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Abstract

The role of microRNAs, small RNA molecules which repress target genes, in the development
of the wheat spike remains largely unknown. In this thesis, I have broadened and deepened
our understanding of miRNA functions during early wheat spike development, a period when

several yield-determining traits, such as spikelet number, are established.

Using a smallRNA-Seq timecourse, [ have generated a comprehensive database of miRNAs
that are expressed during early wheat spike development and their putative target transcripts.
Using this dataset, I have identified natural and induced variation in miRNA binding sites; a
large proportion of these SNPs likely confer dominant, gain-of-function mutations which are
promising candidates for integration into breeding pipelines. I have found that natural miRNA
binding site variation in the A. E. Watkins landrace collection is significantly associated with

changes in spike phenotypes.

Additionally, I have shown how this dataset can be used alongside techniques such as spatial
transcriptomics and luciferase assays to deepen our understanding of specific regulatory
networks involving miRNAs. I have interrogated the miR172-4P2 interaction in detail and
found that almost identical miR 172 family members have divergent expression profiles during
wheat spike development, exemplifying the importance of characterising closely-related
miRNAs independently. However, I have also shown that miR172 family members likely
repress the closely related AP2-2 and AP2-5 genes with equivalent efficiency.

The functions of and interactions between VRT-A2, AP2-5, and miR172 appear to be mostly
conserved between Arabidopsis and wheat. However, increases in AP2-2 mRNA levels over
time and decreases in response to increased and extended VR7-A2 expression cannot be
explained by current data. I have generated hypotheses to explain these unexpected
observations and proposed experiments to test them. I have used our findings to create a model
explaining how VRT-A2, miR172, and AP2-like genes work together to form a complete and
fertile wheat spike.
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| General Introduction

|.I Wheat yields are not keeping up with projected demand

In the 10,000 years since its domestication ', wheat (Triticum spp.) has become a vital crop of
great importance to food security and the global economy. It was grown on more land
(219 million ha) than any other crop in 2022 ** and is a staple food in many countries,
providing 19% of calories and 20% of protein consumed globally in 2018 2. The world’s
population is projected to continue increasing until at least 2100, when there will be an
estimated 10.9 billion people to feed *. To ensure future food security, yields must increase by

5. wheat yields broadly satisfied this requirement until the turn of the

2-3% per year
millennium, but the rate of yield increase has slowed since then (Figure 1-1). Food security
remains a major issue in the 21% century, with problems being compounded by the COVID-19

pandemic and climate change °

. Levels of hunger (measured by the prevalence of
undernourishment) have risen since 2019, from 7.5% to 9.1% of the global population in

2024 7.

Additionally, Russia’s invasion of Ukraine in February 2022 exposed the fragility of global
wheat production ®’. Ukraine produced 12% of wheat exports in 2020 and in the three months
after Russia’s invasion exports dropped by 90%, particularly affecting low- and middle-
income importers such as Egypt which imported 30% of its wheat from Ukraine in 2021 °.
Additionally, wheat prices rose by 19.7% in March 2022 '°. The impacts of this conflict on
global food security have increased political focus on developing sustainable and robust food
systems !!, including by maximising production °. Stable food supplies and prices have also
been highlighted as being politically significant and fluctuations in wheat supplies and prices

have been cited as key causes of political instability, such as the Arab Spring '2.
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Figure 1-1: Actual global wheat yields from 1961-2022 compared against a ‘necessary’2.5%
increase * since 1961. Data from UN FAOSTAT“.

Wheat is also very important economically. Its global export value was US$66 billion in
20222 and it is a valuable commodity in both developed and developing nations, with
production being approximately equally split between the two '2. Wheat is worth £2.9 billion
to the UK economy alone, 24% of all crop value '*. Therefore, it is vital that we continue to

strive to increase wheat yields, to protect both the economy and food security.

|.2 The nature of the wheat genome presents challenges for
genetic studies

Compared to model plant species such as Arabidopsis (Arabidopsis thaliana), wheat is
inherently difficult to study, with bread wheat (Triticum aestivum) having a hexaploid
16 Gbp '* genome consisting of 85% repetitive elements '°. These challenges are compounded
by a relatively long generation time of three months for spring wheat (which does not require
vernalisation) and six months for winter wheat (which requires vernalisation) '®. The large and
repetitive nature of the wheat genome has meant that knowledge has lagged behind other
major crops. A large genome is costly to sequence at sufficient depth for de novo assembly,
and repetitive genomes present challenges for assembly pipelines. After wheat, maize
(Zea mays) and rice (Oryza sativa) were grown on the most land globally in 2022 2. The rice

and maize genomes were completed in 2005 " and 2009 ', respectively, while a fully
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assembled and annotated wheat genome (for the cultivar Chinese Spring) was not published

until 2018 13,

Hexaploid bread wheat is the product of multiple hybridisation events between closely related
species (Figure 1-2). These hybridisations brought together the A, B and D wheat genomes
and occurred relatively recently in evolutionary time '°. Less than 820,000 years ago, a
hybridisation event between the A genome and B genome progenitors (7riticum urartu and a
close relative of Aegilops speltoides, respectively ') formed Triticum turgidum, an
allotetraploid '**. A domesticated subspecies of T turgidum, T. turgidum ssp. durum, is grown
for pasta and other semolina products; approximately 5% of wheat grown today is 7. turgidum
ssp. durum *'. A second hybridisation event between 7. turgidum and the D genome progenitor,

Aegilops tauschii, occurred less than 430,000 years ago 2 to form bread wheat (7. aestivum).

67% of genes in bread wheat exist as part of a triad meaning there are homoeologues in the A,
B and D genomes **. This presents a challenge for studies attempting to elucidate the function
of wheat genes as homoeologues share on average 95-98% sequence identity within coding

regions '°.

Borrill, et al. »* summarised one of the main challenges that recent polyploidy creates:
functional redundancy. Often, the effect of mutating a gene is masked by its functionally
redundant homoeologues 2*. Therefore, all three homoeologues of a gene may need to be
disrupted to reveal the full phenotypic effect 2°2°. Due to wheat’s long generation time, it takes
up to 18 months to generate a triple loss-of-function mutant; this significantly slows the
generation of knowledge and the identification of candidate alleles for breeding. Because of
functional redundancy, humans have predominantly selected for dominant, gain-of-function

alleles, leaving a large pool of recessive variation relatively unexplored 24,
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Figure 1-2: The evolution of hexaploid bread wheat. ‘X's denote natural hybridisation events.
Letters such as “AA” and “AABBDD” represent the genomes present and the ploidy level.
Triticum urartu and a close relative of Aegilops speltoides hybridised to form tetraploid wheat
(Triticum turgidum) less than 0.82 million years ago (Myr). Triticum turgidum subsequently
hybridised with Aegilops tauschii less than 0.43 Myr to form hexaploid bread wheat (Triticum

aestivum). Adapted from Rosyara, et al. 7.

[.2.] Recent developments mean that fundamental research is now
more amenable in polyploid wheat

Since the fully annotated Chinese Spring reference genome assembly was published in
2018 !5, knowledge and resources in wheat have developed at pace. In 2020, additional
genome assemblies from 15 cultivars were released ', including 7. aestivum cv Cadenza,
which is often used in research. Long generation times have become less of an obstacle to
wheat research with the release of ‘speed breeding’ protocols in 2018 which can be used to

halve generation times %%, Other key resources include a platform for visualising and analysing
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RNA-Seq datasets *° and the publication of a comprehensive developmental gene expression
atlas in a 7. aestivum cv Azhurnaya background 2. These and other resources *° have enabled

research that would not have been possible ten years ago.

