ELUCIDATING THE ROLE OF RHT-1 PROTEIN
IN REGULATION OF GIBBERELLIN SIGNALLING
IN THE ALEURONE OF WHEAT

PATRYCJA NINA SOKOtOWSKA

Thesis submitted to The University of Nottingham for the degree of Doctor

of Philosophy

MARCH 2021



ABSTRACT

Germinating embryos release gibberellins (GAs), which act on aleurone cells to
promote the expression of hydrolytic enzymes via the transcription factor (TF)
GAMYB. GAs promote the degradation of DELLA proteins, which in the
aleurone results in the upregulation of GAMYB expression. Although it is
known that DELLAs negatively regulate GAMYB activity, the molecular
mechanisms underlying this response are currently unclear. Recent studies
have demonstrated that DELLAs do not contain a DNA-binding domain and
they regulate transcription by acting as coactivators or corepressors of TFs. It
was therefore hypothesised that the regulation of GAMYB by DELLA may be

indirect, by working in a complex with other TF/TFs.

A yeast two-hybrid (Y2H) screen of the wheat aleurone cDNA library revealed
that wheat DELLA protein, RHT-1, interacts with different classes of TFs. Two
TFs were selected for further analysis: INDETERMINATE DOMAIN 11 (TalDD11)
and ETHYLENE RESPONSE FACTOR 5 (TaERF5). The interactions between RHT-

1 and TalDD11 and TaERF5 were confirmed in Y2H assays and in planta.

Reverse genetics approach was applied to understand the roles of identified
TFs in the regulation of GA response. Ta/lDD11 was found to be a positive
regulator of GA-mediated growth and floral transition, as the Taidd11 (triple
knockout mutant) displayed reduced growth and delayed transition to
flowering. The transcript levels of GA3ox, GA20ox and GID1b, the genes
positively regulating GA biosynthesis and signalling, were enhanced in the

mutant, which resulted in enhanced levels of bioactive GA;.

The TaERF5 has a close paralogue in wheat (TaERF5a), which shows high level
of conservation and is hypothesized to have redundant function. Genome
editing using CRISPR/Cas9 was applied to generate sextuple Taerf5 Taerf5a

mutant, and the Cas9-free T3 seeds are now awaiting phenotypic analysis.

Together, this study identified a novel component of GA signalling that
regulates GA-mediated growth and development, possibly via interaction with

RHT-1.
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Chapter 1: Introduction

1.1 Wheat

1.1.1 Wheat value as a staple crop

Wheat (Triticum aestivum) is one of the three main cereals grown worldwide,
the other two being rice and maize. These three crops supply more than half
of the world's energy intake (IDRC, 2010). Whilst the cereals that are grown in
developed countries are used predominantly for consumption and animal
feed, people in developing countries rely on plants for about 90% of their daily
needs; besides food, plants are used as a source for fuel, medicines and
shelter. Wheat is the most widely grown cereal and occupies 17% of the
world’s total cultivated land. It is extensively grown across the temperate,
Mediterranean, and subtropical climate zones on both hemispheres of the
world. The worldwide cereal harvest in 2019/2020 was 2 761 million tonnes,
with 764.39 million tonnes being wheat (FAO, 2021). In the UK, the 2020 wheat
harvest was particularly bad due to extreme weather. It was 10.13 million
tonnes (DEFRA, 2020), 37.5% lower than in 2019 and well below the five-year
average of 15.1 million tonnes. Being the staple food for 35% of the world’s
population, wheat provides more calories and protein in the world’s diet than
any other crop; the wheat grain contains about 60 to 80% of starch and 8 to
15% of protein, with some varieties having a protein content of 23%. Whereas
carbohydrate content of the three main cereals is roughly similar, wheat
contains significantly more protein and fibre, and less fat per 100 g than maize
and rice. The protein content in wheat varies depending on variety from
around 10.4 g per 100 g in soft red winter wheat to 15.4 g per 100 g in hard
red spring wheat. For comparison, brown, long-grain rice and yellow maize
protein content per 100 g is 7.94 g and 9.42 g, respectively (Nutritional
Qualities of Grains Comparison Chart, Einkorn.com). Dietary fiber content of
wheat is around 12.5 g per 100 g, compared to 3.5 g per 100 g in rice and 2.4
g per 100 g in maize, and fat constitutes about 1.7 g per 100 g, whereas rice

contains 2.9 g per 100 g and maize 4.7 g per 100 g of dry seed. Wheat is also



high in nutrients; it contains more calcium, iron, selenium and potassium
compared to the other cereals. With wheat being a staple crop in many
countries and becoming more popular in countries like China, India, Egypt,
Indonesia and Pakistan, the global wheat consumption is expected to increase
by 13% compared to the base period 2015-2017 by 2027 (OECD/FAOQ, 2018).
No growth in wheat consumption per capita is expected, nevertheless the
increase in population growth will cause further increase in demand for wheat.
The food use is predicted to be the major driver behind the increase in overall
wheat utilisation. Consequently, the global production of wheat needs to
increase, and is projected to increase to 833 Mt by 2027 (OECD/FAQ, 2018). As
the area designated to farmland will not increase significantly, the majority of
the production increase will need to be achieved through higher yields, thus

devising higher-yielding wheat varieties is essential to ensure food security.

1.1.2 Wheat ploidy and domestication

Wheat occurs as six biological species at three ploidy levels: diploid Triticum
urartu (genome AA) and Triticum monococcum (genome A™A™), tetraploid
Triticum turgidum (genome BBAA) and Triticum tmopheevii (genome GGAA)
and hexaploid Triticum aestivum (genome BBAADD) and Triticum zhukovskyi
(genome GGAAAMA™M). Genetic relationship studies showed that the principal
wheat lineage is formed by T. urartu, T. turgidum, and T. aestivum. T. aestivum,
the modern bread wheat, was developed through two hybridization events,
first between T. urartu and Aegilops speltoides (genome SS from which
genome BB was derived) giving rise to T. turgidum, and second between
domesticated T. turgidum and Aegilops tauschii, donor of the DD genome
(McFadden & Sears, 1946; Petersen et al., 2006) (Figure 1.1). Hexaploid wheat
resynthesized as an amphiploid of wild or domesticated emmer with Ae.
Tauschii resembled spelt (T. aestivum ssp spelta), hence the conclusion that
the free-threshing forms of modern bread wheat evolved from naturally hulled

spelt (McFadden & Sears, 1946).



Triticum Urartu Aegilops speltoides
Wild Einkorn Goat Grass 1 \‘
' |

7 AA First BB '
V' hybridisation e
/ event

Triticum dicoccoides Aegilops tauschii
d Emmer Goat Grass 2
DD

Wwild
~30,000 years ago

Triticum dicoccum
Cultivated Emmer s.ong
4/ AABB \hybridisation

event

Triticum spelta

Spelt
/ P Cultivated

~10,000 years ago

Triticum durum Triticum aestivum
Pasta Wheat Bread Wheat
AABB AABBDD

Modern
~9,000 years ago

Figure 1. 1 The evolution of modern wheat. The wheat used for bread making
nowadays is hexaploid (AABBDD) and arose through two processes of hybridisation:
first between Triticum urartu (Wild Einkorn, donor of the A genome) and Aegilops
speltoides (Goat grass 1, donor of the B genome) around 30,000 years ago giving rise
to Triticum dicoccoides (Wild Emmer, AABB), and second between Triticum dicoccum
(Cultivated Emmer, AABB) and Aegilops tauschii (GoatGrass 2, donor of the D
genome), which occurred around 10,000 years ago and resulted in origin of Triticum
spelta (Spelt, AABBDD). Domestication of Cultivated Emmer and Spelt gave rise to

Pasta wheat and Bread wheat, respectively.

Wheat first started to be cultivated around 10,000 years ago, in the
geographical region of today’s Iraq, Syria, Lebanon, Jordan, Israel and northern

Egypt, known as the Fertile Crescent. The earliest cultivated varieties were the



diploid variety einkorn (T. monococcum) and the tetraploid variety emmer (T.
dicoccum) (reviewed in Shewry, 2009). Hexaploid bread wheat, T. aestivum,
arose about 9,000 years ago. Domestication of wild varieties relied on selecting
landraces with desirable characteristics from wild populations. The most
crucial traits that allowed wheat domestication were loss of shattering of the
spike at maturity and free threshing of the grain. Non-brittle rachis limited the
natural seed dispersal mechanisms of the wild type varieties allowing the
farmer to harvest more grain and were found to be caused by mutations at the
Br (brittle rachis) locus (Nalam et al., 2006). Free threshing allowed for easier
stripping of the grain off the glumes, making it less labour intensive to harvest
the naked grain, and arose through a dominant mutation at the Q locus, that
pleiotropically affected the other characteristics, such as rachis fragility and
glume tenacity (Simons et al., 2006). Among other desirable traits in
domesticated wheat were larger spikes and grain, more determinate growth
and loss of dormancy (Harlan et al., 1973). Modern wheat belongs primarily to
two species: tetraploid durum wheat (7. turgidum) used for pasta and low-

rising bread, and hexaploid bread wheat (T. aestivum).

1.1.3 Wheat grain structure

Wheat belongs to the Poaceae family and like all other grasses produce single
seeded fruits, known as caryopses. The wheat caryopsis (Figure 1.2) consists
mainly of endosperm, which constitutes 80 to 85% of the grain, and also bran
(13 to 17%) and embryo (2 to 3%) (Belderok, 2000). The bran consists of seed
coat and pericarp tissues, and its main purpose is to protect the embryo and
endosperm. The embryo is the most important component of the grain as it
develops into a plant and ensures survival of the species. At grain maturity, it
is composed of shoot, mesocotyl and radicle, which together form the
embryonic axis, and scutellum. The scutellum lies between the embryonic axis
and endosperm and serves to absorb nutrients from endosperm during
germination. The endosperm can be divided into two tissues which are

morphologically and physiologically distinct: starchy endosperm and aleurone
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layer. The aleurone in wheat is a single layer of cuboidal cells that surround the
endosperm and embryo. The starchy endosperm is the storage tissue of the
grain and accumulates mainly starch and proteins, while the aleurone cells are
rich in proteins, lipids, vitamins and nutrients (Evers & Millar, 2002). The main
role of the aleurone is to supply the enzymes necessary to break down

resources stored in the starchy endosperm to facilitate grain germination.

The embryo and the endosperm are surrounded by a remnant of the nucellus
called nucellar epidermis, which is regarded as a seed coat. The next protective
layer of the seed is the true seed coat, or testa. The testa is composed of two
layers, the inner being adjacent to the nucellar epidermis. It derives from the
two integuments of the carpel surrounding the nucellus and its role is to keep
the grain impermeable to water. During grain development, the testa is
discontinuous in the crease region of the grain, and this opening facilitates
transport of nutrients from the vascular strand to the nucellar projection.
When the grain matures, the opening becomes sealed with impermeable
tissue, connecting the borders of the integuments, and making the grain
impermeable, called the pigment strand. The only opening through which
water can enter the grain at maturity is the micropyle, a small pore situated
close to the tip of the embryo. On the outside of the seed coat is the pericarp,
which originates from the carpel wall, and can be subdivided into exocarp,
mesocarp and endocarp. The endocarp is composed of tube and cross cells and
constitute the photosynthetic tissue of the pericarp at the early developmental
stages of the grain (Morrison, 1976). When the grain matures, the endocarp
becomes closely linked to the seed coat (Xiong et al., 2013). The central part
of the pericarp is made up of a few layers of parenchyma cells and is known as
the mesocarp. By around 15 days after anthesis (DAA) the mesocarp cells are
mostly dead and only one cell layer persists (Xiong et al., 2013). The outermost
layer of the pericarp is the exocarp, whose sole function is to protect the seed.
Taken together, the pericarp has a few functions, including photosynthesis,
storage, transport, and breakdown of starch, as well as providing a protective

layer for the seed.
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Figure 1. 2 The structure of wheat grain. Detailed specification of bran layers,
endosperm, and embryo structure. Cross section view is also shown. Figure taken from

Pomeranz (1982).

1.1.4 Aleurone development, structure, and function

The aleurone in wheat is a single cell layer surrounding the embryo and the
endosperm. The aleurone layer envelops nearly the entire embryo and starchy
endosperm, with the only exception being its absence at the micropyle. Cells

of the aleurone are of three types: crease aleurone cells, embryo-surrounding



germ aleurone cells, and aleurone cells that envelop the starchy endosperm.
In addition to other standard plant cell organelles, the aleurone cells are filled
with amino acid-packed protein storage vacuoles (PSV), lipid-containing

oleosomes, and glyoxysomes (Lonsdale et al., 1999).

