathway.

Expression and co-expression analyses

Microarray-based differential expression analysis was explored across four different
species; two genes from Arabidopsis that represent Clade III and four genes from barley, wheat,
and rice that represent Clade II. The results revealed that almost all genes are upregulated by
similar conditions such as ABA, cold, drought, and dehydration (Figure S5.4). Positive co-
expression analysis was performed for two Arabidopsis genes and their homologous genes from
rice (Dataset S5.3) to associate this gene family to distinct biological processes. The results
indicated that many LEA genes are positively co-expressed with CAP160 homologous genes either
from Arabidopsis or rice. In these LEA genes, many dehydrins (Group II LEA) were found to be
positively co-expressed across different networks. This result signifies the functional similarity of
the CAP160 homologous genes to dehydrins.

Three positively co-expressed genes in Arabidopsis were found to have an orthologous
relationship with positively co-expressed genes in rice: AT3G22490 (RAB2S8), AT3G15670
(LEA76), AT5G66780 (LEA), and AT5G01300 (phosphatidylethanolamine-binding protein). The
analysis of mutually correlated genes from our explored co-expression networks showed that hub
genes from Arabidopsis and rice share significant and co-ordinated upregulation of their
expression under ABA treatment or with conditions that instigate a decline in water activity.
Moreover, the CAP160 homologous genes with these hub genes were downregulated during
germination, hypoxia, and anoxia (Dataset S5.3C, F and I). The overall results of the expression
and co-expression analyses link this gene family to the ABA-regulatory pathway and abiotic stress
conditions. These results are consistent with the promoter analysis of the genes where it revealed

the presence of many ABRE and CRT/DRE cis-regulatory elements.

Protein motifs and function predictions
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In order to explore the role of these proteins as affected by ABA or during water deficit
conditions, their protein sequence information was used by an online tool, MEME (Bailey et al.
2009), to identify functional motifs. The function of these motifs were predicted and explained
through the ELM database (Dinkel et al. 2016). The raw data results of motif prediction by MEME
were presented in Dataset S5.4. The analysis showed the presence of many conserved motifs across
proteins from different species. Motif MEME-1 was found to present exclusively in all our tested
sequences. This motif is found in the N-termini of all proteins (Figures S5.5, S5.6 and S5.7) where
it localizes in or borders to the most conserved area under negative selection and contains the
lysine-rich segment. The motif consensus sequence is SVLK (Figure S5.2) and has a
corresponding homology with the [GS]IL[RK] sequence, known as the SILK motif (Table S5.8).
The SILK motif is a feature in Protein Phosphatase 1-interacting proteins (PIPs), and is essential
for inhibiting Protein Phosphatase 1 (PP1) activity, as the phosphorylated form of some PIPs act
as pseudosubstrates to PP1 (Hendrickx et al. 2009; Dinkel et al. 2016).