The decreasing cost of sequencing has also opened the door to using a wider range of
germplasm, unlocking previously unknown variation. In 2017 a collection of ethyl
methanesulfonate (EMS)-mutagenised tetraploid and hexaploid Targeting induced local
lesions in genomes (TILLING) lines were released *!'. Exome capture and sequencing was
used to catalogue mutations in these lines and it was found that this collection contained at
least one truncation or deleterious missense mutation for over 90% of captured genes *'. This
is a critical resource within the wheat community and has been used countless times in the last
seven years to understand gene function (e.g., Debernardi, et al. 3?) and generate novel

germplasm for breeding pipelines (e.g., Simmonds, et al. ).

A new resource for the wheat community is the recent whole-genome sequencing of the A. E.
Watkins hexaploid landrace collection *. A detailed description of the collection can be found
in Cheng, et al. * but in brief, the collection comprises 827 pure lines gathered by A. E.
Watkins in the 1920s and 1930s from 32 countries. The collection represents germplasm
available in local markets at the time, before the advent of modern intensive wheat breeding 4.
This dataset contains a huge amount of untapped variation; 62% of single nucleotide
polymorphisms (SNPs), 57% of insertion-deletions (indels), and 53% of copy number variants
(CNVs) identified in the collection are absent from modern wheat. Published in 2024, the

potential of this resource has only just begun to be explored.

The sequenced TILLING and A. E. Watkins collections are two of the most important sources
of novel induced (TILLING) and natural (Watkins) variation for the wheat research
community today. The well-characterised variation within these collections accelerates wheat
breeding and advances our knowledge of wheat development. The resources available in
wheat as well as improvements in experimental protocols, such as the improvement in wheat
transformation rates in recalcitrant varieties through the use of a GROWTH-REGULATING
FACTOR 4 (GRF4) - GRF-INTERACTING FACTOR 1 (GIFI) chimera *, mean that
fundamental research can now be carried out in wheat directly. As Borrill *® suggested in 2019,
the boundaries between model and crop species have become blurred. By combining
developmental genetics carried out directly in wheat with knowledge from model species such
as Arabidopsis, we can maximise the efficiency with which we can translate work in the lab

into gains in the field.
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|.3 We are beginning to understand the processes that
control wheat inflorescence development

As the structure which bears the grains we eat, it is important that we understand how the
wheat inflorescence, or spike, develops. By understanding how the inflorescence forms, we

can better focus our efforts towards crop improvement.

Shoots in all higher plants are comprised of repeating structural units called phytomers which
consists of a leaf, internode, and axillary meristem (Figure 1-3) *7%. Programmed repression
or release of the leaf and internode of each phytomer determines the architecture of the wheat

spike.

During vegetative growth, most axillary meristems are supressed while leaves develop. Some
axillary meristems are initiated to form tillers, but this occurs in a minority of phytomers .
The transition from vegetative to reproductive development begins as the shoot apical
meristem (SAM) expands along the vertical axis, giving rise to alternating phytomers. The
double ridge stage of spike development (Figure 1-3), is so named for the visual appearance
of these phytomers. The repeating double ridge structure consists of a lower leaf meristem and
upper axillary meristem; the internodes between the meristems (which will later form the
rachis) are very short at this stage or are perhaps not yet determined. This phase of spike
development is characterised by suppression of the leaves and initiation of the axillary
meristems, which differentiate into spikelet meristems. On average, 15-20 phytomers, and
therefore spikelets, form per spike *°. The wheat spike, in contrast to closely related species
such as barley *°, is a determinate structure; the most apical phytomer is rotated 90 ° and forms

the terminal spikelet.

This structural plan is repeated for the indeterminate spikelets. Phytomers are formed along
the spikelet axis (Figure 1-3). The internodes form a central rachilla. Again, a different
programme of leaf and axillary meristem repression and release is observed in the spikelet.
Each spikelet is subtended by two vegetative structures called glumes which form from the
leaf meristems of the first two phytomers. The axillary meristems of these phytomers are
repressed. Florets arise from the subsequent phytomers; the leaf meristem differentiates into a
lemma, and the axillary meristems initiate into florets, including the palea, lodicules, stamens
and carpel (Figure 1-4). Two glumes and four to six florets develop per spikelet *. A higher
number of phytomers are formed along the spikelet axis, as spikelets in wheat are

indeterminate, however they are aborted and do not fully develop.
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Leaf
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Figure 1-3: Phytomers as repeating structures during wheat spike development. Image of a
wheat spike at the W2.5 (double ridge) stage according to Waddington, et al. . Leaf meristems
are shown in green, and axillary meristems are shown in pink. Wheat spikes are determinate
structures with a terminal spikelet, while spikelets are indeterminate as shown by the arrow
at the apex of the rachilla. Along the spike axis, leaf meristems are repressed while axillary
meristems differentiate into spikelets. Along the spikelet axis, the first two phytomers develop
differently to subsequent phytomers. In the first two phytomers, the leaf meristems differentiate
into glumes, while the axillary meristems are repressed. In subsequent phytomers, the leaf

meristems differentiate into lemma while the axillary meristems differentiate into florets.
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LO.'.
v

Le

Figure 1-4: Detailed structure of a wheat floret and surrounding structures, shown as a cross-
section. Based on Debernardi, et al. *’. Florets alternate along the central rachilla (Ra),
subtended by a lemma (Le). Each floret consists of a palea (Pa), two lodicules (Lo), three

stamens (St) and a carpel (Ca) which contains an ovule.

We have begun to unravel the mechanisms which determine whether leaves and axillary
meristems are repressed or initiated. Current evidence suggests that the downregulation of
VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT?2) plays a role in the suppression
of leaf ridges in the wheat spike, and that a delay to this downregulation leads to the formation
of developmentally-delayed rudimentary basal spikelets **. A second paper has proposed a
unified model to explain the role of SHORT VEGETATIVE PHASE (SVP), SOUAMOSA, and
SEPALLATA (SEP) genes in the regulation of leaf and axillary meristem initiation and
suppression *. However, there is significant scope to develop a fuller understanding of how
these patterns of meristem repression and initiation are determined. I will investigate the

downstream targets of VR72 in Chapter 4.

[.3.1 The ABCDE model of wheat development is partially conserved

between Arabidopsis and wheat

Although visually very distinct from the flowers of eudicots, wheat flowers (florets) are also
arranged in whorls according to the ABC model of floral development *°. The ABC model was
first proposed by Coen & Meyerowitz in 1991 % and has since been expanded to include D-
and E-class genes ***’. The genes involved in the ABC model are well characterised in

Arabidopsis (Figure 1-5). All of the genes in this model are transcription factors, and all are
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MADS-box genes with the exception of APETALA2 (AP2) (which is a member of the
AP2/ERF transcription factor family) 3.

ARABIDOPSIS (1)sepals (2)petals (3)stamens (4)carpels (5)ovules

WHEAT @ palea @ Iodicules@ stamens @ carpels @ ovules

Figure 1-5: The ABCDE model of development in Arabidopsis (Arabidopsis thaliana) and
wheat (Triticum aestivum). Flowers in Arabidopsis and florvets in wheat consist of orthologous
whorls, which are listed here in order from outermost to innermost, for example ““(1) sepals”.
There are five key gene classes which define the identity of each whorl, named A-E. The gene
classes expressed in each whorl and example protein names from each class are shown here.

Adapted from Murai *.