The aleurone differentiates from the surface cells of the endosperm, but cell
morphology, biochemical composition and the transcription profiles are
distinct between the two cell types (Becraft & Yi, 2011). The endosperm cells
are triploid and develop in the process of double fertilisation, when one of the
sperm nuclei undergoes syngamy with the two polar nuclei in the central cell.
After cellularization, the internal and peripheral cells behave differently. The
divisions in peripheral cells are highly ordered and occur almost exclusively in
the anticlinal and periclinal planes; they show a typical plant cell division cycle
with microtubules organised in a structure that will form a division plane in the
pre-prophase. In internal cells, however, division of cells is unordered, with
lack of the pre-prophase microtubule structure (reviewed in Becraft and Yi,
2010). In the mature cereal grain, the endosperm is made of two specialized
tissues, the starchy endosperm and the aleurone layer. Both tissues undergo
programmed cell death (PCD), but at different developmental stages. The
starchy endosperm undergoes PCD after the grain filling has completed, and
the dead starchy endosperm serves as a reserve of carbon and nitrogen for the
germinating embryo. Aleurone cells are alive in the mature grain and die a few
days after germination, once the enzymes needed for breakdown of the
endosperm reserves have been produced. PCD is tightly regulated by
gibberellins (GAs) and abscisic acid (ABA), with GA stimulating the onset of PCD

in wheat aleurone (Kuo et al., 1996), and ABA delaying it.

The main functions of the aleurone layer in the grain are accumulation of the
storage compounds during seed development, and secretion of hydrolases to
break down reserves stored in the starchy endosperm during seed
germination. During the seed maturation process, when embryo growth
ceases and storage products accumulate, ABA induces the aleurone cells to

acquire desiccation tolerance, while the starchy endosperm dies (Young et al.,



1997; Young & Gallie, 2000). When the embryo undergoes imbibition, it
releases GAs, which enter the aleurone cells and induce transcription of many
genes, including amylases and proteases that break down starch and proteins
stored in the endosperm. The released free sugars and amino acids are the
nutrient source for germinating embryos. Additionally, the aleurone acts as a
protective layer for endosperm, both as a mechanical protection, and also by
expressing stress and pathogen-protective proteins, for example
pathogenesis-related protein PR-4 also known as wheatwinl (Jerkovic et al.,

2010).

1.2 Gibberellins

1.2.1 Gibberellin discovery

Gibberellins (GAs) are plant growth regulators (PGRs) that control many
aspects of plant development. The effect of GAs was first observed in the late
19t century in Japan, where abnormal over-elongated rice seedlings were
attributed to a fungal infection (Hedden & Sponsel, 2015). The fungus causing
the altered development was Gibberella fujikuroi, and the rice seedlings that it
infected, among other symptoms, showed excessive elongation and infertility.
Inthe 1950s, the realisation of the potential of the active compounds secreted
by Gibberella fujikuroi initiated active research programs in and outside of
Japan that led to isolation and structural determination of the main active

compound from the fungus, which was named gibberellic acid (GA3).

Around 130 GAs have been identified in bacteria, fungi, and plants to date, but
only a few of them are thought to function as bioactive hormones (Hedden &
Phillips, 2000; Macmillan, 2002; Yamaguchi, 2008). The major bioactive forms
are GA1, GA3, GAs and GA7 and many non-bioactive GAs found in plants are
either bioactive GAs’ precursors or de-activated metabolites (Rademacher,

2015).



1.2.2 The roles of gibberellins in plant development

The identification and study of GA-deficient mutants revealed that GAs, apart
from modulating growth, participate in most, if not all, stages of plant
development. It is not then surprising that GAs can be found in all tissues of a
plant, but their concentrations vary depending on the type of the tissue, its
developmental stage, and the influence of the environment. The sections
below briefly summarise the role of GAs in controlling various developmental

processes.

1.2.2.1 Stem elongation

One of the most dramatic effects of GA application is accelerated stem growth.
Most of the GA mutants deficient either in GA biosynthetic or GA signalling
genes have a characteristic dwarf phenotype. On the contrary, mutants with
constitutive GA responses are very tall (Sun, 2010). The effect of GA on stem
elongation in wheat was found to be predominantly due to cell elongation
rather than increased cell division (Tonkinson et al., 1995). GAs stimulate cell
elongation by altering the properties of the cell wall, which results in lower
water potential of the cell, increased water uptake and therefore increased
cell volume (Jones & Kaufman, 1983). GA signalling activates transcription of
expansins and some of the genes encoding xyloglucan endotransglycosylases
(XET), which increase the plasticity of the cell wall (Cho and Kende, 1997; Uozu
et al., 2000). Transcripts of genes encoding cyclin-dependent protein kinases
have also been found to be elevated in the rice intercalary meristem after GA
treatment (Fabian et al., 2000), which shows the role of GAs in the cell division
process. In wheat, application of GAs; increases the length while decreasing the
stem diameter of the basal second internode, whereas paclobutrazol has the
opposite effect (Peng et al., 2014). Reduced stature of Rht-B1b and Rht-D1b
semi-dwarf mutants, encoding mutated DELLA proteins that repress GA
signalling, is caused by a reduction in cell elongation, while the phenotype of

the severe dwarf Rht-B1c mutant was the result of both reduced cell length



and cell proliferation (Hoogendoorn et al., 1990). Taken together, GAs affect

the stem elongation by regulating both cell elongation and cell division.

1.2.2.2 Leaf elongation

Gibberellins also have an important role controlling leaf elongation and
expansion. In the base of a maize leaf, bioactive GAs were found at highest
levels at the time of transition between the division and expansion zone
(Nelissen et al., 2012). Metabolic and transcriptomic profiling revealed that it
is enhanced GA biosynthesis in the division zone and GA catabolism at the
onset of expansion zone that establishes a GA maximum. Altering GA levels,
therefore, specifically affects the size of the division zone resulting in changes
in leaf growth rates. The leaf elongation rate (LERmax) increases in barley
treated with exogenous GA, while in GA-insensitive dwarf mutants, no change
in the LERmax is observed even at high GAs concentrations (Chandler &
Robertson, 1999). The overgrowth alleles present in the GA biosynthesis, GA
receptor (GID1), and DELLA (SIn1) dwarfs cause an increase in LERmax (Chandler
& Harding, 2013). These alleles were shown to contain single nucleotide
substitutions in Slenderl or Spindlyl genes, the negative regulators of GA
signalling, that lead to increased GA signalling. In the tall cultivar of tall fescue
(Festuca arundinacea), that shows higher accumulation of endogenous GA,
LER is significantly higher (63%) than that of the dwarf cultivar, that
accumulate GA to lesser extent (Xu et al., 2016). Moreover, application of GA
significantly increases LER while treatment with GA inhibitor inhibits leaf
elongation. Again, the genes found to be upregulated in GA-stimulated
elongating leaves were expansins and XET genes (Xu et al., 2016). In wheat, the
GA-insensitive alleles Rht-B1b and Rht-Blc reduce the rate of second leaf
extension by 12% and 52%, respectively compared to Rht-1 controls
(Appleford & Lenton, 1991). The effect of Rht-Bic allele was confirmed in the
study of Wen et al. (2013). Introduction of the allele resulted in significantly
shorter and wider leaves at all positions. The loss of length however was not

proportional to the width increase as the overall flag leaf area was reduced.
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More recent study by Van De Velde et al. (2017) identified tall and semi-dwarf
Rht-Blc overgrowth (ovg) alleles, that had differential effects on leaf length,
with a general trend of tall alleles reducing and semi-dwarf increasing the flag
leaf lamina length in the studied varieties. The width of the flag leaf lamina was

found to be increased by both tall and semi-dwarf ovg alleles.

1.2.2.3 Tillering

Shoot branching is an important agronomic trait that determines crop vyield
and is primarily controlled by the auxin and cytokinin. However, GAs have a
role too. Generally, increased tillering is associated with a reduction in stem
elongation. In rice, lines overexpressing GA2oxs, a GA catabolic genes, exhibit
early and increased tillering (Lo et al., 2008). GA was shown to inhibit tillering
by negatively regulating expression of OSH1 (homeobox 1) and TB1 (TEOSINTE
BRANCHED1), two transcription factors that control meristem initiation and
axillary bud outgrowth, respectively (Hubbard et al., 2002; Sato et al., 1996).
The GRAS protein MOC1 (MONOCULM1), which acts upstream of OSH1 and
TB1 (Li et al., 2003) is protected from degradation by binding to SLR1, and the
degradation of SLR1 in response to GA causes degradation of MOC1, and hence
areduction in tiller number (Liao et al., 2019). This model of regulation explains
the coordinated control of plant height and tiller number by GA via SLR1.
Consistently with these results, in wheat, a GA synthesis inhibitor,
paclobutrazol (PBZ), positively affects tiller initiation and the percentage of
tillered plants (Assuero et al., 2012), while treatment with GAs can significantly
inhibit the growth of tiller buds and the number of tillers (Cai et al., 2013; Filho
et al., 2013). The GA were found to regulate tiller growth indirectly, by
changing the endogenous ration of IAA to cytokinin zeatin (Z) and ABA to Z (Cai
et al., 2018). Recently, NITROGEN-MEDIATED TILLER GROWTH RESPONSE 5
(NGR5), a nitrogen-induced TF that promotes repressive modification of
branching-inhibitory genes, thereby increasing the number of tillers, was

found to be a target of GA-GID1-mediated degradation. This degradation was
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distorted in the DELLA-accumulating sd1 and Rht-B1b mutants, due to
competition between NGR5 and SLR1 for GID1 binding (Wu et al., 2020).
Therefore, enhanced DELLA function in sd1 and Rht-B1b mutants increases
tiller number in response to nitrogen by increasing the stability of NGR5, which
in turn promotes tillering by inhibiting the expression of shoot branching

inhibitor genes.

1.2.2.4 Floral induction and development

The timing of floral transition has a major effect on yield in cereal crops such
as wheat and barley. In barley, GA was found to be necessary for flowering of
the spring varieties (Boden et al., 2014). The analysis of barley elf3 mutant,
that shows early flowering phenotype irrespective of the photoperiod,
revealed increased expression levels of the GA biosynthetic GA20ox2 gene and
an increase in bioactive GA; compared to the wild type, indicating a positive
effect of GAs on flowering. Under short days, inhibition of GA biosynthesis
suppressed the early flowering of elf3 independently of FLOWERING LOCUS T1
(FT1) (Boden et al., 2014), a central regulator of floral transition (Lv et al.,
2014). Instead, GA was shown to promote early flowering of elf3 by enhancing
expression of genes required for inflorescence development: LEAFY (LFY1),
SUPPRESSOR OF CONSTANS1 (SOC1), FLORAL PROMOTING FACTOR3 (FPF3)
and PANICLE PHYTOMER2 (PAP2). In the same study, GA signalling loss-of-
function mutant s/nl1c (constitutive GA response) flowered earlier than the WT
plant, whereas gain-of-function SIn1d (GA insensitive), GID1 loss-of-function
(gsela) and GA3ox biosynthetic mutant (grd2c) flowered later (Boden et al.,
2014). Moreover, the delayed inflorescence development of grd2c was

restored by GAs; application (Boden et al., 2014).

In wheat, a critical regulatory point in flowering requires activation of the
meristem identity gene VERNALIZATION1 (VRN1), a homolog of Arabidopsis
AP1 gene (Danyluk et al., 2003). In wheat varieties that are photoperiod

sensitive, VRN1 is expressed under long days only, but an additional regulatory
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mechanism of flowering, dependent on photoperiod duration, was also
suggested. Exogenous GA application accelerates flowering in wheat only in
the presence of VRN1, and the concurrent presence of GA and VRN1 leads to
increased expression of SOC1-1 and LFY. Paclobutrazol treatment, on the other
hand, inhibits expression of SOC1-1 and LFY genes under long days (Pearce et
al., 2013). The involvement of GA in flowering in wheat is further supported by
the enhanced expression of GA biosynthetic genes and decrease in GA
catabolism genes in the apices of plants that were transferred from short days
to long days. Interestingly, in the Rht-B1b and Rht-D1b lines, due to more
favourable assimilate partitioning to the spike during pre-anthesis, a higher
number of distal primordia progress to the stage of fertile floret at anthesis,

and produce more grain (Miralles et al., 1998).