Additionally, MEME-4 has a PPXY motif that interacts with a WW-domain when the S/T
motif in the P(S/T)P sequence is phosphorylated. Another small motif (MEME-30) that is found
only in some proteins of clade I1I and II recognizes the SH2 domain when the tyrosine of this motif
is phosphorylated. Other motifs are related to the clathrin-mediated pathway where MEME-3 and
MEME-13 recruit adaptor proteins for clathrin-coated vesicle formation and MEME-6 binds the
VHS domain of clathrin-related adaptor proteins through its acidic dileucine motif. The
phosphorylation of the first serine residue in the acidic dileucine motif enhances the interaction
with the VHS domain. Almost all the screened proteins have one or more of these motifs. Many
degron motifs where found across all the tested proteins, guiding them for degradation. These
degron motifs are represented by MEME-5, MEME-9, MEME-18, MEME-24, MEME-10, MEME-
26 and MEME-28. It has been reported that phosphorylation controls some of these protein
interaction-guided degradations. For example, under normal condition KEAP1 inhibitor protein
binds to the degron motif, marking the target protein for degradation, while under stress condition
the phosphorylated form of this motif inhibits KEAP1 binding, and thus prevents the degradation
of the target protein (Atia and Abdullah 2014). Two motifs were found as a recognition site for the
Inhibitor of Apoptosis Proteins (IAPs): MEME-12 and MEME-27. Four short linear motifs were
identified by their predicted ability to recognize protease enzymes such as separase: MEME-14,
MEME-16, MEME-21, and MEME-22, which may guide the cleavage of the target protein. More
motifs were found to mediate protein-protein interaction where MEME-8, MEME-15, and MEME-
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17 were predicted with motifs that may recognize the UEV domain and MEME-23 was predicted
to have a motif that may recognize the WD40 repeat domain. Only two motifs were detected as
DNA binding motifs: MEME-7 and MEME-20. One motif (MEME-29) was predicted to bind with
DEAD-box helicase to mediate the degradation of aberrant RNAs, . Motifs MEME-11 and MEME-
25 were predicted as possible sites for post-translationally modification by C-terminal amidation.
One motif (MEME-19) had homology with the MM[NDE][EDNAG]F[LMA] motif that is found
in the N-terminal half of the cytosolic soluble Pex5 protein to mediate protein import into
peroxisomes. Finally, MEME-2, which was found in all clades and near the C-terminal of the
screened proteins, was predicted as a binding site for TRAF2, a cytosolic protein tumour necrosis
factor receptor (TNFR). Many plant TRAF proteins were identified with roles in either plant
development or during abiotic stress such as SEVEN IN ABSENTIA 2 (SINA2), a TRAF-like
family protein that is involved in ABA-mediated drought stress signalling in Arabidopsis (Bao et
al. 2014). The functions of most predicted MEMEs were found to mediate and regulate
miscellaneous classes of protein-protein interactions where phosphorylation regulates many of

them.

Intrinsically disorder analysis

To test the folding state of wheat protein (Tal.1) and other proteins from different clades,
the PONDR VL-XT algorithm integrated three different neural networks to identify unstructured
regions in the tested proteins. Overall results showed the presence of many large unstructured
regions in all the tested proteins and showed that this protein family are IDPs, where many large
regions (> 30 amino acids) are natively unfolded (Figure 5.2). Similar results were predicted by
the [UPred method (Figure S5.2). The thick, black lines in Figure 5.2 indicate predicted disordered
regions that may change their conformations upon interaction with other molecules or under
different physiological conditions. Petersen et al. (2012) showed that CDeT11-24 protein
maintains its solubility with heat treatment and adopts many a-helical contents upon dehydration,
as experimented by trifluoroethanol (TFE). Thus, these predicted natively disordered regions
might hold a-helical structures upon dehydration, a feature of dehydrins. PONDR VL-XT predicts
the K-like segments within these random coil regions where they can form a-helical structures

upon dehydration or biochemical interactions.
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Figure 5.2: Predictions of intrinsically disordered regions in some CAP160 homologous proteins

from different clades by PONDR program hosted at http://www.pondr.com.

Amphipathic helices assessment

The K-like segment identified by Petersen et al. (2012) in CDeT11-24 (Cpl) protein from
Craterostigma plantagineum was suggested to harbour the amphipathic helix (AH). Our
phylogenetic analysis showed that this lysine-rich sequence element maintains its conservation
through purifying selection, and a similar AH can be proposed through other homologous proteins.
Thus, to test this hypothesis, HELIQUEST (Gautier et al. 2008) was used to test AH formation
across the N-termini from Atr, Pd, Eg, Athl.1, Tal.l and Cpl proteins, where the helices in the K-
like segments and with the higher Hydrophobic moments (uH) were selected for comparison. The
results confirmed the conservation of the N-terminal of the lipid binding amphipathic helix among
species of different clades, where six hydrophobic amino acids constitute the hydrophobic surface,

and the hydrophilic surface establishes approximately 60% of the wheel (Figure 5.3).
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Triticum aestivum Craterostigma plantagineum

(Tal.l) (CDeT11-24, Cpl)

H=10.068 H=0.003
puH =0.584 puH =0.498
Z=6 Z=06
Polar Surface Polar Surface

Hydrophobic Surface Hydrophobic Surface

Figure 5.3: Helical wheel representations according to (Gautier et al. 2008), and their tertiary
strutute predictions according to (Reif3er et al. 2014) and 3D model graphing (Schrédinger LLC
2016) of these wheels from the K-like segments in wheat and Craterostigma plantagineum

proteins.