In Arabidopsis, flowers consist of five whorls. Each whorl is defined by the expression of
different combinations of the ABCDE model transcription factors which are hypothesized to
form tetrameric complexes *6. The whorls in Arabidopsis differentiate into 1) sepals, 2) petals,
3) stamens, 4) carpels and 5) ovules *. Much of the work done to elucidate this model relied
upon homeotic mutant characterisation **. These mutants do not contain functional copies of
one or more model classes, which results in a homeotic transition where the organ in a
particular whorl is replaced with another. For instance, according to the model in Figure 1-5,
a knockout of the C-class AGAMOUS (AG) gene results in ectopic petals in whorl three +°, a

prediction which was confirmed by Bowman, et al. *°.

Floral development has been shown to be largely conserved among land plants. The organs
that make up the whorls in monocots have been debated in the literature. It has been argued
that the first whorl consists of both lemma and palea 3!2, lemma comprise the first whorl and
palea comprise the second whorl *3, or that lemma are modified leaves **>4. In this thesis, I
have built my models according to the hypothesis that lemma are modified leaves. There is
strong evidence that lodicules comprise the third whorl as highly modified petals (reviewed
in Yoshida *°) and the fourth and fifth whorls are conserved between Arabidopsis and

grasses . In wheat, florets contain a single palea (putative whorl 1), two lodicules (whorl 2),

\O
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three stamens (whorl 3), one carpel (whorl 4) and one ovule (whorl 5). The genes involved in
the ABCDE model in grasses have not been completely understood, and there is some
evidence that monocot floral development has diverged from that of eudicots including

examples of gene duplication and sub-functionalization .

Genes outside the ABCDE model that affect floral development have also started to be
characterised in wheat. For example, ectopic VRT-A42 expression has been shown to increase
grain length in wheat . Also, genes within the ABCDE model have been shown to have
functions outside of what the model would predict, for example in barley AP2 expression
affects grain width and length *7; the expression domain of AP2 does not include carpels or
ovaries according to the ABCDE model (Figure 1-5). These findings show that there is
significant scope for deepening our understanding of floral development in grasses including

wheat.

As both VRT-42 and AP2 expression have been shown to affect grain length in wheat and
barley respectively, it is possible they act within a shared genetic pathway. Altering the
expression of VRT-A2 or APETALA2-5A (AP2-5A4) in wheat affects some of the same
phenotypes, such as plant height, heading date, and spikelet density 3>°°. However, 4P2
expression has been shown in barley to affect grain width 7, while VRT-42 expression has no
effect on grain width in wheat *°. This raises the possibility that these two genes affect grain
morphology through distinct downstream regulatory pathways. 1 will investigate the
interactions between VRT-42 and APZ2-like genes during floral development and begin to
disentangle their effects on wheat grain morphology in Chapter 4.

1.4 miRNAs play important roles in wheat spike

development

I.4.1 miRNAs are crucial components of floral development in plants

Although the genes controlling floral development in wheat have begun to be unravelled, the
role that non-coding RNAs play during this critical period of development have only just
begun to be studied. miRNAs are a class of small non-coding RNAs that repress target mRNA

transcripts.

We know that microRNAs (miRNAs) play critical roles during development in Arabidopsis *%.
For example, miR156 and miR172 help to determine the vegetative to reproductive transition.
Studies have suggested that these two miRNAs have opposing functions; miR156 specifies
juvenile reproductive growth, while miR172 specifies adult reproductive growth *°. miR156

10
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targets the SQUAMOSA-promoter binding protein-like (SPL) family *°, which promote

flowering ®, while miR172 regulates AtAP2 ©', a floral repressor .

miRNAs are also central to floral development. AtAP2 also acts as an A-class floral
development gene which specifies sepal and petal identity *° (Figure 1-5). miR164 regulates
CUP SHAPED COTYLEDON! (CUCI) and CUP SHAPED COTYLEDON?2 (CUC2), which

play essential roles in the formation of floral organ boundaries 3%

, and miR159 regulates
MYB33 and MYB65 which contribute to proper anther development ®. Some of these

interactions have been shown to be conserved in wheat 326566,

The evidence above shows that miRNAs play key roles during the vegetative to reproductive
transition as well as floral development. This supports the hypothesis that we cannot form a
complete understanding of floral development without also understanding the role of

miRNAs.

[.4.2 miRNA biogenesis

miRNAs are very short (20-24 bp ¢7) single-stranded RNA molecules present in both
animals % and plants ®. There have been several excellent reviews of miRNA biogenesis """,
In brief, miRNAs are encoded by MIR genes which are transcribed by RNA polymerase 11
(Pol IT) 7 into primary-miRNAs (pri-miRNAs) 7 (Figure 1-6). Pri-miRNAs are characterised
by a stem-loop structure 7!, which is cleaved by DICER-LIKEI (DCLI1) into a precursor-
miRNA (pre-miRNA) stem-loop ">, DCL1 and HUA ENHANCER1 (HEN1) then cleave
and methylate the pre-miRNA, respectively, into a miRNA duplex which contains two distinct
miRNA sequences on opposite strands 7#7, It is generally thought that one strand (referred to
as the miRNA/guide miRNA) is active while the other (the passenger miRNA/miRNA¥*) is
degraded ""*77. However, there have been studies showing that the miRNA* can also be
abundant and functional in Arabidopsis "® and rice ”. Therefore, it may be more appropriate
to refer to miRNAs as 5p or 3p according to their position on the MIR gene (as used by

Hu, et al. ™ and recommended by Budak, et al. %) instead of naming them based on relative

abundance (which is often based on a small number of timepoints and tissues).
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Figure 1-6: Summary of miRNA biogenesis in plants. In the nucleus, RNA Polymerase II (Pol
1) transcribes MIR genes into stem-loop primary-miRNAs (pri-miRNAs). Pri-miRNAs are
cleaved by DICER-LIKE1 (DCLI) into stem-loop precursor-miRNAs (pre-miRNAs). The pre-
miRNA is further cleaved and methylated by DCLI and HUA ENHANCER (HENI) into a
miRNA/miRNA* duplex which is then exported into the cytoplasm. The miRNA/miRNA*
duplex gives rise to two complementary miRNA molecules, miRNA-3p and miRNA-5p (named
according to their position on the original MIR gene). Created in BioRender. Carpenter, S.
(2022) BioRender.com/i502648.

Multiple MIR genes can produce identical mature miRNAs. miRNAs often exist in families
of almost identical mature sequences with up to two mismatches (although in certain cases
miRNAs with up to four mismatches have been assigned to the same family) ®!. For example,
the miR172 family in Arabidopsis consists of five MIR genes which produce three unique
mature miR172 sequences . There have been inconsistencies in the nomenclature used for
miRNAs ¥, however a common system *° (and the one I will use in this thesis) uses a number
to denote the miRNA family (e.g., miR172). Unique mature sequences within each family are
differentiated using a character suffix (e.g., miR172a and miR172b). MIR genes which encode
the same mature sequence are differentiated using a numerical suffix (e.g., MIR172A4-1 and

MIR1724-2).
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I.4.3 miRNA-mediated repression

Mature miRNA sequences repress complementary target sites on messenger RNA (mRNA)
transcripts via mRNA degradation and/or translational repression (Figure 1-7) ™. It was
thought that, as in animals, the level of complementarity between a plant miRNA and its
mRNA target determined the mode of miRNA-mediated repression #-36, As miRNAs in plants
show a higher level of complementarity to their targets compared to animal miRNAs, it was
thought that mRNA cleavage was the dominant mode of miRNA-mediated repression in
plants . However, this has since been shown to not be the case as there are several examples
in Arabidopsis which break this rule; for instance 4P2 has been shown to be repressed by
miR172 predominantly via translational inhibition despite high levels of complementarity
between miR172 and AP2 mRNA °!. A recent paper proposed that the secondary structure of
the mRNA target affects the efficacy of miRNA-mediated mRNA cleavage *’. To date the
processes that determine the way in which a particular miRNA represses a particular target are

still unclear.