1.2.2.5 Pollen development

Pollen develops from an undifferentiated mound of cells (anther primordium)
within the anthers. During its development, the anther forms two general
groups of cells. The reproductive or sporogenous cells give rise to the
microspores, and the non-reproductive cells form discrete anther tissues
layers: the endothelium, middle layer and tapetum (Wilson & Zhang, 2009).
The tapetum, which is the innermost layer of the pollen sac, plays a dominant
role during pollen development, especially during the microspore stage. The
release of viable pollen depends upon the prior competence of the tapetum.
During pollen mitotic division the tapetum undergoes programmed cell death
(PCD), releasing components essential to pollen formation (Parish & Li, 2010).
The PCD of tapetum is a highly regulated process which when interrupted,
results in nonviable pollen formation (Aya et al., 2009). GA signalling has been
shown to regulate PCD and this regulation is dependent on a GA-regulated
transcription factor GAMYB. In fact, GAMYB was found to be involved in
regulation of almost all GA-regulated genes in anthers (Aya et al., 2009). The

gamyb mutants in rice are male sterile due to failure of the tapetum to initiate
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PCD (Aya et al., 2009; Liu et al., 2010). GAMYB was also shown to directly
regulate expression of two lipid metabolism genes, cytochrome P450
hydroxylase (CYP703A3) and B-ketoacyl-reductase (KAR), which are involved in
providing substrate for exine and Ubish body formation, structures necessary
for normal pollen grain development. Moreover, the GA biosynthesis and
signalling mutants in rice, Ososcps1-1 and Osgid-2, respectively, and another
two mutants Osgamyb-2 and Oscyp703a are either lacking or deficient in
Ubisch bodies (Aya et al., 2009). In wheat, gamyb mutant shows complete

male sterility due to failure to produce viable pollen (Audley, 2016).

1.2.2.6 Grain development

GAs play a critical role in wheat grain development. Levels of endogenous GAs
in the developing grains are very high and increase during grain expansion
(Radley, 1976). Gene expression analysis in wheat revealed that the
endosperm is the main site of GA biosynthesis in the developing grains, while
GA signalling occurs mainly in the seed coat and pericarp layers (Pearce et al.,
2015). It was speculated that GA produced in the endosperm is transported
into the outer layers, where it promotes cell expansion, allowing growth of the
endosperm and hence increasing the grain size. This model would be
supported by the decreased size of the grains in the GA-insensitive Rht-1 lines
(Flintham et al., 1997). The grain size in wheat was also shown to be negatively
regulated by TaGW2-6A, a RING E3 ubiquitin-ligase (Li et al., 2017). NIL31 line,
which encodes nonviable TaGW2-6A allele, showed increased GA levels
compared to WT line, and increased expression of GA3-ox and GASA4 genes,
which was suggested to increase the grain size by controlling endosperm
elongation and division during grain filling (Li et al., 2017). In the same study,
GAs3 application three days after flowering resulted in an increase in grain
length, width, and weight, whereas in the NIL31 lines the effects were

opposite.
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1.2.3 Gibberellin biosynthesis

The GA biosynthesis pathway in higher plants can be subdivided into three
parts based on the cellular compartment and the class of enzymes involved in
the synthesis (Yamaguchi et al., 2001): first, the conversion of geranylgeranyl
diphosphate (GGPP) to ent-kaurene by diterpene cyclases takes place in the
plastids; second, the conversion of ent-kaurene to GAi, and GAsz by
cytochrome P450 mono-oxygenases takes place in the endoplasmic reticulum
(ER); and third, the conversion of precursors GA1, and GAss to bioactive GA4
and GAj, respectively, by two 2-oxoglutarate-dependent dioxygenases (2-
ODDs), GA3- and GA20-oxidases, in the non-13-hydroxylation pathway and
early 13-hydroxylation pathway, respectively, that take place in the cytoplasm
(reviewed in Hedden and Thomas, 2012; Hedden, 2020). The following

subsections briefly describe the respective steps.

1.2.3.1 Formation of ent-kaurene

Early steps of gibberellin biosynthesis occur in plastids, where trans-
geranylgeranyl diphosphate (GGDP) is converted into ent-kaurene by the
action of ent-copalyl diphosphate synthase (CPS) and ent-kaurene synthase
(KS) in two separate reactions, with ent-copalyl diphosphate (CPP) as the
intermediate (Hedden & Kamiya, 1997). In plants, ent-kaurene formation
occurs in the stroma of proplastids and developing, but not mature
chloroplasts (Aach et al.,, 1995, 1997). CPS, a type-ll diterpene cyclase,
catalyses cyclization of GGPP to CPP, and act as a proton donor to initiate
cyclization. The second step, conversion of CPP to ent-kaurene by another
cyclization is catalysed by type-l cyclase, KS, and is initiated by metal-
dependent heterolytic cleavage of the C-O bond. In Arabidopsis
overexpression of AtCPS and AtKS genes results in increased levels of ent-
kaurene, but not bioactive GAs (Fleet et al., 2003), whereas loss of function
results in severe GA-deficient phenotypes (Koornneef & van der Veen, 1980).

Wheat genome encodes three homoeologues of TaCPS and TaKS located on
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chromosomes 7A, 7B and 7D, and 2A, 2B and 2D, respectively (Huang et al.,
2012; Spielmeyer et al., 2004). The genes are constitutively expressed, but the
expression varies depending on the homoeologue and the tissue. The biggest
expression was found in internodes 3 and 4, and the peduncle of the stems
(Huang et al., 2012). These genes were not found to be subject to feedback

regulation.

1.2.3.2 Synthesis of early precursor, GA12

The conversion on ent-kaurene to GA12, the common precursor of all GAs in
plants is catalysed by two cytochrome P450 mono-oxygenases (P450s), ent-
kaurene oxidase (KO) and ent-kaurenoic acid oxidase (KAO) (Helliwell, 2001;
Helliwell et al., 1999). Studies in Arabidopsis showed that KO can be found in
the outer chloroplast membrane and the ER, while KAO is located exclusively
in the ER (Helliwell, 2001). KO catalyses the three-step oxidation of ent-
kaurene to ent-kaurenoic acid by repeated hydroxylation of Cio, with the first
hydroxylation to ent-kaurenol being the rate-limiting step (Morrone et al.,
2009). The oxidation of ent-kaurenoic acid to GAi, is another three-step
reaction catalysed by KAO, and requires successive oxidations at C-7B, C-6f3
and C-7 (Castellaro et al., 1990). Loss-of-function mutations in OsKO and
OsKAO genes in rice cause severe dwarf phenotype without flower or seed
development, whereas an amino acid substitution caused by single nucleotide
substitution in exon 5 of OsKO2 gene in the d35 mutant results in semi-dwarf
phenotype with seed development, and lower GA levels (Sakamoto et al.,
2004). Recently, OskO1 was shown to catalyse the conversion of ent-kaurene
to ent-kaurenoic acid mainly at seed germination and seedling stages, and the
mutations in the gene decrease this activity and lead to delayed germination
phenotype (Zhang et al., 2020). Lack of KAO was also reported to cause GA
deficiency and resulting phenotypes in barley grd5 (Helliwell, 2001) and
sunflower dwarf2 (Fambrini et al., 2011). In wheat, three TaKO homoeologues
are located on chromosomes 7A, 7B and 7D, and three TaKAO genes are

located on chromosomes 4A, 7A and 7D (Huang et al., 2012; Spielmeyer et al.,
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2004). The expression analysis of various wheat tissues at heading stage show
predominant TaKO expression in leaves, young spikes, and internode 3,
whereas TaKAO is mainly expressed in internodes 3 and 4, but not in the

peduncle (Huang et al., 2012).

1.2.3.3 Synthesis of the bioactive GAs

After the synthesis of GA1,, the GA biosynthesis pathway splits into two parallel
pathways: the non-13-hydroxylation pathway, in which GA1; is converted to
bioactive GAs4, and early 13-hydroxylation pathway, where GA1; is
hydroxylated to GAs3, from which bioactive GA: is formed, in a series of
reactions catalysed by 2-ODD enzymes. There are three classes of
dioxygenases, GA-promoting GA 20-oxidase (GA20o0x) and GA 3-oxidase
(GA30x) and GA-inactivating GA 2-oxidase (GA20x). The majority of studies
have revealed that indeed the dioxygenases are the main sites of regulation of
the GA biosynthesis in response to the developmental and environmental
signals, and GA2ox genes were found to be especially responsive to abiotic
stress (Dubois et al., 2013; Magome et al., 2004, 2008). In wheat, the early 13-
hydroxylation pathway is the predominant pathway of bioactive GA synthesis
(Appleford & Lenton, 1991). GA130x was found to be encoded by two genes in
wheat, TaGA130x1 and TaGA13ox2, with the former being more highly
expressed in the studied tissues, except the mature spikes (Pearce et al., 2015).
GA200x catalyses a series of reactions converting GAss to GAin the early 13-
hydroxylation pathway, and GA1, to GAg in the non-13-hydroxylation pathway.
Seed plants encode a family of GA20ox genes which display different tissue,
developmental and environmental expression patterns. Grass GA20ox genes,
including wheats’, fall into four paralogous clades, each containing one of the
four GA20ox genes (Pearce et al., 2015). The biochemical function was first
reported for all three homoeologues of TaGA200x1 (Appleford et al., 2006)
and validated for a single homoeologue of the other three genes TaGA200x2B,

TaGA200x3B and TaGA200x4D (Pearce et al., 2015).
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The final step in synthesis of biologically active GAs is 33-hydroxylation of GAq
to GA4, and GAyo to GAj, catalysed by GA3-oxidases. GA3ox genes make a very
small family with four members in Arabidopsis and two in rice and barley. Only
GA3o0x2 gene has a major role in the development of vegetative organs in
cereal, whereas GA3ox1 contributes mainly toward reproductive development
(Hedden, 2020). In wheat, three GA3ox genes were identified: TaGA30x2 and
TaGA30x3, which are encoded by a single gene in all three genomes, and
TaGAlox1, which was initially assigned as TaGA3ox4, but unexpectedly was
demonstrated to possess 1B-hydroxylase activity, catalysing conversion of GAq
to GAs1 (Pearce et al., 2015), and is encoded by a single homoeologue on the
B genome. Heterologous expression in E.coli confirmed that the predominant
function of the TaGA30x2 gene product was conversion of GAg and GAx to GA4
and GAi, respectively (Appleford et al.,, 2006), and the same activity was
demonstrated for TaGA30x3 (Pearce et al., 2015).

The GA20ox and GA3ox gene families showed tissue-specific expression
profiles in wheat. TaGA200x1 and TaGA200x2 were the most highly expressed
GA200x genes in vegetative tissues, TaGA20ox3is almost completely
restricted to the expanding grain, while TaGA200x4 was highest in the spike at
anthesis. TaGA30x2 was most highly expressed in vegetative and floral organs,
while TaGAlox-B1 and TaGA30x3 were expressed at a very high levels and
almost exclusively at the mid-way stage of grain development (Pearce et al.,

2015).

1.2.3.4 Inactivation of bioactive GAs

Inactivation of bioactive GAs is achieved by introducing structural
modifications that decrease affinity of the GA for its receptor. The most
common inactivating reaction is 2B-hydroxylation, catalysed by GA 2-oxidase
enzymes, which can use the bioactive end products of the pathway or the Cio-
and Cyo-GA precursors as substrates, therefore preventing formation of the

active GAs. The conversion to inactive forms is irreversible and thus prevents
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accumulation of bioactive GAs, enabling their levels to be tuned appropriately
for plant tissues or developmental stages. Recently, through X-ray
crystallography, it was revealed that rice OsGA20x3 forms a homotetramer,
with the monomers linked by two disulfide bridges and hydrogen bonds
bridged by the two GAs molecules between the monomers (Takehara et al.,
2020). This tetrameric form was shown to be more active than a monomer,
thus the regulation mechanism was proposed in which elevated levels of GA4
trigger OsGA30x3 tetramerization and hence increased activity, resulting in
active inactivation of GAs. The overall molecular structure is similar for all
20DD enzymes, and amino acids essential for binding the co-substrate 20G
and interacting with Fe(ll) are located in the same manner as reported for

other 20DD enzymes.