Discussion

Results of this study revealed that CAP160 from Spinacia oleracea, CDeT11-24 from
Craterostigma plantagineum, and RD29B from Arabidopsis thaliana are homologous genes which
belong to one gene family that has been descended vertically from a common ancestor and have
orthologous genes in dicot and monocot species. Furthermore, this gene family was expanded by

gene duplication in several species. The overall analysis showed that these genes are upregulated
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synchronously with many other LEA and dehydrins in response to water deficit conditions and
may have functions similar to dehydrins in providing cellular protection during abiotic stress
conditions.

In plants, only two CAP160 distantly-related genes were characterized. These were
CDeT11-24 gene from Craterostigma plantagineum and RD29 genes from Arabidopsis thaliana
(Yamaguchi-shinozaki et al. 1992; Velasco et al. 1998). Due to their remote homology, their
orthologous relationship was not assigned. At this moment, we have identified a new cold-
regulated gene from wheat that has a remote homology with the genes above. Our protocol was to
use a manual PSI-BLAST of the orthologous protein from cacao to identify other orthologous
genes from monocot and dicot clades, with e-value cut-off <le-04 as recommended by Pearson
(2013), and with confirming the authentic homologous relationship by reciprocal BLAST. This
protocol revealed that CAP160 gene from spinach has many orthologous genes across various
plant species. Due to a lack of domain information, we have used the full protein sequences to
construct our phylogenetic analysis, and as of their rapid evolutionary rate, we have aligned the
retrieved proteins based on their predicted secondary structure, which revealed common conserved
K-like segments near the N-termini among all tested proteins (Figure S5.2). To elucidate the
evolutionary patterns inside this gene family, we used the orthologous gene from Amborella
trichopoda (Atr) as the root of our phylogenetic analysis. The Bayesian phylogenetic inference
grouped all the tested proteins in three different clades with proteins from monocot origin in one
separate clade (clade II), and one clade representing both monocot and dicot species (clade I);
clade III represents only dicot species (Figure 5.1). All genes from clade I have intraspecies
duplicates that have diverged in either clade II or III. Bayesian inference indicated the early origin
of clade I, and that clade II and III alleles may have arisen by divergent evolution from clade I.
Thus, clade I represents ancestral CAP160 alleles. Sharing the K-like segment does not only
support the hypothesis of divergent evolution, but authentic homology assessment and synteny
analysis reject the hypotheses that this gene family may arise from convergent or parallel
evolution. Since comparative genomics confirmed the inheritance of syntenic blocks surrounding
CAP160 genes across different species (Figure S5.1), this supports the notion that these CAP160
genes have evolved from a common ancestor.

Given the long divergence time between clades II and III, a posterior probability value of
91% should be sufficient to support the hypothesis of divergent evolution (Figure 5.1). Gene

structure revealed that most introns are symmetric, which may facilitate alternative splicing
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besides the absence of phase 2 during intron evolution across the tested proteins. Figure 5.1 shows
some degree of similarity of gene structures among different genes from different species and the
prevalence of phase 1 introns which may further support the evolutionary descent of these genes
from a common ancestor.

Based on the Bayesian phylogenetic analysis, fixed effects likelihood approaches indicated
the dearth of both background and differentiating selections supported by the similarity of non-
synonymous () and synonymous (o) substitution rates per site-basis (Table S5.5). Presence of
only 12.6% sites under pervasive negative selection indicates the presence of selective pressures
that change the features of the encoded proteins and reveals the higher evolutionary rate inside this
gene family. Table S5.5 shows that the codons which encode the K-like segments are under
negative selection, signifying the existence of selective constraints that preserve the features of
this alpha-helix fragment. Although the typical appearance of neutral evolution with some
signatures of pervasive negative selection was apparent, only five sites showed positive selection
as detected by FEL, and 20 sites by MEME. Thus, these sites could be essential for protein function
as their evolutionary changes can be explained by natural selection (Kimura 1991). Table 5.2
indicates that 24 branches have significantly experienced episodic diversifying selection and Table
5.3 and Figure 5.1 display these hypothetical taxonomic units (HTUs), operational taxonomic units
(OTUs), and branches under episodic diversifying selection as detected by the branch model
(aBSREL). These results denote the presence of adaptive protein evolution on specific sites in
some plant species which may be related to a specific function as this was absent over the ancestor
alleles from clade I, suggesting the recency of these adaptive evolution signatures.