MiRNA

\

mRNA mRNA

Translational MRNA
inhibition cleavage

Figure 1-7: The two mechanisms of miRNA-mediated repression, translational inhibition and
mRNA cleavage. miRNAs inhibit translation by binding to target mRNA molecules and
physically blocking translation initiation of these mRNASs into protein. miRNAs cleave mRNAs
by binding to them as part of miRNA-ARGONAUTE complex, the ARGONAUTE protein
cleaves the mRNA, so reducing the abundance of the target mRNA.

Target mRNAs are degraded (a process also known as slicing) by miRNA-ARGONAUTE
(AGO) complexes **. Cleavage of the mRNA is carried out by the P-element induced wimpy
testis (PIWI) domain of the AGO protein ***® and the resulting fragments are degraded by
exonucleases 4% Transcriptional inhibition is also mediated by the AGO protein amongst
others and functions by inhibiting translation initiation, as shown by Iwakawa and Tomari °.

The effects of mRNA cleavage can be observed via changes to mRNA levels using
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transcriptomic techniques and by sequencing the cleavage products using Parallel Analysis of
RNA Ends Sequencing (PARE-Seq), while the effects of translational inhibition can currently
only be observed by quantifying protein abundance using techniques such as Enzyme Linked
Immunosorbent Assay (ELISA) which rely on the availability of high quality, specific

antibodies, which are not readily available for plant proteins.

|.5 Improving our understanding of wheat inflorescence
development will help address food security

A more complete knowledge of the mechanisms behind inflorescence development in wheat,
such as the components of the ABCDE model, would allow for a more integrated yield-
improvement strategy to be implemented *°. Yield is a complex trait with multiple components
that can broadly be divided into grain number and grain weight **; there is often a trade-off
between these traits **. This trade-off can be overcome 3, however this requires a more detailed
understanding of developmental processes *. Genes controlling inflorescence development,
such as AP2-like genes and VRT-42, and miRNAs such as miR172, provide promising avenues

of research for ensuring future food security.

|.6 Thesis aims

The overall aim of this thesis is to develop our understanding of how miRNAs affect wheat

spike development. I will approach this aim in two ways:

e Expanding our knowledge of the miRNAs that are expressed in the developing wheat
spikes
e Developing a nuanced understanding of a gene network involving miR172, including

examining any differences in the expression or function of miR172 family members

Specifically, I will use a broad range of experimental approaches, including spatial and non-
spatial transcriptomics, transgenics, phenotypic characterisation, and luciferase-based assays,

to answer the following questions:

1. What is the role of miRNAs during key developmental transitions in the wheat
inflorescence? (Chapter 2)

2. How do the expression patterns of APETALA2-2 (AP2-2) and APETALA2-5 (AP2-5)
differ in developing spikes when they are both regulated by miR172? (Chapter 3)

3. Does VRT-A2 act via miR172 to achieve its phenotypic effect? (Chapter 4)
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2 The role of microRNAs during key
developmental transitions in the wheat

inflorescence

2.1 Chapter summary

In this chapter, I generated a detailed summary of miRNAs present in the wheat inflorescence
during early development. Using smallRNA-Sequencing (sRNA-Seq) and bioinformatic
prediction pipelines, I identified 527 candidate miRNAs and predicted which transcripts they
target. The pipelines predict known miRNA-mRNA interactions, increasing my confidence in
the sensitivity of this analysis. I have identified natural and induced variation in miRNA
binding sites and have linked both to phenotypic data. This variation offers promising new

avenues for both fundamental developmental biology and wheat breeding targets.

2.2 Introduction

2.2.1 There is no comprehensive database for miRNAs in wheat

There are conflicting lists of wheat miRNAs in the literature and databases. miRbase has been
referred to as “the centralized registry and database for miRNA annotations across all studied
species” 7. There are 122 T. aestivum entries in the most recent miRbase release (22.1) which
correspond to 100 miRNA families. This is very unlikely to be a complete list, as there are
222 Arabidopsis miRNA families in miRbase **. Also, several miRNAs which have been well-

2 3266 sRNAanno is a

characterised in wheat are absent, such as miR165/166 °> and miR17
newer miRNA database which includes entries for 7. aestivum °. It contains entries for 616
MIRNA loci which are processed into mature sequences from 110 miRNA families. The
International Wheat Genome Sequencing Consortium (IWGSC) v1.0 wheat reference genome
annotation released in 2018 includes 71,747 unique MIRNA loci ', however, these correspond
to just 111 miRNA families. The mature miRNA sequences released with the IWGSC v1.0
annotation are from just 49 miRNA families '°. No updated lists of miRNAs in wheat have
been released in subsequent IWGSC v1.1 and v2.1 annotations °’%. Current annotations of
miRNAs in wheat are likely to be incomplete based on evidence from Arabidopsis **, and there

are inconsistencies between the annotations in different key databases >4,

The entries in these databases, however, provide an excellent starting point for research into

the role of miRNAs during development, albeit they clearly tell an incomplete story. In
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addition, data on the expression patterns of miRNAs during wheat spike development is
limited. There are two studies which have used next generation sequencing (NGS) to quantify
miRNA abundance in young wheat spikes **!%. Feng, ef al. * sequenced the small RNA of
spikes at four stages from W2.0 (double ridge) to W7.5 (which they defined as the “tetrads
stage” *) 4. The sequencing was relatively shallow (8-18 million reads per sample) and for
one sample, only 26.9% of reads mapped to the wheat genome (compared to > 90% for the
other samples). This is suggestive of potential contamination. The second paper, Li, et al. ',
sequenced miRNAs to a higher depth (>34 million reads per sample), however, young spikes
from different stages were pooled in the same samples. Therefore, we cannot see how miRNA
abundance changes through time from this dataset. Also, although the sequencing depth for
these samples was higher, miRNAs from each timepoint would be diluted within the pooled
sample. Therefore, only the most abundant miRNAs from each stage or those which are
consistently expressed through time would be detected using this method. The sensitivity of

miRNA predictions from these pooled samples would be lower than the >34 million reads per

sample would suggest.

To fully understand the effect that miRNAs have on wheat spike development, it is important
to have a complete list of miRNAs that are present during this period of development and

understand their abundance through time.

2.2.2 miRNA binding sites are an untapped source of variation in

wheat

For continued wheat improvement, we must find or create novel variation within wheat
germplasm. miRNAs present an almost completely untapped source of variation which
already exists in well-characterised germplasm. A handful of studies have revealed the effects

of specific mutations in miRNA binding sites on spike phenotypes.

Debernardi, et al. ** and Greenwood, et al. ® showed how many of the traits of domesticated
wheat, such as free-threshing grain and a compact spike, are the result of a SNP in a miR172
binding site in the gene Q. Dixon, et al. * found that an induced SNP in the miR165/166
binding site of HOMEOBOX DOMAIN-2 (HB-2) conferred a striking paired spikelet

phenotype (two spikelets being formed at a single rachis node).