GA 2-oxidases can be divided into two major groups based on the GA type they
use as a substrate: C19-GA-binding and Cyo-GA-binding. These groups are not
phylogenetically closely related, however, some functional overlap has been
reported (Pearce et al., 2015). A comprehensive expression analysis of GA2o0x
genes in Arabidopsis showed differential expression during growth,
development as well as in response to abiotic stress, allowing for more specific
targeting of genetic interventions aiming to improve specific traits in plants (Li
etal., 2019). Twelve GA2ox genes were found in wheat, nine of them are likely
orthologs of rice GA2ox genes (TaGA20x1 — 10; no TaGA20x5), and three that
did not have obvious orthologs in rice and showed sequence similarity to
TaGA20x6 (TaGA20x11 - 13) (Pearce et al., 2015). Wheat GA2ox genes also
show differential expression, depending on the homoeologue, tissue and time
point. TaGA20x3, 4 and 9 are the most highly expressed GA2ox genes overall,
contributing most to GA2oxlevels in roots, leaves and stems,
while TaGA20x3, 6, 7 and 8, are the most abundant GA2ox transcripts in the
spike at anthesis. TaGA20x7 is also most highly expressed GA2ox gene in
developing grain. TaGA2ox1 and 2 show very low or no expression,
respectively, and only very low levels of TaGA20x-B12 transcripts can be found

among the TaGA2o0x11 — 13 group. The activity of all GA 2-oxidases in wheat
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assessed against Cigand Cyo substrates, GAgand GA1,, respectively, identified
that TaGA20x-D1, -D2, -B3, -D4, -D7, -D8 and -D10 were all active against GAo,
while TaGA20x-D6 and TaGA20x-D9 were active against GAi,. In fact, GA-
responsive semi-dwarf phenotype of Rht18 was showed to be caused by
overexpression of the GA20xA9 gene, which resulted in the increase in GA12 to
GA110 inactivation, and lower levels of bioactive GA1 (Ford et al., 2018). No
activity against either substrate was found for TaGA2ox11 — 13 (Pearce et al.,

2015).

1.2.4 GA homeostasis is achieved by feedback regulation of the GA

biosynthetic genes

The levels of bioactive GAs in GA-responsive tissues is subject to strict
regulation on the level of GA biosynthesis, inactivation and transport (Hedden,
2020). Regulation of the biosynthesis is only a part of the wider homeostatic
mechanism that includes regulation of GA signalling components (reviewed in
Hedden and Thomas, 2012; Hedden, 2020). It has been elucidated that the
members of the 2-ODD gene families, particularly GA 20-oxidases, are major
sites of feedback regulation (Fleet et al., 2003; Middleton et al., 2012). Many
studies report that plants with reduced GA levels, regardless if the decrease is
a result of a mutation in the GA biosynthesis or signalling pathway, or a result
of GA biosynthesis inhibitor application, display elevated levels of GA200x and
GA3ox transcripts, while application of bioactive GAs results in lower GA200x
and GA3ox transcript levels (Hedden & Phillips, 2000). Transcriptional
regulation of GA biosynthesis genes was shown in an Arabidopsis GA-deficient
gal-2 mutant by exogenous application of GAs (Thomas et al., 1999), where
transcript levels of AtGA200x2 and AtGA3ox1 genes were reduced, and
transcript levels of AtGA2ox1 and AtGA2ox2 genes were elevated, compared
to the WT plants. These results confirmed the existence of a feedback
mechanism that maintains bioactive GA concentrations, but also indicated a

presence of a feed-forward regulation that works to stabilise GAs levels by
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deactivation of bioactive GAs and their immediate precursors (Thomas et al.,
1999). Another study showed the effects of overexpression of the GA3o0x1 and
GA200x1 feedback-regulated genes in tobacco (Gallego-Giraldo et al., 2008).
In lines overexpressing GA3ox1 (30x-OE), the conversion of GAy to GA; was
more efficient than in the WT plants, which resulted in relatively decreased
levels of GAjo, but increased levels of GA: and GAs in 30x-OE plants.
Investigation of the 2-ODD genes transcript levels showed that overexpression
of GA3ox results in enhanced expression of GA2ox genes, indicating that
increase of bioactive GA triggers increases in bioactive GA-inactivating genes
levels. Analysis of the 3o0x/200x-OE transgenic hybrid showed that
simultaneous overexpression of GA3ox and GA200x results in elevated levels
of GAs belonging to non 13-hydroxylation pathway and significant increases in
the net levels of bioactive GAs (GAs + GA1). Overexpression of GA20ox alone
resulted in a similar response. The levels of NtGA3ox1 and NtGA20ox1 genes
in 30x/200x-OE lines were reduced indicating the negative feedback.
Reciprocal effect of GA1 application on the expression of GA200x and GA3ox,
and GA2ox genes was also shown, with the biosynthetic genes’ expression
being reduced, and inactivation genes expression being activated by GA:
application (Gallego-Giraldo et al., 2008). These results validated the existence
of feedback and feed-forward mechanisms regulating GA levels in tobacco.
GA;3 application was also shown to alter expression of the genes responsible
for regulating GA homeostasis (Cheng et al., 2015; Chiang et al., 1995; Phillips
et al., 1995; Ribeiro et al., 2012; Thomas et al., 1999). The feedback and
feedforward mechanisms also operate at the level of GA perception, as GID1b
is down-regulated and a few different DELLA genes in Arabidopsis are up-
regulated after GAs treatment, while the opposite can be observed after the
treatment with PAC (Cheng et al., 2015; Ribeiro et al., 2012). In the study of
Middleton et al. (2011) the mathematical model of GA signalling-modulating
feedback loops was validated by data. GA-deficient gal-3 and GA2ox10E
(overexpression) lines showed downregulation of GA200x2, GA3ox1 and
GID1a, and upregulation of DELLA genes, RGA and GAI, in response to GAs

treatment. It was also shown that DELLA protein steady state concentration
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decreases with the increasing GA12 availability, and this response is affected by
constitutive expression of GA20ox gene, indicating that GA20ox feedback is
important for determining the levels of endogenous DELLA proteins levels

(Middleton et al., 2012).

DELLA proteins indeed were shown to play an important role in regulating GA
levels. DELLAs upregulate the expression of genes involved in feedback
GA3ox1, GA200x2 and GID1b, and DELLA gain-of-function mutants show
reduced transcript levels of some of the GA2ox genes (reviewed in Hedden &
Thomas, 2012). Semi-dominant dwarf DELLA mutants in barley and wheat
show increased levels of GA3ox and GA20ox genes (Jung et al., 2020; Rafter,
2019) which shows that enhanced expression of genes promoting GA
biosynthesis is typical for DELLA gain-of-function mutants. The regulation of
GA feedback genes by Arabidopsis DELLAs was identified to be mediated by
their interaction with IDD TFs, ENHYDROUS (ENY) and GAI-ASSOCIATED
FACTOR1 (GAF1) (Feurtado et al., 2011; Fukazawa et al., 2014). Both TFs were
shown to regulate the core GA biosynthesis and signalling genes. The follow
up study identified GAF1-DELLA complex as the main component of GA
feedback regulation of AtGA200x2 (Fukazawa et al., 2017).

The levels of bioactive GAs are controlled by the availability of GAs themselves
in a DELLA-mediated manner. In the absence of GAs, DELLAs act to promote
GAs synthesis by upregulating expression of GA3ox, GA200x, and GID1 genes.
Increases in GAs levels lead to DELLAs degradation and hence inhibition of GAs
synthesis. When GAs levels are low, DELLAs accumulate and promote GAs

synthesis.

1.3 GA signalling in the aleurone of germinating seed

The main events taking place during grain germination have been well
characterised (Bewley & Black, 1994). Germination of the grain starts with

imbibition of the dry seed and ends when the radicle penetrates through the
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seed coat. The process of germination can be subdivided into three phases:
phase |, Il and Ill. The rapid influx of water during phase |, called the imbibition,
causes a rapid leakage of solutes and low molecular weight metabolites into
the surrounding solution and leads to a series of intracellular processes, for
example DNA repair and protein synthesis, which in the phase Il of
germination result in resumption of metabolic activity. Protein synthesis in
phase | relies on extant mRNA (Bewley, 1997). During phase Il, the water
uptake is ceased, newly transcribed mRNA is translated, and mitochondria are
synthesized. Phase lll initiates post germination and during this phase massive
mobilisation of storage products from the endosperm takes place (Tan-Wilson
& Wilson, 2012). Seed maturation and germination are regulated mainly by
two hormones, abscisic acid (ABA) and gibberellins (GAs) (Holdsworth et al.,
2008; Sun & Gubler, 2004). The ratio of these two hormones determines
whether the grain remains dormant or commences germination. ABA is
synthesized in the embryo and maternal tissues during seed maturation and
its level decreases rapidly after imbibition (Millar et al., 2006). GA synthesis
occurs in the embryo and increases during germination and seedling growth.
Following imbibition, sugars in the embryo become rapidly depleted which
leads to activation of a-amylase synthesis in the scutellum and initiation of
starch degradation. At the same time the embryo synthesizes GAs and releases
them to the aleurone of the grain, where they regulate transcription of
transactivating factors for various enzymes, mainly hydrolases and proteases
(Bewley, 1997). Transcript profiling studies have demonstrated that GAs
release into barley and rice aleurone results in upregulation of around 1300
genes, encoding hydrolases and functionally diverse proteins involved in
general metabolism, transcription, nutrient transport, and programmed cell
death (Chen & An, 2006; Tsuji et al., 2006). These enzymes are then
transported from the aleurone to the endosperm where they act to break
down reserves, predominantly starch, but also other sugars and proteins. The
simple sugars, reduced nitrogen and other nutrients are absorbed by the

scutellum and transported to the embryonic axis, where they support
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establishment of a viable seedling, capable of photosynthesizing and

producing its own energy.

1.3.1 Gibberellin signalling overview

Gibberellins act through the degradation of a group of transcriptional
regulators, the DELLA proteins (DELLAs). DELLAs are known to repress growth
and they owe their name to the conserved domain within their N-terminus,
which is unique to this group of proteins and is essential for GA-induced
degradation (reviewed in Hedden and Sponsel, 2015). Upon binding of GA to
its receptor, GID1, the GID1 protein undergoes a conformational change which
promotes its association with the N-terminal domain of DELLA protein. Binding
of GID1 to DELLAs allows for interaction between the DELLA protein and
SCFSYY1/GIb2 ypiquitin ligase complex, which then acts to add ubiquitin moieties
onto DELLA protein leading to its recognition and degradation via the 26S
proteasome. It was originally hypothesized that the GA is perceived by the
plasma membrane bound GA receptor (reviewed in Ueguchi-Tanaka et al.,
2007). However, more recent study provides the evidence that GA signalling is
mediated predominantly by a soluble GA receptor GID1 (Nakajima et al., 2006;
Ueguchi-Tanaka et al., 2005; Yano et al., 2015).

1.3.2 Gibberellin signalling in the aleurone cells

In the aleurone cells, GA activates transcription of many GA-responsive genes,
mainly hydrolases, peptidases and other digestive enzymes that act to release
protein reserves and to break down cell walls to aid their diffusion into the
endosperm. Among these activated genes is a transcription factor GAMYB,
which regulates expression of many GA-responsive genes, including a-
amylases. The a-amylase released from the aleurone cells diffuse into the
neighbouring endosperm cells where it hydrolyses the a-1,4 glycosidic bonds
of starch, releasing simple sugars that feed the heterotrophic growth of the

embryo until it is ready to photosynthesize itself (Figure 1.3).
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Figure 1. 3 Gibberellin signalling in the aleurone cells. Gibberellin (GA) is synthesized
in the embryo scutellum, from where it diffuses into the aleurone layer. In the aleurone
cell nucleus, GA binds to its receptor, GID1, and the GA-GID1 complex binds DELLA
protein. This binding causes conformational change in DELLA that allows for binding
of SCFHYY/6IP2 ypjquitin ligase complex, which ubiquitinates DELLA and therefore sends
it for degradation by the 26S proteasome. GA signalling in the aleurone results in
activation of GAMYB, and subsequent a-amylase expression. a-amylase is then
released into the endosperm where it hydrolyses starch into simple sugars that are
utilised by the embryo until it reaches photosynthetic capacity. GAMYB, a transcription
factor that regulates transcription of a-amylase, is negatively regulated by DELLA, but

the mechanism of this regulation remains to be elucidated.