The high numbers of mutant substitutions did not affect the semblances of most protein
characters such as solubility and acidic nature among proteins from different clades. Additionally,
all subcellular predictions were pointed to predict this protein family as either nuclear or
cytoplasmic proteins; the nuclear-targeting predictions were based only on the most conserved
alpha-helical region (K-like segment), as seen by Localizer (Table S5.7). Although predictions of
nuclear localizations are based on the conserved K-like segment, the cytoplasmic localizations are
predicted based on the lack of target peptides. If the K-like segment function is not to target these
proteins to the nucleus, these proteins can be favourably predicted as cytoplasmic proteins. Based
on LocTree3 predictions of gene ontologies, most proteins were either with GO:000564 based on
their nuclear localization predictions or GO:0005737 as of their cytoplasmic localization

predictions. To compare these results with the experimentally verified proteins, Kaye et al. (1998)
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showed that spinach CAP160 protein (Sol.2) can be detected in the soluble fraction and
mitochondria, rather than other subcellular fractions of spinach leaf and hypocotyl tissue. Msanne
et al. (2011) found that GFP-tagged AtRD29A or AtRD29B (Athl.1) cDNA trace these proteins
in the cytoplasm only, with the comparison to GFP expression in the nucleus and cytoplasm as a
positive control. Immunolocalization is a different approach that was used to localize CAP160
protein of Craterostigma plantagineum (Cpl) CDeT11-24 gene product (dsp11-24), where distinct
physiologically treated plant tissues were incubated with dsp11-24 antiserum (Velasco et al. 1998),
and the results showed that dspl1-24 protein localizes in the cytoplasm. Accordingly, the
experimental validations and in silico predictions agree on the cytoplasmic subcellular localization
of CAP160 proteins.

Figure S5.3, shows the promoter cis-elements analysis that the CAP160 gene family
encompasses mainly ABA-regulated genes, with a prominent enrichment of ABRE elements in
the derived alleles (Uno et al. 2000). These results are in line with the expression meta-analysis of
CAP160 genes from Arabidopsis, rice, barley, and wheat where all were upregulated by ABA as
confirmed by numerous microarray experiments (Figure S5.4). Furthermore, results in Figure S5.3
shows that the co-expression analysis of CAP160 genes from Arabidopsis and rice with many LEA
proteins, mostly under the ABA-dependent pathway (van Dam et al. 2017). The enrichment of
CRT/DRE elements is established in Group IIB that represents CAP160 gene promoters from
monocot crops with a winter background, rather than Group IIA that represents monocot summer
crops. This may highlight the value of the CAP160 gene for increasing tolerance towards cold
conditions in plant species with a winter genetic background (Gusta et al. 2005). This result agrees
with the marked log, expression values of CAP160 genes from barley and wheat, in comparison
with rice (Figure S5.4). Many other motifs related to development, embryogenesis and light
regulation are enriched along promoters from different clades, which indicates that the expression
of CAP160 genes can be controlled by the developmental stage and other surrounding factors,
which is in accordance with the CAP160 gene expressions when found to be regulated by light
treatments and circadian rthythms (Figure S5.4). Moreover, the enrichment of CArG cis-elements
in the promoters of ancestral alleles rather than derived alleles supports the upstream regulation of
the plant MADS-box transcription factors in the ancestor alleles (de Folter et al. 2005).

Given the fact that CDeT11-24 is an intrinsically disordered protein (Petersen et al. 2012),
and CAP160 is a similar and homologous protein (Figure 5.2) supports the role of the plant