Induced variation in miRNAs and their binding sites has been used to adapt and improve crop
species. For example, in rice, overexpression of a miR319-resistant version of TEOSINTE
BRANCHED/ CYCLOIDEA/ PROLIFERATING CELL FACTORI1 (OsTCP21) conferred

101

resistance to Rice ragged stunt virus (RRSV) ", In wheat, clustered regularly interspaced

short palindromic repeats-CRISPR-associated protein 9 (CRISPR-Cas9) was used to mutate
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the miR156 binding site in SQUAMOSA PROMOTER BINDING PROTEIN-LIKE 13
(TaSPL13), which led to a decrease in flowering time and an increase in both grain size and
number '2. The potential of modifying miRNAs and their targets has been identified as a

promising route to crop improvement in several reviews 1031%4,

2.2.3 Modifying miRNA binding sites could help us overcome the issue

of redundancy in polyploid crops

As described in Section 1.2, wheat is a young polyploid crop. This presents challenges for
crop improvement, such as a large genome size (16 Gbp) and functional redundancy. As a
hexaploid species, 7. aestivum genes are most frequently present in three copies on the A, B
and D genomes *. It has been shown that 72.5% of syntenic triads have balanced expression,

i.e. the abundance of the A, B and D homoeologues is approximately equal >

, providing no
clear target for manipulation. Often, there is functional redundancy between homoeologues;
when one copy is knocked out, the other homoeologues will compensate . In cases such as
these all three copies must be mutated (preferably via knockout mutation) for a phenotypic
effect to be observed. Because of these challenges, breeders have historically selected,
unconsciously, for dominant gain-of-function mutations as these are more easily identified in
phenotypic evaluations *. An added advantage is that they can be tracked through breeding
pipelines using a single molecular marker. Mutations in miRNA binding sites often (but not
always) lead to reduced binding between a miRNA and its target, conferring a gain-of-function
phenotype. miRNA binding sites have the potential to reveal a new range of dominant
variation, which could be easily integrated into existing breeding pipelines. Also, this variation
is likely to cause more subtle effects than constitutive over-expression, as expression of the
target gene would still be limited by its endogenous expression domain and transcription rate.
This could be beneficial, as there are examples in the literature where subtle increases in
expression can be preferable, for example the ectopic expression allele of VRT-A2 (VRT-A2b)
confers an increase in TGW with no major developmental defects . In contrast, both
loss-of-function vrt2 and UBI,,:VRT2 (VRT2 driven by the maize UBIQUITIN constitutive
overexpression promoter) plants have severe morphological defects such as axillary
spikes/spikelets at nodes below the spike in vr¢t2 and branching at basal spike nodes in
UBl,o:VRT2. In a study in maize, 13 promoter/intron combinations were tested with the
MADSG67 transcription factor to optimise grain yield '®. Increased and extended MADS67
expression using a moderate constitutive promoter combined with the Ubil intron (the first
intron of the maize UBIQUITIN gene) was found to confer the most benefit, while avoiding

negative pleiotropic effects, outperforming commonly used strong constitutive promoters ',
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2.2.4 Aims and hypotheses

The aim of this chapter was to generate a comprehensive database of miRNAs which are
present during the key stages of early spike development. I used this dataset to identify natural

and induced variation in miRNA binding sites and link this variation to phenotypic data.

2.3 Methods

2.3.1 Small RNA-Seq

PI"" and PI"* near isogenic line (NIL) seed was germinated as described in
Simmonds, ef al. . P1"" and P17°F NILs are described in Adamski, et al. 5. In brief, these
lines are Triticum polonicum x T. aestivum cv ‘Paragon’ BCs NILs (Paragon as the recurrent
parent) carrying either the wildtype VRT-A2a allele (P1"") or the VRT-A2b allele (P17°")
which leads to increased and extended VR7-42 expression across the spike. 7. polonicum, also
known as Polish wheat *°, is a tetraploid wheat with a distinctive long glume and long spike
phenotype '°7 which was recently mapped to the VRT-42 locus by Adamski, ef al. °® and Liu,
et al. '®. T. polonicum carries the derived VRT-A2b allele *°. I conducted smallRNA-Seq using
germplasm containing the VR7-42a and VRT-A2b alleles to test hypotheses relating to the
effect of increased and extended VRT-42 expression on miRNAs. These hypotheses will be
discussed in depth in Chapter 4.

I grew plants in 24- or 40-cell trays of “John Innes Cereal Mix” (65% peat, 25% loam, 10%
grit, 3 kg/m* dolomitic limestone, 1.3 kg/m* PG mix, 3 kg/m> osmocote extract) in growth
chambers at 70% humidity with 16 h photoperiods and 20 °C/16 °C day/night temperatures.
Trays contained single genotypes and I arranged the trays randomly in the growth chamber. I
dissected primary spikes at Waddington stages W2.5 (double ridge), W4.0 (terminal spikelet),
and approximately W5.0 (spike length >0.5 cm, <1.5 cm); approximately 17, 30, and 36 days
after sowing, respectively (Figure 2-1) *!. I dissected all spikes except for sample 0071 which
was dissected by Kirsten Lim. I grew plants in batches which were sampled on different dates

(Table 2-1).

I pooled spike tissue for sequencing: 13 spikes per sample for W2.5, four per sample for W4.0,
and two per sample for W5.0. Before and during the dissections I cleaned all surfaces and
tools with 70% ethanol (VWR International GmbH) and Blitz RNase Removal Spray (Severn
Biotech Ltd). I stored spikes in 2 mL microcentrifuge tubes on dry ice during dissection,
followed by flash-freezing in liquid nitrogen and storage at -70 °C. I ground samples using
steel ball bearings sterilised with 1 M HCI (Fisher Scientific). I placed two 3 mm tungsten

carbide beads (QIAGEN) in each microcentrifuge tube and ground the tissue using a
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Geno/Grinder (SPEX SamplePrep) at 1500 RPM for three 30 s intervals. I extracted total RNA
from ground samples using the Zymo Directzol RNA Microprep kit (Zymo Research)

199" including the on-column DNase I treatment.

according to manufacturer’s instructions
Single-end 50 bp sSRNA-seq was carried out by Novogene (Cambridge, UK) using the [llumina
NovaSeq 6000. Three biological replicates were sequenced per timepoint and genotype

IWT

combination, except for P/"" at W5.0 (four biological replicates).

Table 2-1: Details of Triticum aestivum cv ‘Paragon’ spike samples used for the sSRNA-Seq
experiment. Timepoints are described according to the Waddington scale *': W2.5 = double
ridge, W4.0 = terminal spikelet, W5.0 = carpel extending round three sides of ovule (0.5 cm
< spike length < 1.5 cm). The sampling date is the date the spikes were dissected and flash-
frozen for each sample ID.

Timepoint Sampling date Sample ID
2.5 02/11/2022 0031, 0036
04/11/2022 0032
05/11/2022 0033, 0038
28/11/2022 0040
4.0 16/11/2022 0041, 0042, 0045, 0046, 0047, 0048
5.0 31/05/2023 0062, 0063, 0068
05/08/2023 0071, 0072, 0073, 0074

Figure 2-1: Representative images of Triticum aestivum cv ‘Paragon’ spikes sampled for the
SRNA-Seq experiment. (A) W2.5 (double ridge), (B) W4.0 (terminal spikelet) and (C)
approximately W5.0 (carpel extending round three sides of ovule, 0.5 cm < spike length <
1.5 cm).
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2.3.2 Small RNA-Seq data analysis

2.3.2.1 Data trimming

I used FastQC v0.11.9 to carry out quality control on the raw data '°. I removed low-quality
reads and trimmed adapters using Trimmomatic v0.39 (Table 2-2) with a seed mismatch value
of 2, palindrome clip threshold of 30, and simple clip threshold of 10 (Bolger, et al. ''"). T used
sliding window trimming with a window size of 10 and an average required quality of 20. I
set these parameters according to recommendations by Garg and Varshney ''2. I removed
poly-A tails and reads outside of the required length (18-34 bp) using Cutadapt v3.4
(Martin %), T used FastQC to assess the quality of cleaned reads and test for the expected size
distribution for small RNAs with peaks at 21 and 24 nucleotides (Andrews ''%).