GA signalling was shown to induce a rapid increase in GAMYB gene expression
in the barley aleurone layer, which is followed by an increase in the expression
of the GAMYB target gene, a-amylase (Gubler et al., 1995). DELLA is a negative
regulator of GA-induced responses in aleurone cells, and as results from Gubler
and colleagues (2002) studying barley suggest, GA acts on GAMYB expression
via DELLA. In fact, loss-of-function mutations in barley and rice DELLA genes
SLENDER1 (SLN1) and SLR1, respectively, result in constitutive expression of a-
amylase genes (Chandler, 1988; Ikeda et al., 2001). This indicates that DELLAs
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are repressors of a-amylase expression and this negative regulation may occur
through the repression of GAMYB. The levels of SLN1 protein fall rapidly in
response to GA, before the increase in GAMYB levels, therefore it was
suggested that SLN1 acts as a negative regulator of GAMYB gene expression.
The mechanism underpinning this regulation, however, remains to be

elucidated.

1.3.3 Time course of molecular changes in the aleurone in response

to GA

Cereals aleurone layers have been extensively used to study GA signalling
(Penson et al., 1996; Bethke, Schuurink and Jones, 1997; Lovegrove and
Hooley, 2000; Sun and Gubler, 2004). Isolated aleurones are a very convenient
system for studying GA signalling due to the lack of endogenous GAs, ease of
isolation and relatively easy assessment of the response gene, a-amylase.
Aleurone layers from wheat and barley grains were used to study the
accumulation of GA signalling intermediates over time of the GA application.
The binding of the GA to its receptor initiates a sequence of events summarised
in reviews by Bethke, Schuurink and Jones (1997) and Sun and Gubler (2004)
(Figure 1.4). The earliest observed event in response to GAs is the degradation
of SLN1 protein (the DELLA protein in barley) which occurs within 10 minutes
of the GA treatment. This is closely followed by an almost simultaneous
accumulation of the second messenger, Ca?* cations. After about 50 minutes,
an increase in calmodulin (CaM) expression can be observed. CaM is a Ca%*-
binding protein and is a part of calcium signalling transduction pathway.
Activation of CaZ*/calmodulin signalling pathway by GA plays an important role
in the synthesis and secretion of hydrolases. Ca%*/CaM targets include many
proteins that through interaction with CaM and other Ca%* binding proteins

(CBPs) are involved in regulation of transcription, protein phosphorylation and
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Figure 1. 4 GA-induced responses in barley and wheat aleurone tissue expressed in
percentage versus time. The graph for SLN1 shows the protein degradation over time
after the GA treatment, whereas for every other molecule, it shows accumulation over
time after the GA treatment. Time is plotted on the logarithmic scale. The graph is

taken from Sun and Gubler, 2004.

dephosphorylation, and metabolic shifts. Simultaneously, while accumulation
of CaM takes place, the internal pH of the cell increases. This is essential in
regulating gene expression, cell metabolism and indeed the Ca?* homeostasis
(Pucéat, 1999). An increase in GAMYB transcript levels is preceded by the
induction of cGMP, another second messenger that activates intracellular
protein kinases, and which has an intermediary function between SLN1 and
GAMYB (Penson et al., 1996). GAMYB transcript accumulation starts around 80
minutes after GA application and takes about ten hours to reach maximum
expression level. 20 minutes after the onset of GAMYB expression activation,
the levels of a-amylase start accumulating which demonstrates that 20
minutes is enough time to synthesize the GAMYB protein and activate its

target gene. The GA signalling in the aleurone completes with the programmed

27



cell death (PCD) of the aleurone cells, for which to happen, RNases and DNases
are transcribed. The involvement of nucleases in the PCD is established and

has been reviewed by Dominguez and Cejudo (Dominguez & Cejudo, 2014).

1.3.4 a-amylase expression is regulated by GAMYB

a-amylase plays a central role during germination and its activity determines
the rate of germination and seedling growth. The storage reserves in wheat
grains are mainly starch and the major enzyme involved in its breakdown
during germination is a-amylase. a-amylase hydrolyses internal bonds of
alpha-linked polysaccharides, including starch, yielding a-glucans that can be
metabolized to provide energy to drive the germination process. Hormonal
regulation of a-amylase gene expression is through trans-acting regulatory

proteins which interact with cis-acting elements within GARC.

The a-amylase gene promoter contains a GA-responsive complex (GARC)
which is a collection of cis-acting GA-responsive sequences that bind positive
and negative regulators of gene transcription and is highly conserved among
GA-regulated genes. Functional analysis of barley high-pl a-amylase promoters
revealed that GARC consists of pyrimidine box (C/TCTTTT), GA-response
element (GARE; TAACAAA) and TATCCAC/T box (Gubler & Jacobsen, 1992;
Rogers et al., 1994; Skriver et al., 1991). An additional box, Opaque 2-binding
(02S) sequence is necessary for activation of GA-inducible low-pl a-amylase
genes (Lanahan et al., 1992). In wheat, the promoters of all AMY1 genes
contain GARE, pyrimidine and TATCCAT or TATCCAC boxes, and cAMP-like
motif (TGAGCTC). The GARE is required for GA induction of AMY1 expression,
pyrimidine and TATCCAT/C boxes enhance the expression of AMY1 and cAMP-
like motif represses the GA action (Gubler & Jacobsen, 1992; Lanahan et al.,
1992). Promoters of AMY2 genes are more diverse in structure between genes
belonging to this subgroup and contain slightly different GARE (TAACAGAG),
pyrimidine and TATCCAT boxes and 02S motif (Zhang & Li, 2017). Two highly
conserved sequences in GARC, GARE and TATCCAC box, which occur in
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promoters of all GA-regulated genes, act as positive control elements in GA

regulation.

In 1995, Gubler and colleagues reported a Myb-related protein synthesized in
barley aleurone cells that trans-activated expression of the a-amylase gene in
response to GA (named GAMYB). GAMYB bound to the central GARC element,
the TAACAAA box, of the a-amylase gene. Based on their results, Gubler and
colleagues proposed a model, in which GA binds to the receptor on the plasma
membrane of aleurone cell and activates a signal transduction pathway that
leads to the GAMYB gene expression induction. The newly synthesized GAMYB
protein then binds to the GARC of a-amylase gene promoter and activates its
expression. GAMYB was found to be sufficient for a-amylase gene induction in
the absence of GA, thus it was concluded that GAMYB is the sole GA-regulated
transcription factor required for activation of a-amylase gene promoter.
GAMYB binds specifically to GARE, which is present in promoters of all
hydrolase genes (Gubler et al., 1995). The TAACAAA motif plays a central role
in GA activation of gene transcription (Gubler & Jacobsen, 1992) and mutations

in this region result in a loss of GA responsiveness.

Two MYB transcription factors regulate gene expression in response to GA
signalling or nutrient starvation in barley and rice. These transcription factors
are GAMYB and MYBS; respectively (Hong et al., 2012). GAMYB is induced by
GA and it binds to the promoters of genes encoding a-amylase and other
hydrolases, activating their expression (Gubler et al., 1995; Tsuiji et al., 2006).
MYBS1 binds to the same promoters under sugar starvation (Lu et al., 2007).
These two signalling pathways have been regarded as independent, but it was
found that GA response interferes with the sugar response in rice endosperm,
indicating possible crosstalk between these pathways (Chen et al., 2006).
MYBS: forms homodimers and activates a-amylase gene promoters in
response to GA and sugar starvation (Lu et al., 2002). Later it was found that
in response to the nutrient deprivation and GA signalling GAMYB and MYBS1

interact, which results in their co-nuclear import and activation of target gene
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promoters. Even deprivation of individual nutrients, like nitrogen, phosphate

or carbon resulted in a-amylase gene expression (Hong et al., 2012).

1.4 The hormonal regulation of the aleurone is a cause of
pre-harvest sprouting (PHS) and pre-maturity a-amylase

(PMA)

Seed dormancy is the inability of ripe and healthy seeds to germinate under
the optimal water, light and temperature conditions (Bewley, 1997). It is an
adaptive trait that plants acquired to ensure that germination occurs in the
season appropriate for the successful seedling growth. Primary dormancy is
initiated during seed maturation and is maintained to seed maturity; its
maintenance is regulated by genetic and environmental factors (Bewley, 1997;
Gubler et al., 2005). Secondary dormancy can be initiated in non-dormant
seeds by unfavourable environmental conditions and the loss of dormancy
may occur naturally over time of dry storage in a process known as after-
ripening or can be terminated by various environmental triggers. The
induction, maintenance and release of dormancy is regulated mainly by two

plant hormones, abscisic acid (ABA) and GA.

1.4.1 PHS is controlled by grain sensitivity to ABA and GA

Dormancy is the major genetic mechanism that provides resistance to PHS, a
phenomenon that causes significant financial losses in the wheat market. PHS
occurs when grain germinates before harvest, while still attached to the ear of
the parent plant. The precocious germination is evoked by environmental
conditions shortly before the harvest. High humidity, prolonged rainfalls and
low temperatures favour the occurrence of PHS (Groos et al., 2002; Yiicel et
al., 2011). Germination of the grain is initiated by the transfer of rainwater
from the vegetative structures of the wheat ear to the grain. Once grains
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achieve the level of moisture required for germination to commence, the
embryo synthesizes hormones that act on the aleurone layer and initiate a
series of responses that in turn result in synthesis of multiple hydrolytic
enzymes, including a-amylases. These enzymes work to break down starch and
proteins stored in the grain, and this is a natural sequence of events that
facilitate seedling growth during germination, however, when it takes place
before harvest, this has a negative effect on grain yield and quality (Edwards
et al., 1989). Only a relatively small increase in total a-amylase activity is
enough to substantially reduce the grain quality causing the end-products
made from such grain of substandard quality. The grain is deemed
unacceptable for human food production if it contains more than 4% sprouted
grain. If the sprouted grain constitutes more than 4%, the whole yield is
downgraded to use for livestock feed, for which prices can be 20 to 50% lower
than those for grain for human consumption. This can in turn result in huge
economic losses for the farmers from the regions prone to occurrence of PHS
(Moot & Every, 1990; Wahl & O’Rourke, 1994). The extent of damage caused
by PHS is measured using the Hagberg Falling Number (HFN) assay, a simple
method of indirectly determining a-amylase activity using wheat meal as a
substrate (Hagberg, 1960, 1961; Perten, 1964). Usually, to be classified as high-
quality grain, the HFN must be above 250-350.

PHS resistance is a complex trait, influenced by developmental, physiological,
and morphological features of wheat spike and seed. Seed coat colour and
permeability, seed dormancy, a-amylase activity and hormones levels, all
contribute to PHS resistance (Wahl and O’Rourke, 1994; Groos et al., 2002; Liu
et al., 2013, 2015; Mares and Mrva, 2014; Tuttle et al., 2015; Lin et al., 2016;
Shao et al., 2018). Among them, seed dormancy seems to be the major genetic
factor influencing plants’ susceptibility to PHS. Grain dormancy and associated
PHS resistance in wheat have been linked to the higher accumulation and
sensitivity to the dormancy-promoting hormone ABA, and lower accumulation
and sensitivity to the germination-promoting hormone GA (reviewed in

Rodriguez et al., 2015; Tuttle et al., 2015). ABA accumulates during embryo
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maturation, establishing seed dormancy and desiccation tolerance, and its
levels decrease with dormancy loss. Conversely, the levels of bioactive GA are
low in the dormant and after-ripened seed and only increase with the progress
of germination, after the levels of ABA have decreased (Jacobsen et al., 2002).
Interestingly, comparative genomics studies of barley, rice and wheat revealed
a QTL controlling both PHS and dormancy, and one of the GA biosynthesis
gene, GA200x, was identified as a candidate gene controlling the QTL (Li et al.,
2004). This notion was supported by the discovery that overexpression of
GA20x, the GA catabolic gene, renders wheat more dormant and PHS tolerant
(Appleford et al., 2007). In wheat, PHS resistance is controlled by multiple QTLs
located on almost all 21 chromosomes (Ali et al., 2019), with the major one
being identified to reside on chromosome 4B (Wang et al., 2019). A few
candidate genes for PHS resistance were also characterised in wheat, including
TaSdr-1 on chromosome 2, TaPHS1 and TaMFT on chromosome 3A, TaVp-1
and Tamyb10 on group 3 chromosomes, and PM19-A1/A2 and TaMKK3-A on

4A chromosome (Ali et al., 2019).