CAP160 proteins as molecular shields but also enhances their flexibility to engage in different
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biological interactions (Petersen et al. 2012; Wright and Dyson 2015). Remarkably, divergent
sequences of IDPs can tolerate mutations and maintain similar functions (Zarin et al. 2017); this
feature was noticed from our analysis of protein motifs where many motifs with similar functions
were well-conserved among separated clades. Our protein motif predictions confirm the fact that
this family encompasses a class of phosphoproteins, where many motifs are subject to
phosphorylation which in turn control subsequent interactions. These results are supported by the
mass spectrometric analysis results of CDeT11-24 (Rohrig et al. 2006). Moreover, three verified
phosphorylated sites correspond with three different MEMESs of our predictions. Phosphorylation
site 473A in Figure S5.3 is predicted within an alpha helix and is harboured by MEME-2 which
binds to TRAF proteins; this site corresponds to site 1969 in the protein alignment (Dataset S5.5A)
and is detected significantly by FEL under negative selection (Table S5.5). Phosphorylation site
318P within MEME-18, a degron motif that has redundant functions with other MEMEs (MEME-
5, MEME-9, MEME-24, MEME-10, MEME-26, and MEME-28), leads to the same functional
outputs among diverged proteins. Finally, MEME-6 that supports the phosphorylation site 5528,
is located within a predicted and well-conserved alpha-helix that binds with the VHS domain when
the serine residue is phosphorylated. This serine site is maintained by negative selection, as
detected by FEL under codon number 2807 (Table S5.5). This result indicates that although
CAP160 has divergent sequences, the proteins could maintain similar functions where most
MEME:s are either conserved by negative selection or have redundant functions. The primary
signature of this family which is the K-like segment, adopts an amphipathic helical structure where
the hydrophilic face can be clearly distinguished from the hydrophobic one, and the segment is
verified to bind specifically with phosphatidic acid rather than other lipids (Petersen et al. 2012).

This result indicates a conserved signalling function in the ABA-dependent pathway.
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Chapter Six: General Conclusion

Identification and characterization of genes associated with abiotic stress tolerance in
wheat are crucial for developing tolerant varieties and understanding the molecular mechanisms
underlying abiotic stress tolerance. Wheat is an economically important plant and was used here
as a model organism, where we showed that the spring variety was sensitive to cold treatment
while the winter variety was cold-tolerant. Cold tolerance traits in winter plant varieties have
developed within temperate plants as an adaptation for the low-temperature conditions dominating
these geographic locations. These adaptive mechanisms result in physiological variations between
spring and winter plant varieties, where varieties of the same species respond differently at the
molecular level to cold treatment. For example, during cold acclimation, winter varieties
accumulate more sugars and dehydrins in comparison with spring varieties (Sandve et al. 2008;
Sandve et al. 2011; Janda et al. 2014). Furthermore, on the molecular level winter varieties
progressively accumulate VRN1 gene transcript during cold treatment significantly more than
spring varieties (Danyluk et al. 2003; Yan et al. 2003; Yan et al. 2004). The identification of cold-
responsive genes in winter wheat variety is crucial for understanding molecular mechanisms of
adaptation during cold acclimation or vernalization.

In this thesis, I identified genes associated with the cold-tolerance trait in winter wheat cv.
Norstar. Forty genes were selected from different microarray databases, and their expressions were
validated by qPCR across experiments conducted in the field or in growth chambers. Several genes
were found to be promising for further studies, such as candidate number 6 which was annotated
as a remorin gene and is significantly upregulated by cold treatment (Figure 3.1). Candidate
number 24 has had an unknown function until now, as preliminary screening showed that it is an
orphan gene found only in the grass family (Data not shown). Candidate number 24’s transcript
was accumulated in response to cold treatment and in response to ABA and JA, where there was
a significant upregulation in the winter wheat variety rather than the spring variety (Figure 3.10).
Finally, we found that candidate number 39 has a remote homology with LTI65 gene in
Arabidopsis and also shows a significant upregulation in winter wheat variety (Figure 3.11) in
response to cold treatment, while it was significantly upregulated and downregulated by ABA and
JA treatment, respectively. We then focused on identifying and characterizing candidate numbers
6 and 39.
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The characterization of candidate number 6 showed that a large family of wheat genes were
remorins. In both varieties of wheat, we retrieved, identified, and determined the expression of all
remorin genes among different tissues and under ABA or JA treatments. Our results found twenty
remorin genes in wheat where twelve of them were regulated during cold acclimation across
different tissues, and eight genes were induced in response to either ABA or JA treatments. These
results of TaREM genes facilitate the understanding of the different functions of remorin genes
during stress adaptation.

Finally, the evolution and functional predictions of candidate number 39 showed that
CAP160 homologous genes are not only found in plant dicot species but also in plant monocot
species. This discovery assists future work by providing new abiotic stress marker genes in the
monocot clade. Additionally, it improves the understanding of the evolution of remotely distant
homologous genes. This study shows that plant CAP160 homologous genes have evolved by
vertical descent from a single common ancestor and have maintained their function despite their

remote, distant homology.
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