Table 2-2: Adapters used during sSRNA-seq trimming with Trimmomatic "''. The sequences are

written 5 to 3.

Adapter Name Sequence
RNA5AdapterRAS GTTCAGAGTTCTACAGTCCGACGATC
RNA3AdapterRA3 AGATCGGAAGAGCACACGTCT

I also aligned the cleaned reads to the IWGSC v1.0 assembly ' to quality control the reads,
checking for sequencing accuracy and any contamination. I aligned the reads using Bowtie
v1.2.2 (Alaux, et al. ') to an internal Uauy group Bowtie index of the IWGSC v1.0 assembly

using the —-best and -v 0 options.

2.3.2.2  Predicting miRNAs

I used three different pipelines to predict miRNAs from the trimmed sSRNA-Seq data.

I used miRador '

with the trimmed FASTQ files using default parameters (including
RPMThreshold = 3.0, which has been removed in subsequent releases). Using
RPMThreshold filters out candidate miRNAs with a low level of expression (< 3 reads per

million (RPM)).

I used ShortStack v4.0.3 (Axtell ''%) with BAM files generated from the trimmed data. I
aligned the trimmed data to the IWGSC v1.0 assembly !° using Bowtie v1.2.2
(Langmead, ef al. '"") with -v 0 —best parameters (maximum zero mismatches, reporting
the best singleton alignment). I used samtools v1.15.1 (Li, et al. ''®) to convert the SAM files
to BAM format, then sort and index the BAM files. I ran ShortStack using these sorted and
indexed BAM files. I used the —-known miRNAs option with a FASTA file of miRbase
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release 22.1 (Kozomara, et al. **) mature sequences to identify known miRNAs in my dataset.

I used the ——dn_mirna option to also search de novo for miRNA loci.

I used miRDeep-P2 v1.1.4 (Kuang, ef al. ''°) on a FASTA file containing a non-redundant list
of reads from all the small RNA-Seq libraries. I generated this file using cat to concatenate

the trimmed FASTQ files. I converted the concatenated FASTQ file into a FASTA file using
cat $data dir/combined reads.fq | paste - - - - | sed 's/"@/>/g'

| cut -f 1,2 | tr '"\t' '\n' > $data dir/combined reads.fa.lused
the FASTX toolkit v0.0.13.2 (Hannon Laboratory '’) fastx collapser tool to collapse
the concatenated reads into unique entries, which were then formatted using sed -1 's/-
/ _x/' $data _dir/unique tags.fa. I used miRDeep-P2 (with dependencies Perl
v5.16.3, ViennaRNA v2.5.1 (Lorenz, et al. '?'), and Bowtie v1.2.2 (Langmead, et al. ''7)) to
predict miRNAs from this collapsed, formatted FASTA file using options ——large-index
—-L 100. The Rfam reference FASTA file I used comprised of all 7. aestivum transfer RNA
(tRNA), ribosomal RNA (rRNA), small nuclear RNA (snRNA) and small nucleolar RNA
(snoRNA) entries in the Rfam 14.10 release '%.

2.3.2.3  Generating RPM values for candidate miRNAs

I generated an index of candidate miRNAs predicted by all three pipelines described in Section
2.3.2.2 using Bowtie v1.2.2 (Langmead, et al !''). 1 then used Bowtie v1.2.2
(Langmead, et al. ''") to align the clean SRNA-Seq reads to the list of candidate miRNAs using
the ——best and -v 0 options. I used Samtools v1.12 (Li, ef al. ''*) to convert the SAM
alignment files into BAM format, then sort and index the BAM files. I then used the Samtools

idxstats function '8 to generate counts for each candidate miRNA.

I performed all analysis of count data using R v4.3.2 (R Core Team '%). I calculated RPM
values by multiplying the count value by 1,000,000 and dividing by the total number of reads
mapped to the list of candidate miRNAs. I performed principal component analysis (PCA) on
the RPM values. I removed all miRNAs which had an RPM variance value of 0 across all

samples. I used the prcomp () function to perform the PCA.

2.3.2.4  Predicting miRNA targets

I used TargetFinder '2+!2¢ to identify transcripts the candidate miRNAs bind to. I used the
default options to predict miRNA targets in the IWGSC v1.0 annotation '°.

2.3.3 ldentifying variation in TILLING and Watkins lines

I used the beftools v1.8 (Danecek, et al. '*") view command to subset VCF files containing

details of SNPs in the EMS-mutagenised and sequenced tetraploid and hexaploid TILLING
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populations *! and the A. E. Watkins hexaploid landrace collection **. The VCF files for the
TILLING populations were obtained from Ensembl Plants release 59 2. The VCF file for the
Watkins collection was kindly provided by the authors of Cheng, et al. **.

2.3.4 TILLING population phenotyping

Phenotype data associated with the EMS-mutagenised and sequenced hexaploid TILLING

population 3! is an internal Uauy group resource generated by James Simmonds.

TGW, grain width and grain length were evaluated in two field experiments in 2013/14 (winter
sown) and 2015 (spring sown). The 2013/14 winter trial was sown the John Innes Centre (JIC)
Experimental trials site in Bawburgh, UK (approximately 52°37'42.4"N 1°10'13.8"E) and the
2015 spring trial was sown at the JIC Experimental trials site in Bawburgh, UK (approximately
52°37'38.6"N 1°10'44.9"E). For both trials mutant lines were sown as unreplicated 1 m rows.
Measurements were made using a MARVIN seed analyser (MARVITECH) from all seed from
each plot (except for ten primary spikes per line for the 2013/14 trial). Mean thousand grain
weight (TGW), grain width and grain length values from the two field trials were used for

further analysis.

All other phenotypes (number of rudimentary apical spikelets, number of rudimentary basal
spikelets, spikelet density, number of seeds per spike, seeds per spikelet, spike length, seed
density, yield per spike, and spikelets per spike) were evaluated during the 2013/14 winter

trial described above. Ten primary spikes were collected and phenotyped per line.

I carried out statistical analyses using R v4.3.2 1?3, I ranked the mutant lines independently for
each phenotype and identified those in the top and bottom 10% of ranks (‘outliers’). I used a
chi-squared test to evaluate whether lines with SNPs in miRNA binding sites were

overrepresented in phenotypic outliers.