Nevertheless, it was suggested that reduction in ABA signalling is more crucial
for the dormancy loss than increased GA signalling, as after-ripened seeds
showed lower levels of ABA and ABA-responsive genes, but no change in GA-
regulated gene expression (Barrero et al., 2009). It was also suggested that
hormone levels and signalling in specialised tissues of cereal grains have
various roles in dormancy release. In barley, ABA levels in the coleorhiza was
the key factor controlling dormancy and germination (Barrero et al., 2009),
whereas in Arabidopsis and Lepidium it was the aleurone that acted as a barrier
to germination (Mdller et al., 2006). A recent study in wheat identified an ABA
signalling gene, TaMKK3-A, as a loci responsible for increased dormancy and
resulting reduced PHS susceptibility of ENHANCED RESPONSE TO
ABAS8 (ERAS8) lines (Martinez et al., 2020).

Another aspect affecting the extent of PHS is the activity of a-amylase. The
expression of the gene encoding a-amylase is strictly regulated by ABA and GA;

it is inhibited by ABA during grain development and activated by GA during
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germination (reviewed in Liu and Hou, 2018). The endogenous, high pl a-
amylase, which is responsible for starch degradation in response to PHS, is de
novo synthesized during germination in the scutellum and aleurone. The field
study of three wheat landraces with different susceptibility to PHS reported
that in the less resistant varieties, there was a 20- to 40-fold increase in a-
amylase activity, whereas the a-amylase activity in the PHS resistant landrace
was only 10 times higher (Olaerts et al., 2016). Also, the main site of a-amylase
activity was found to be located in the scutellum, whereas the aleurone cells

played only a minor role during sprouting in the field (Olaerts et al., 2017).

1.4.2 PMA results from increased levels of GAs in the aleurone

High pl a-amylase in the intact wheat grain is not normally synthesized until
after maturity, and in the mature grain is only synthesized if germination has
been initiated. In early stages of germination, high pl a-amylase is briefly
produced in the scutellum and its production is independent of de novo GA
biosynthesis (Lenton et al., 1994). Concomitantly, the GA synthesised in the
embryo acts on aleurone cells and activates high pl a-amylase synthesis in the
aleurone layer. The enzyme then diffuses from proximal (embryo side) to distal
(brush side) end of the grain forming a gradient of the enzyme activity. During
grain development, another isoform of the enzyme is produced, the low pl a-
amylase. Low pl a-amylase is synthesised in the pericarp shortly after anthesis
and its levels peak between 10 and 20 days after anthesis (DAA), but this
activity declines with ripening, leaving negligible amounts in the ripe grain
(Mares & Gale, 1990). However, under certain environmental conditions, for
example cold shock, some wheat genotypes may experience excessive
synthesis of high pl a-amylase in the later stages of grain ripening, prior to
germination, a phenomenon called pre-maturity a-amylase (PMA). Synthesis
of the high pl a-amylase in the aleurone of PMA-susceptible grain occurs
around 20 to 30 DAA and the enzyme is retained through harvest, causing a

reduction in starch content. PMA transcription of the Amy-1 genes, which
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encode the high pl a-amylase, takes place in isolated cells or cell islands
scattered around the aleurone layer, in contrast to during germination when
a-amylase is expressed throughout the aleurone (Mrva et al., 2006). Similarly,
during germination, a-amylase accumulates exponentially, whereas in PMA
the synthesis reaches a plateau at a relatively low level of activity. Tissue-
specific a-amylase activity studies revealed that AMY1 is predominantly
synthesised in the aleurone cells, supporting the view that the aleurone is the
main site of PMA induction (Mamytova et al., 2014). Furthermore, no
concomitant synthesis of low pl a-amylase, proteases or other hydrolytic
enzymes takes place in the PMA-affected aleurone (Barrero et al., 2013; Mares
& Mrva, 2014) suggesting that PMA is caused solely by high pl a-amylase.
Barrero and colleagues (2013) investigated the levels of several hormones,
including ABA and GA, as well as transcriptional changes in the PMA-
constitutive lines and those that do not express PMA. Very little difference in
gene expression was found between the lines, and out of several GA- and ABA-
responsive genes tested, only the AMY1 genes were upregulated in PMA-
constitutive lines. Interestingly, quite dramatic changes in hormone levels
were seen; the ratio of GA to ABA was 10 times higher in lines expressing PMA.
GA treatment was also identified to lower the expression of several selected
PMA-activated genes. It was therefore concluded that PMA is a consequence
of a transient peak of high pl a-amylase expression during grain development
and that the PMA phenotype is an incomplete GA response (Barrero et al.,

2013).

PMA can be induced by many different environmental conditions if applied
during the window of sensitivity (26 — 30 DAA) (summarised in Kondhare et al.,
2015), with cold shock being the most effective and consistent method.
Premature drying of developing barley grains, 30 to 40 DAA, has been shown
to enhance the sensitivity of aleurone cells to GA, resulting in higher levels of
a-amylase (Jiang et al., 1996). Wheat seems to display a similar response to
that of barley (Armstrong et al., 1982). Mrva and Mares (1996) found that

approximately at 30 to 40 DAA, wheat aleurone tissue acquires GA sensitivity,
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which coincides with the onset of PMA synthesis. Furthermore, when the grain
is treated with an inhibitor of GA synthesis, no PMA induction is observed,

even when a simultaneous cold treatment is applied (Kondhare et al., 2014).

The occurrence of PMA in some wheat genotypes is constitutive and in others
sporadic and unpredictable (Flintham et al., 2011; Mares & Mrva, 2008), but
an interesting observation was made linking Reduced height-1 (Rht-1) genes
and PMA resistance. The wheat Rht-1 homoeologous genes encode DELLA
proteins, which are master negative regulators of GA signalling. Alleles
conferring semi-dwarfism in wheat, Rht-B1b (Rht1) and Rht-D1b (Rht2), when
combined, almost completely inhibited PMA expression, and the strong
dwarfing allele Rht-Bic (Rht3) alone was enough to block PMA expression
(Mrva & Mares, 1996). What these alleles have in common is reduced
sensitivity of the aleurone to GA; Rht1 and Rht2 are mildly insensitive to GA
while Rht3 is insensitive. In contrast, the GA-sensitive Rht8 allele shows
constitutive PMA expression (Mares & Mrva, 2008). These observations led to
a conclusion that GA-sensitivity of the aleurone tissue may have a role in PMA
formation. Moreover, PMA-susceptible genotypes showed higher GA
sensitivity at mid-grain development than more resistant varieties confirming
that GA-sensitivity has a role in regulating the susceptibility to PMA (Kondhare
etal., 2012, 2013). Recent work by Derkx et al. (2021) identified a locus on the
long arm of the chromosome 7B that is responsible for variation in PMA, the
LATE MATURITY a-AMYLASE 1 (LMA-1). LMA-1 encodes an ent-copalyl
diphosphate synthase (CPS) and single mutations in its coding sequence that
affect the protein viability results in resistance to PMA. Varieties resistant to
PMA showed low levels of LMA-1 transcripts, which was associated with a
dramatic reduction in the levels of bioactive GA precursors, confirming CPS
role in the GA biosynthesis pathway, and reinforcing the fact that low levels of

GA in developing grain confer resistance to PMA (Derkx et al., 2021).

Although PMA activity definitely affects the starch content of the grain and has
been considered as a trait rendering the grain as unacceptable due to lower

HFN, a recent study has shown that PMA, unlike PHS, does not negatively
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affect bread baking properties of wheat (Newberry et al., 2018). No negative,
or positive correlation was identified between lower HFN in the PMA
susceptible landraces and several standard quality traits of bread loaf. This is
the first study on the subject that provides evidence that PMA is not as
detrimental for the quality of the end-product as PHS. However, more research
on the effects of PMA on the quality of end-products, together with affordable
and easy means of testing to distinguish between PHS and PMA in place would
be needed to reduce potential financial losses caused by the misconception

that low HFN always means low quality grain.

To summarise, PHS and PMA are distinct phenomena that affect wheat grain
quality and bring big financial losses annually to the wheat growers around the
world. Undoubtedly, the hormonal regulation of the aleurone layer is the
direct cause of the high pl a-amylase expression and starch degradation, which
is an underlying problem for both PHS and PMA. However, the developmental
stages at which the processes are established and the stimuli leading to PHS
and PMA are different. Although considerable efforts have been made in order
to understand these phenomena, the molecular mechanisms leading to PHS

and PMA remain unknown.

1.5 The role of ethylene in regulation of germination

It has been known that regulation of seed germination and dormancy is
achieved by the balance in ABA and GA levels. However, other hormones are
also involved in regulation of these processes. Auxins, jasmonates,
brassinosteroids and in particular ethylene play a role (Linkies & Leubner-
Metzger, 2012; Miransari & Smith, 2014). The synthesis of ethylene in the seed
begins immediately after the onset of imbibition, increases with time of
germination, and reaches a peak at the time of radicle emergence (Fu & Yang,
1983). However, ethylene production by the seed is species dependent
(Kepczynski and Kepczynska, 1997). In wheat, ethylene production increases

20 hours after initiation of imbibition and peaks after 35-40 hours,

36



corresponding to early elongation of the radicle. There is also another peak in
ethylene production around hour 57, the time when the coleoptile elongates

and starts upward growth (Petruzzelli et al., 1994).

1.5.1 The effect of exogenous ethylene application on germination

Exogenous application of ethylene or ethephon, an ethylene releasing
substance, improves germination in many species. It stimulates germination of
non-dormant seeds under non-optimal environmental conditions such as high
temperature (Gallardo et al., 1991), salinity (Lin et al., 2013), osmotic stress
(Kepczynski, 1986b) and hypoxia (Esashi et al., 1989), and can also break
primary and secondary dormancy (Calvo et al., 2004; Corbineau et al., 1988).
Moreover, it promotes the germination of seeds exhibiting a seed coat-
imposed dormancy in various species, including Arabidopsis (Siriwitayawan et
al., 2003). In Arabidopsis and Lepidium sativum ethylene promotes endosperm
cap weakening and endosperm rupture, counteracting the inhibitory effect
that ABA has on these processes (Linkies et al., 2009). The inhibition of seed
germination imposed by gibberellin biosynthesis inhibitors, tetcyclacis and
paclobutrazol, in tassel flower (Amaranthus caudatus) can be reversed not
only by GA, but also by ethephon (Kepczynski, 1986; Kepczynski et al., 1988).
In Arabidopsis, GA-deficient mutant, ga-1, can complete germination in light
when ethylene is applied (Karssen et al., 1989). Ethylene was found to
significantly increase the accumulation and activity of xylanase in the aleurone
of barley in response to GA, and also to positively affect a-amylase synthesis
(Eastwell & Spencer, 1982). In wheat, ethylene treatment combined with GA
application causes 60% increase in the protease synthesis (Varty et al., 1983),
and the same protease de novo synthesis had been previously reported to
parallel that of a-amylase. Moreover, ethylene has been reported to stimulate
GA-induced a-amylase production in wheat aleurone cells (Varty et al., 1983),
and it was discovered that it acts synergistically with GA to reverse ABA

inhibition of a-amylase synthesis in barley aleurone tissue (Jacobsen, 1973).
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1.5.2 Ethylene signalling results in activation of genes that increase

the rate of germination

Transcriptome studies of Andrographis paniculata, tracing changes in gene
expression during germination, revealed upregulation of four genes related to
ethylene signal transduction: EIN2, EIN3, ETR1 and ERF118. The genes were
activated during the first 48 hours after sowing, suggesting that ethylene plays
a critical role in seed germination. The expression of EIN2, EIN3 and ERF118
peaked and then slightly decreased over the 48 hours period, which led to the
conclusion that rapid ethylene signal transduction may be required for the
initiation of seed germination (Tong et al., 2019). The molecular mechanism by
which ethylene activates the expression of genes, at least in some cases, has
been elucidated by epigenetic studies. The studies of epigenetic changes
during ethylene induced germination in soybean (Glycine max (L.)) revealed
the role of ethylene as a DNA demethylating factor (Manoharlal et al., 2019)
and acetylating factor (Manoharlal and Saiprasad, 2020). Ethylene significantly
enhance the cellular acetyl-CoA levels, histone acetyltransferase activity and
subsequent histone H3 (H3ac) and H3 lysine 9 (H3K9ac) acetylation levels,
which results in increased global de novo RNA synthesis and enhanced
germination rates. Moreover, ethephon-primed soybean sprouts showed
reduced starch content concomitant with a mRNA accumulation and enhanced
transcriptional rate and proximal H3K9ac levels of a-amylase 1 (GmaAMY1)
(Manoharlal and Saiprasad, 2020a; Manoharlal and Saiprasad, 2020b). In
wheat, the treatment of seeds with aminoethoxyvinylglycine (AVG, a potent
inhibitor of ethylene synthesis) significantly reduced the transcript levels of
starch-degrading enzymes like a-amylases, especially AMY1 and AMY2, and
alpha-glucosidases AGL1 and AGL2. This resulted in significantly reduced a-
amylase and a-glucosidase activity and lower levels of glucose, fructose and
maltose (Sun, 2018). It was concluded that specific starch-degrading genes
play roles in mediating the effect of ethylene on starch degradation. Similar
observations were recorded for barley. Ethylene treatment had a comparable

effect on the starch levels decrease and concomitant reducing sugars increase
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as GA treatment. Moreover, as GA inhibitor daminozide (B-nine) reduced a-
amylase activity, the addition of ethylene with the B-nine treatment increased
the enzyme activity, however, ethylene on its own had no effect. This suggests
that ethylene stimulates amylase activity when GA synthesis is inhibited

(Zanamwe, 2019).