2.3.5 Watkins population phenotyping

All data were collected as part of a collaboration between the Uauy and Griffiths groups at the
JIC, UK before the start of this project. 823 lines from the A. E. Watkins hexaploid landrace
collection were grown during the 2019/2020 field season at the JIC Experimental trials site in
Bawburgh, UK (approximately 52°37'42.4"N 1°10'13.8"E). Lines were sown as unreplicated
1 m rows using an alpha-lattice design (sparse, partially replicated). Ten primary spikes were
harvested per line and five were evaluated for the number of spikelets per spike, the number
of infertile apical spikelets per spike, glume length, the number of infertile basal spikelets per
spike, spike length, the maximum number of florets per spikelet, grain area, grain circularity,
grain length to width ratio, grain length, grain width, and TGW. Best linear unbiased estimates

(BLUESs) were calculated by Dr Anna Backhaus for each phenotype using the statgenSTA R
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12!

package '¥. Spatial row-column analysis was performed according to the statgenSTA

manual '3,

To test for differences in phenotypes between Watkins collection lines with the reference and
alternative nucleotide in SNPs within candidate miRNA binding sites, I performed a one-way
analysis of variance (ANOVA) in R v4.3.2 '2* for each phenotype. I generated adjusted
p-values to correct for multiple testing using p.adjust () with the Benjamini-Hochberg

procedure 3! (the correction was performed independently for each phenotype).

2.4 Results

2.4.1 Over 500 mature miRNAs are expressed in wheat spikes during

early development

To better understand the role that miRNAs play during wheat spike development, I generated
an sRNA-seq dataset from spikes at Waddington stages W2.5 (double ridge), W4.0 (terminal
spikelet) and approximately W5.0 (0.5 cm < spike length < 1.5 ¢cm) *!. The spikes sampled
were from P17 and P1"" NILs which are described in detail by Adamski, et al. *°. In brief,
both of the NILs are in a T aestivum cv ‘Paragon’ background, however P1"” contains the
ancestral VRT-A2a allele, while PI?°" contains the VRT-A2b increased and extended

expression allele found in 7° polonicum.

I extracted total RNA from pooled spikes (three or four biological replicates per genotype and
timepoint combination) and small RNA (18-34 bp) was sequenced at a depth of >50 million
50 bp single end reads per sample (Table 2-3). This is higher than other sRNA-Seq
experiments in wheat which generally sequence to a depth of 10-20 million reads per
sample *132134 Across samples, over 83% of reads aligned perfectly to the IWGSC v1.0
assembly, suggesting the sequencing was accurate and the RNA was relatively free from
contamination; the literature suggests an alignment rate of over 70% is indicative of accurate
sequencing with low levels of contaminating DNA '3, This alignment rate is also comparable
to other high-quality datasets **, particularly considering the high level of stringency used
during this alignment (zero mismatches allowed). Reads may not align to the reference
assembly due to sequencing errors, or due to variation between the NIL parental lines
(Triticum aestivum cv ‘Paragon’ and 7. polonicum) and T. aestivum cv ‘Chinese Spring’,

which the IWGSC v1.0 reference assembly is based on '3,
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Table 2-3: Summary statistics for the sRNA-Seq dataset generated from Triticum aestivum cv ‘Paragon’ spikes. Timepoints are given according to the
Waddington scale *'. W2.5 = double ridge, W4.0 = terminal spikelet, W5.0 = carpel extending round three sides of ovule (0.5 cm < spike length < 1.5 cm).
Genotypes are near-isogenic lines described in Adamski, et al. *°; in brief P1"" contains the ancestral VEGETATIVE TO REPRODUCTIVE TRANSITION-A2a
(VRT-A2a) allele, while P17° contains the VRT-A2b increased and extended expression allele. Trimming involved removing poor quality reads, adapters, poly-

3 and Trimmomatic ', Alignment against miRNAs was carried out using Bowtie """ against a list of 527

A tails and reads >34 bp or <18 bp using Cutadapt
putative miRNAs generated by ShortStack "', miRDeep-P2 ''* and miRador ' from this data. Alignment against the IVGSC v1.0 assembly > was carried out

using Bowtie '’

Cleaned reads Cleaned reads

R
Sample ID Genotype Timepoint Total raw reads i:idnsnl:l?:sed aligned to IWGSC aligned to
g v1.0 (%) miRNAs (%)
0031 PI" 2.5 93,151,277 80,555,074 93.42 1.26
0032 PI" 2.5 51,831,909 47,027,220 94.72 0.50
0033 PI" 2.5 56,859,068 51,702,145 94.38 0.55
0036 PI"o 2.5 92,921,266 64,149,762 93.18 1.58
0038 PP 2.5 54,543,913 51,142,702 86.78 0.61
0040 PI"o 2.5 51,888,351 47,352,976 93.41 0.43
0041 PI" 4.0 145,713,034 101,315,174 92.58 0.92
0042 PI" 4.0 54,477,110 45,915,250 91.79 1.06
0045 PI" 4.0 59,903,628 52,061,735 92.49 0.64
0046 PI"oF 4.0 102,251,969 63,200,583 91.84 1.42
0047 PI"Ok 4.0 50,169,386 42,352,786 91.88 0.88
0048 PI"Ok 4.0 65,007,806 57,180,398 93.00 0.78
0062 PI" 5.0 61,612,777 51,096,110 86.48 1.70
0063 PI" 5.0 68,156,221 47,620,339 83.62 1.18
0068 P17 5.0 85,865,526 52,380,380 89.05 1.64
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0071 PI" 5.0 65,207,217 53,431,174 86.40 2.06
0072 PI"T 5.0 53,569,030 44,623,233 87.25 1.79
0073 PIror 5.0 73,821,421 51,159,083 88.28 2.10
0074 PIror 5.0 58,433,845 39,786,024 87.96 1.95
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I used this small RNA-Seq dataset as input for three different miRNA prediction pipelines:
ShortStack ''%, miRDeep-P2 ! and miRador ''. I combined the results from all three pipelines

to generate a list of 2,182 putative MIRNA loci which encode 527 unique mature miRNAs.

The three pipelines predicted different mature miRNAs (Figure 2-2). miRDeep-P2 predicted
503 mature miRNAs, while miRador and ShortStack predicted 50 and 51, respectively. It
should be noted that some of these mature miRNAs are one nucleotide longer or shorter than
each other so are likely to be the result of different pipeline methodologies predicting the same
miRNA in different ways. miRador and ShortStack predictions were relatively similar with
38.3% of their predictions being shared. miRDeep-P2 generated a high number of unique
predictions: 86.1% of its predictions were not predicted by either miRador or ShortStack.

miRador miRDeep-P2

454
(86.1%)

ShortStack

Figure 2-2: Mature miRNAs predicted by three prediction pipelines based on small RNA-Seq
data generated from T. aestivum cv Paragon spikes from Waddington scale 2.5-5.0 (double
ridge to carpel extending round three sides of ovule) *'. The pipelines used were ShortStack ''°,

miRador ' and miRDeep-P2 '*°.

miRador and ShortStack assign predicted miRNAs to known miRNAs from miRBase.
Unfortunately, miRDeep-P2 does not offer this function, therefore the 454 candidate miRNAs

uniquely predicted by miRDeep-P2 were not assigned to a miRNA family. I therefore used the
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nucleotide basic local alignment search tool (BLASTn) algorithm to search for closely related
miRNAs in the miRBase database and used the top hit for each miRNA candidate with an
expectation value (E-value) cutoff of 1.0 to assign the candidate sequences to miRNA families.
According to this analysis, the combined results of all three pipelines identified members of
at least 143 miRNA families present in wheat spikes, which is a similar number in the
miRbase * and sSRNAanno * databases and the IWGSC v1.0 annotation '°. This analysis only
includes miRNAs expressed in wheat spikes during the early stages of development (W2.5 —
W5.0 #). Also, 145 of the candidate miRNAs were not assigned to a family as they were not
assigned to one by ShortStack or miRador and they did not produce a hit within the miRBase
database with an E-value <1.0. Some of these unassigned candidates may be false positives,
however, some were predicted by multiple pipelines, for example miRNA candidate-120 was
predicted by ShortStack, miRDeep-P2 and miRador. The number of miRNA families
identified suggests that this dataset represents a more comprehensive overview of miRNAs

present in the wheat spike during early development.