1.5.3 Transcriptome analysis of dormant and after-ripened imbibed
wheat seed reveals upregulation of genes involved in ethylene

metabolism

Transcriptomics studies in wheat investigating the expression of 78 genes
annotated as ethylene metabolism- and signalling-related showed that
between dormant and after-ripened seeds there is 2-fold upregulation of ACO
gene, aminocyclopropane-1-carboxylic acid oxidase, which catalyses the
conversion of ACC (1l-aminocyclopropane-1-carboxylic acid) to ethylene.
ETHYLENE RESPONSE SENSOR1 (ERS1), was also upregulated in imbibed after-
ripened seeds, suggesting that transcriptional activation of ethylene signalling
is one of the mechanisms to break dormancy by after-ripening (Chitnis et al.,
2014). A set of probes representing ethylene-regulated genes encoding
endosperm weakening B-glucanase and chitinase enzymes were also found to
be upregulated in after-ripened imbibed seeds. The ethylene pathway
interacts with ABA and GA signalling pathways, hormones known to be
essential in regulating germination and dormancy. Ethylene inhibits both ABA
synthesis and signalling, and ABA inhibits biosynthesis of ethylene.
Additionally, ethylene affects GAs biosynthesis and signalling and vice versa
(Corbineau et al., 2014). ctr1, a mutant lacking Raf-like kinase CTR1, a negative
regulator of ethylene signalling, accumulates higher levels of GA3ox1 and
GA200x1 gene transcripts and DELLA protein, and is more resistant to
destabilising effect of GA in presence of ethylene (Achard et al., 2003; Achard
et al., 2007). Taken together, there is strong evidence for the involvement of

ethylene in dormancy release and regulation of germination.
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1.5.4 Ethylene signalling pathway components, including ERF

transcription factors, are involved in regulation of germination

Understanding of the roles of various ethylene signalling pathway
intermediates comes from studying Arabidopsis knockout lines. Many genes in
the pathway have been characterised. For example, ethylene insensitive etr1-
1 (ethylene receptorl) and ein2 (ethylene insensitive2) mutants show
enhanced primary dormancy when compared to the wild type, whereas ctrl
(constitutive triple responses) mutants have slightly enhanced rate of
germination (Beaudoin et al., 2000). EIN2 was found to play a key role in
ethylene signalling, and loss of its function leads to hypersensitivity to salt and
osmotic stress during germination and early seedling development. ein2
accumulates ABA and displays reduced rate of germination during salt and
osmotic stress (Wang et al., 2007). ETR1 in turn, functions to reduce the
inhibition of germination imposed by far-red light. It was suggested by Wilson
and colleagues that ETR1 genetically interacts with PHYA and PHYB to control
germination (Wilson et al., 2014). There is also evidence that ERFs may play a
central role in response to ethylene and regulation of germination. ERF1
expression in beechnut (Fagus sylvatica) and sunflower (Helianthus annuus L.)
is increased in seeds that received a dormancy-breaking stimulus (Jimenez et
al., 2005; Oracz et al., 2008). Furthermore, in sunflower, the levels of ERF1
transcripts are fivefold higher in non-dormant seed. Germinating tomato
(Solanum lycopersicon) seeds accumulate ERF2 transcript levels, and its
overexpression causes early germination (Pirrello et al., 2006). The same was
found in Arabidopsis; ERF1, ERF2 and ERF5 expression in Arabidopsis was
significantly upregulated in stratified seeds (Narsai et al., 2011). It was
speculated in that publication that ethylene promotes endosperm cap
weakening and endosperm rupture in Arabidopsis and cress (Lepidium
sativum) and could contribute to the greater germination rates after
stratification. Moreover, members of group VII of ERFs, RAP2.12, RAP2.2 and

RAP2.3, were found to regulate the key germination repressor, ABIS5.
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Chromatin immunoprecipitation (ChlIP) analysis showed that RAP2.3 binds
specifically to the promoter of ABI5 (Gibbs et al., 2014). Interestingly, group VII
of ERFs were also identified as DELLA partners in a yeast two-hybrid screen,
but the significance of these interactions was linked with apical hook

development (Marin-de la Rosa et al., 2014).

1.6 DELLA proteins, the master repressors of GA signalling

Gibberellins act through the degradation of a group of transcriptional
regulators, the DELLA proteins. DELLA proteins take part in two aspects of the
GA signalling network, they help establish homeostasis by regulating the
expression of GA-biosynthetic and signalling genes and they promote the
expression of downstream putative negative components in GA signalling

network (Zentella et al., 2007).

DELLA proteins belong to the GRAS family of putative transcriptional
regulators, named after the original members, identified in Arabidopsis:
GIBBERELLIN-INSENSITIVE (GAI), REPRESSOR of ga1-3 (RGA), and SCARECROW
(SCR). The Arabidopsis genome contains 33 GRAS genes including five encoding
DELLAs: REPRESSOR OF gal-3 (RGA), GA-INSENSITIVE (GAI), RGA-
LIKE1 (RGL1), RGL2, and RGL3 (Pysh et al., 1999; Cenci and Rouard, 2017).
Duplication events have contributed to the expansion of the GRAS genes in
cereals with 57 members in rice, 84 in maize and 48 in Brachypodium (Guo et
al., 2017; Niu et al., 2019; Tian et al., 2004). However, cereals contain only a
single DELLA gene (SLR1 in rice, SLN1 in barley and RHT-1 in wheat), with maize
being an exception and encoding two DELLA proteins, Dwarf plant8 (d8) and
do.
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1.6.1 The DELLA domain is required for GA-GID1-mediated

degradation

DELLA proteins were first identified to bind GID1 receptor in the yeast two
hybrid (Y2H) study reported by Ueguchi-Tanaka et al. (2005). Not much later it
was elucidated that it is the regulatory DELLA domain at the N terminus of
DELLA proteins that is necessary for interacting with GID1. Three motifs that
constitute the regulatory DELLA domain, the DELLA, LEXLE and TVHYNP motifs
(Figure 1.5 A, C), are highly conserved, and both DELLA and TVHYNP motifs
were found to be necessary for the interaction with GID1 (Griffiths et al.,
2006). Their function is to bind to GID1-GA complex which results in enhanced
DELLA-SLY1 interaction and initiate the SCF*“Y-mediated proteolysis of
DELLAs. X-ray crystallography allowed for resolving the crystal structure of GA-
GID1-DELLA complex in Arabidopsis that contains bioactive GAs or GAg,
AtGID1A and the GAI protein (Murase et al., 2008).

The DELLA domain of GAIl forms four a-helices, oA, aB, aC and oD, and
resembles a palm consisting of helices aB to aD, with helix aA sticking out like
a thumb. The amino acid DELLA sequence is located within the aA helix, LEXLE
within the aB helix and the VHYNP motif within loop C-D. All three conserved
motifs were found to be essential for direct contact with the GA receptor,
GID1A. The DELLA palm interacts with the GID1A N-terminal extension helices,
whereas the thumb interacts both with N-terminal extension helices and the
core domain of GID1A. In fact, DELLA binding was found to enhance the binding
of GA to GID1A. Conversely, the deletions of DELLA motif or the mutations in
the key residues of the LEXLE motif markedly reduced binding to the GA-GID1A
complex and showed to confer a GA-insensitive phenotype (Murase et al.,
2008). Interestingly, the DELLA/TVHYNP domain also possesses transactivation
activity, although the functional significance of this is still uncertain (Hirano et

al., 2012).
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1.6.2 Structure and function of the GRAS domain in DELLAs

GRAS proteins contain a highly conserved functional GRAS domain at the C-
terminus, that is responsible for binding to interacting proteins. The crystal
structure of the GRAS domain of rice SCARECROW-LIKE7 (Os-SCL7)
transcription factor was elucidated by Li and colleagues (2016). Their
biochemical and structural studies revealed that the GRAS domain contains
five conserved motifs: two leucine heptad repeats, LHR1 and LHR2 flanking the
VHIID motif, PFYRE and SAW (Li et al., 2016). The structure of the GRAS domain
revealed the presence of a core subdomain and an additional cap subdomain.
The cap subdomain is composed of a helical bundle formed by N-terminal a-
helices A1, A2 and A3 of the LHR1 motif, and a helical bundle insert A9 and A10
from the PFYRE motif (Figure 1.5 B). The much larger core subunit forms a a-
B-a three-layer sandwiched Rossman fold-like structure made of central B-
sheet flanked by two helical layers. Os-SCL7 forms a homodimer that is
primarily formed by interaction of A12 with A7 and A6 through helix-helix
hydrophobic interaction. Above the dimer interface is a large groove that is a

site of binding of the minor groove of the DNA (Li et al., 2016).

Work of Hirano et al. (2010) showed that the VHIID, PYFRE and SAW motifs
have a role in stabilisation of the DELLA-GID1-GA complex in rice and
mutations in these motifs lead to a decreased rate of SLR1 degradation in
response to GA. The VHIID and LHR2 motifs were found to have a major role
in binding to GID2, and the LHR1 motif appears to be responsible for the
protein homodimerization (Bai et al., 2012). Mutations that reduce the ability
of DELLASs to repress downstream GA responses were found to cluster in LHR1,
VHIID and PFYRE motifs (reviewed in Chandler and Harding, 2013; Thomas,
Blazquez and Alabadi, 2016).
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Figure 1. 5 Conserved domains in DELLA proteins. A. The crystal structure of GAI DELLA
regulatory domain. DELLA domain of GAl consists of four a-helices: aA, aB, aC and aD.
Motifs important for GID1 binding, DELLA and VHYNP, are highlighted in green. Black
dotted lines represent intra-domain hydrogen bonds. The thumb-like part containing
helix aA (circled) hooks onto the nonpolar crevice of GID1A. Adapted from Murase et
al., (2008). B. The crystal structure of the GRAS domain. GRAS domain contains five
distinct conserved motifs: LRI (red), VHIID (orange), LRIl (green), PFYRE (cyan), and
SAW (blue); a-helices and B8-strands are labelled with A and B, respectively, and 310
helices are labelled with n. Adapted from Li et al., (2016). C. Diagram showing domains
of the DELLA proteins. Regulatory domain of the protein is positioned in the N terminal
part of the protein and contains DELLA, LExLE and TVHYNP motifs. The functional GRAS
domain that allows DELLAs to bind their interacting proteins contains five motifs: LHR1

and 2, VHIID, PFYRE and SAW. NLS is a nuclear localization signal.

44



Of great interest is the work of Chandler and Harding (2013) who identified
novel mutations in barley and wheat DELLA gene that caused ‘overgrowth’
phenotypes in gain-of-function DELLA mutant lines. The new alleles identified
as single-nucleotide substitutions (SNPs) resulting in a single amino acid
change were identified in the C-terminal part of DELLA, corresponding to the
GRAS domain. The lines carrying the overgrowth alleles were found to have
enhanced rate of leaf elongation and they produced larger grains. It was
therefore concluded that the degree of GA signalling in the overgrowth
mutants compared to the dwarf lines was enhanced (Chandler & Harding,
2013). In wheat, 19 new derivative alleles of Rht-B1c were identified. Four of
these carried premature stop codon, and in barley they resulted in elongated
slender phenotype and male sterility, clearly indicating loss of DELLA function.
The other 15 alleles were identified as encoding amino acid substitutions and
were associated with varying degrees of growth recovery. From comparison
studies between barley and wheat overgrowth mutants, Chandler and Harding
concluded that there is a limited set of amino acid substitutions that lead to an
overgrowth phenotype, and that these mutations occur in the conserved
motifs of GRAS domain: LHR1, VHIID and PFYRE. Therefore, it is likely that the
mutated DELLA proteins have reduced affinity for interacting proteins and

result in greater GA responses (Chandler & Harding, 2013).

1.6.3 Green Revolution alleles encode mutated DELLA proteins

The ‘Green Revolution’ was responsible for a great increase in crop grain yields,
especially wheat and rice, during the 1960s and 1970s. This increase was
possible partly due to improved farming techniques, including application of
large amounts of pesticides and fertilizers, but mainly due to the introduction
of high-yielding dwarf varieties that would not lodge even after application of
increased amounts of nitrogen (Hedden, 2003; Peng et al., 1999; Reynolds &
Borlaug, 2006). In the 1940s and 1950s, the ‘shuttle breeding’ programme led
by Norman Borlaug in Mexico to develop superior wheat cultivars resulted in

identifying widely adapted, high-yielding, disease-resistant wheat varieties.
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However, the height of these varieties limited yield due to lodging, as their
long and thin stems were not strong enough to support the increased weight
of grains and would eventually collapse causing grain losses (Reynolds &
Borlaug, 2006). Around the same time, a dwarf wheat cultivar, Norin-10
Brevor, started to be extensively used in these breeding programmes, leading
to identification of high-yielding, semi-dwarf wheat varieties. These
semidwarfs had short, strong stems that did not lodge. Additionally, the
increased partitioning of assimilates to grain resulted in further grain
increases. The newly-developed, high-yielding, short varieties, thanks to
Borlaug’s initiative, were quickly distributed across Latin America and
Southeast Asia, where they brought about immense yield increases, providing
food security. For his efforts, Norman Borlaug was awarded the Nobel Peace
Prize in 1970. Today, the Norin 10 dwarfing genes are estimated to be present
in more than 70% of commercial wheat cultivars around the world (Evans,

1998).

The genes underlying the reduced stature and increased grain yield in ‘Green
Revolution’ varieties have been identified, and in wheat these are Rht-B1b
(formerly Rht1) and Rht-D1b (Rht2). These are the semi-dominant (gain-of-
function) homoeologues of Rht-1 gene, which encodes the wheat DELLA
protein. The primary effect of these alleles is to reduce sensitivity to GAs (Gale
& Youssefian, 1985), resulting in reduced stem elongation and increased grain
yield. The molecular basis of the mutations present in the Rht-B1b and Rht-
D1b dwarfing genes were elucidated in the study of Peng et al. (1999). In both
alleles, they were found to be nucleotide substitutions that result in stop
codons, T to C substitution that causes Q64* mutation and T to G substitution
that leads to E61* mutation in Rht-B1b and Rht-D1b, respectively. Previous
genetic analysis showed that both alleles produce active repressors of GA
signalling (Gale & Marshall, 1976), hence it was hypothesized by Peng and
colleagues that translation reinitiation following the stop codon may result in
generation of N-terminally truncated DELLA protein, that lacks the DELLA

motif, but contains a fully functional GRAS domain and hence can exert its
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function. A recent study by Van De Velde et al. (2021) proved that this
hypothesis was correct. This study revealed that the translation reinitiation of
AN-RHT-B1 occurs only three amino acids downstream of the stop codon of
Rht-B1b, at M67. Both AN-RHT-B1 and AN-RHT-D1 proteins were shown to be
resistant to GA-activated degradation, and they were shown to be causative
factors of the dwarfism of the Rht-B1b and Rht-D1b lines. On the other hand,
the N-terminal 63 amino acid long peptide resulting from translation of full
ORF of Rht-B1b, did not affect plant size (Van De Velde et al., 2021). Sequence
analysis shows that the truncated RHT-B1 and RHT-D1 proteins lack DELLA and
LEXLE motifs, and therefore cannot bind to the GA-GID1 complex, which results
in RHT-1 protein accumulation and enhanced repression of GA responses. Rht-
B1b and Rht-D1b semi-dwarfing varieties are known to reduce the stem length
and increase grain yield without affecting the GA response in the aleurone
(Gale & Marshall, 1973). Interestingly, no truncated RHT-1 proteins were
identified in the aleurone (Van De Velde et al.,, 2021), suggesting tissue

specificity of translational reinitiation.

1.6.4 DELLAs interact with multiple transcription factors to regulate

their activity

DELLAs are known to act as transcriptional regulators, however no DNA-
binding domain has been identified in their structure (Hirano et al., 2012;
Zentella et al., 2007). The regulation of transcription by DELLAs is through
interactions with diverse classes of regulatory proteins, mainly bona fide
transcription factors. DELLAs interact with TFs through their GRAS domain, and
bound to them can associate with target genes promoters (Fukazawa et al.,
2014; Marin-De La Rosa et al.,, 2015; Park et al., 2013). A few different
mechanisms were described thus far (Thomas, Blazquez and Alabadi, 2016;
Van De Velde et al., 2017). DELLAs may exert their transcriptional activity by
inhibiting the DNA-binding ability of TFs, transcriptional regulators or

repressors, or by acting as a co-regulator of TFs (Figure 1.6).
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1.6.4.1 DELLAs negatively regulates gene expression by sequestering

bona fide TFs

The first studies describing the molecular mechanism of DELLA transcriptional
control were the studies performed by Feng et al. (2008) and de Lucas et al.
(2008). They elucidated the mechanism of DELLA-mediated regulation of
PHYTOCHROME INTERACTING FACTOR 3 (PIF3) and PIF4, bHLH TFs involved in
integration of light and GA signal during light-mediated hypocotyl elongation
(de Lucas et al., 2008; Feng et al., 2008). During seedling development, light
and GA signalling interact to regulate hypocotyl elongation, cotyledon opening
and light-induced gene expression. Inhibition of hypocotyl elongation during
photomorphogenesis was found to be repressed by GA in the dark and
promoted by DELLAs in the light (Alabadi et al., 2004; Achard et al., 2007).
Interestingly, Arabidopsis plants that overexpressed mutated DELLA proteins
resistant to GA-mediated degradation, displayed short hypocotyl phenotype,
whereas in the della quintuple mutant, the hypocotyl was of comparable
length to the one of WT treated with GA. This led to a hypothesis that GA
controls hypocotyl growth mainly by regulating the levels of DELLA proteins
(Feng et al., 2008). Despite their efforts, the authors did not observe specific
binding of DELLAs to any of the tested gene promoters, which inspired a
hypothesis that DELLAs may repress GA-activated transcription by interacting
with TFs. PIF3 was selected as a candidate TF to study the DELLA-mediated
regulation of transcription, as it displayed opposite effect on hypocotyl
elongation to DELLA, i.e. pif3-1 has a short hypocotyl, whereas PIF3
overexpression lines show elongated hypocotyl. The physical interaction
between RGA and PIF3 was confirmed in multiple in vitro and in vivo assays,
and was shown to occur in the nuclei, confirming the role of the complex in
regulating transcription. The interaction was dependent on RGA protein
abundance and inhibited the effect of PIF3 on hypocotyl elongation. Further
studies revealed that RGA binds to the DNA-binding domain of PIF3, thereby
inhibiting PIF3 from binding to its target gene promoters. This was further

confirmed by analysis of PIF3 target genes transcript levels, which were
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elevated in low-DELLA, high-PIF3, and decreased in high-DELLA, low-PIF3 lines.
Overall, it was concluded that DELLAs antagonise PIF3 function by direct
interaction and sequestration, and that this is part of light and GA-coordinated
hypocotyl growth regulation mechanism (Feng et al., 2008). Interestingly, a
separate study conducted by another group was published at the same time in
the same journal by de Lucas et al. (2008), reporting the same DELLA
mechanism in PIF4 regulation. Their findings were highly similar to those of
Feng et al. (2008). They too found that interaction with RGA is mediated via
bHLH DNA-binding domain of PIF4, the interaction with DELLA interferes with
binding of PIF4 to its target genes promoters and is abolished by GA treatment.
Additionally, they showed that del1RGA, a mutated RGA that does not bind
PIF4, does not suppress the transcriptional activity of PIF4, confirming that it is
indeed DELLA that suppresses the transcriptional activity of PIF4 (de Lucas et
al., 2008).

The seminal studies by Feng et al. and de Lucas et al., demonstrated that the
interaction of PIF3 and PIF4 with DELLA results in changes in gene expression,
and is involved in regulation of GA-activated hypocotyl growth. These results
led to the conclusion that DELLAs act to sequester the transcription factors,
preventing them from binding to and activating their target genes promoters.
The following mechanism was proposed: in the absence of GA, DELLA proteins
accumulate and sequester PIFs and therefore abrogate PIF-mediated light
control of hypocotyl elongation, however, when the GAs are present, DELLA
degradation takes place, which leads to PIFs release, activation of the PIF-
controlled genes and hypocotyl elongation (de Lucas et al., 2008; Feng et al.,

2008).

In fact, the majority of studies reporting translational DELLA activity, describe
the sequestration of the TFs as a mode of action (Table 1.1). Of all DELLA-
interacting proteins (DIPs) identified to date, bHLH TFs are by far the most
numerous, and it seems that sequestration is a typical mode of DELLA
regulation of bHLH proteins. DELLA sequester ALCATRAZ (ALC) to regulate fruit

patterning (Arnaud et al., 2010), PIF5 in controlling apical hook development
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(Gallego-Bartolomé et al., 2011) or bHLH48 and bHLH60 to regulate flowering
time (Li et al., 2017).

1.6.4.2 DELLA activates transcription by binding to transcriptional factors

in the context of their promoters

A different mode of action of DELLA transcriptional regulation is through their
association with partner TFs in the context of the target genes promoters
(Figure 1.6 C). In the study of Marin-de la Rosa et al. (2015) and Lantzouni et
al. (2020), a genome wide binding site analysis performed using the RGA
protein combined with in silico analysis of the identified binding sequences
revealed multiple potential TF families as DELLA partners in regulating gene
expression. These included bZIP and IDD TFs, previously identified to interact
with DELLAs to activate transcription (Fukazawa et al., 2014; Lim et al., 2013;
Yoshida & Ueguchi-Tanaka, 2014). The bZIP TFs ABA INSENSITIVE 3 (ABI3) and
ABI5 were identified to physically interact with GAI, and all three proteins were
found to bind to the promoter of high temperature-activated SOMNUS (SOM)
gene (Lim et al., 2013). SOM is a CCCH-type zinc finger protein that is known
to inhibit light-dependent seed germination (Kim et al., 2008). A complex of
proteins including ABI3, ABI5 and DELLA regulate SOM expression in response
to high temperature by binding directly to its promoter and activating its
transcription, which results in inhibition of germination (Lim et al., 2013). The
same regulation by ABI3, ABI5 and DELLA was shown for three selected genes
that were found to be highly expressed in response to high temperature, high

levels of ABA and low levels of GAs (Lim et al., 2013).

A few separate studies have demonstrated that DELLAs interact with members
of the INDETERMINATE (IDD) family of TFs, and act as co-regulators of their
target genes (Feurtado et al., 2011; Fukazawa et al., 2014; Lu et al., 2020;
Yoshida & Ueguchi-Tanaka, 2014). GAI-ASSOCIATED FACTOR1 (GAF1) belongs
to the IDD family of transcription factors and is involved in regulation of GA

homeostasis, as it regulates expression of AtGA200x2, AtGA3ox1 and GID1b
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genes. In the study of Fukazawa et al. (2014), GAl was found to interact with
GAF1 on the AtGA200x2 promoter and to be essential for GAF1-regulated
transcription. Two other proteins, TOPLESS RELATED 1 (TPR1) and TPR4, were
also found to be GAF1 binding partners, but they acted to inhibit GAF1-
regulated transcription. GAF1 therefore acted as a transcriptional activator or
repressor, depending on the presence of GAs. At low GA, DELLA protein G