The family designations made using BLAST, although a useful indicator, should be treated
with some scepticism. The family-level miRNA annotation by ShortStack is based on
identifying known miRNAs in the dataset in the first instance, so are very high-confidence.
The miRador pipeline uses BLAST to search for candidate miRNA precursor sequences in the
miRBase database. As it uses the precursor sequence (as opposed to the mature miRNA
sequence | have used for my BLAST search), it is more likely to produce true positive hits
against known miRNAs. In summary, miRNA family annotations from ShortStack and
miRador can be treated with a higher level of confidence than the mature sequence BLAST

search I carried out.

I aligned the SRNA-Seq reads to this new list of putative miRNAs and found that between 0.5
and 2.1% of clean reads aligned to miRNAs (Table 2-3). I carried out PCA on this expression

data to visualise the variance between samples (Figure 2-3).

27



Chapter 2: The role of microRNAs during key developmental transitions in the wheat
inflorescence
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Figure 2-3: Principal Component Analysis (PCA) of small RNA-Seq data generated from
Triticum aestivum cv ‘Paragon’spikes. Each point represents a different biological replicate.
The timepoint of each biological replicate is defined in the legend according to the Waddington
scale ' and differentiated in the PCA plot by colour; W2.5 (double ridge) = pink, W4.0
(terminal spikelet) = green, W5.0 (carpel extending round three sides of ovule, 0.5 cm < spike
length < 1.5 cm) = blue. The genotype of each biological replicate is also defined in the legend
and differentiated in the PCA plot by point shape; circle = P17, triangle = P1"". Genotypes
are near-isogenic lines described in Adamski, et al. - in brief Pl " contains the ancestral
VEGETATIVE TO REPRODUCTIVE TRANSITION-A2a (VRT-A2a) allele, while P17
contains the VRT-A2b increased and extended expression allele. Percentages on x- and y-axes
refer to the percentage of variance each Principal Component (PC) describes. Black circles

denote W5.0 samples with different sampling dates.

The first two PCs described 47.1% of variance observed between the samples. Clustering was
observed according to timepoint, indicating that samples of the same timepoint were more
similar to each other than samples at different timepoints, suggesting that spike staging was
accurate. There was some clustering observed according to the sampling date. The W5.0

samples clustered according to sampling date (black circles in Figure 2-3, Table 2-1).
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2.4.2 3,535 transcripts contain sequences which may be bound by the

527 predicted mature miRNAs

I used TargetFinder 2126 to predict transcript targets for this novel list of miRNAs within the
IWGSC v1.0 genome annotation '°. TargetFinder output contains transcript-relative target loci
(the target location is given as a position within the mRNA sequence). To facilitate further
analysis (particularly to identify variation in these target sites), I created a script to translate
transcript-relative locations to genome-relative locations (Section A.6, available at
https://github.com/Uauy-Lab/transcript to genomic_loci). As far as [ am aware, a tool similar

to this which can be applied to any genome does not currently exist.

The number of predicted targets per miRNA varied from zero to 136, with each miRNA

targeting 7 transcripts on average (median).

2.4.2.1 This pipeline identified known miRNA-mRNA interactions

To test the sensitivity of the database I had generated I looked for miRNAs and

miRNA-mRNA interactions which have been well characterised in wheat.

2.4.2.1.1 miR156 targets SPL genes

Nineteen MIR156 loci were identified in this analysis, which produce two mature miR156
sequences. The first, miRNA candidate-351, was found in a BLASTn '*¢ search against the
miRbase mature miRNA database ** to be most similar to the Asparagus officinalis miRNA
aof-miR156a (accession: MIMAT0049765). The second, miRNA candidate-403, was most
similar to the Arabidopsis lyrata miRNA aly-miR156h-3p (accession: MIMATO0017412). The
sequences of miRNA candidate-403 and miRNA candidate-351 are substantially different, and
given the results of the BLASTn search, it is likely that they are the 3p and 5p sequences of
miR156, respectively. This is supported by the sequence of miRNA candidate-351 being

identical to previously reported miR156 sequences in wheat '*7,

miRNA candidate-351 is predicted by TargetFinder to target 14 transcripts from 11 genes in
the IWGSC v1.0 annotation '°. These include nine SPL genes: TaSPLI4-Al
(TraesCS7A01G246500), TaSPLI14-D1 (TraesCS7D01G245200), TaSPL17-D1
(TraesCS5D01G273900), TaSPL16-A1 (TraesCS7A01G260500), TaSPL16-D1
(TraesCS7D01G261500), TaSPL18-B1 (TraesCS5B01G286000), TaSPL18-D1
(TraesCS5D01G294400),  TaSPL4-A1  (TraesCS6A01G155300), and  7aSPL3-Al
(TraesCS6A01G110100) (Figure 2-4) '2. The miRNA candidate-351 binding sites are all
within the last exon of these 7aSPL genes. This result is consistent with studies which have
shown experimentally that miR156 targets SPL genes in wheat '*7'3, miRNA candidate-351
is also predicted to target TraesCS2B01G029900 and TraesCS4A01G341400, although these
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are both low-confidence predictions (TargetFinder score of 4) and there is no information
about these genes or their rice orthologues in the literature. TraesCS4A01G341400 contains
DUF594 (domain of unknown function 594) and DUF4220 protein domains and has a
different intron-exon structure to the SPL genes discussed here, so is unlikely that it is also an
SPL gene. TraesCS2B01G029900 was removed from the IWGSC vl.1 annotation %,

suggesting that it may be an inaccurate gene annotation.

5' 3
miRNA candidate-351 UGACAGAAGAGAGUGAGCAC

TaSPL14-A1 ® [, .|
TaSPL14-D1 ° i —
TaSPL17-D1 ® | —
TaSPL16-A1 { ] - 2 |
TaSPL16-D1 o o X N
TaSPL18-B1 o [ B T
TaSPL18-D1 L] e X )
TaSPL4-A1 L ] [ ' — il
TaSPL3-A1 ® ® [ — ||
@ Mismatch G:U pair A:U or G:C pair I Exon UTR ==Intron 1ImiRNA binding site

Figure 2-4: TaSPL (SQUAMOSA PROMOTER BINDING-LIKE) genes predicted to be
targeted by miRNA candidate-351 (miR156). The complementarity between miRNA candidate-
351 and its predicted TaSPL targets is shown using a dot diagram. The 5" to 3’ miRNA
candidate-351 sequence is shown at the top of the figure. Each coloured dot represents a
binding site nucleotide in putative target genes, from 3’ to 5’. Blue dots represent a perfect
Watson-Crick base pair (A:U or G:C), gold dots represent a G:U pair, and red dots represent
a mismatch. The exon-intron structure of the target TaSPL genes is shown to the right. Blue
boxes represent untranslated regions (UTRs), teal boxes represent exons, and red boxes

represent the predicted miRNA binding site for miRNA candidate-351.

miRNA candidate-403 is not predicted to target any genes in the IWGSC v1.0 annotation '°.

242.1.2 miR165/166 targets HD-ZIP lll transcription factors

Seven miR165/166 mature sequences were predicted during my analysis. miRNA candidates-
289, 290, 291, 292, and 293 are almost identical, differing by a maximum of two SNPs.

95

miRNA candidate 291 is identical to the sequence reported in Dixon, et al and

Yadav, et al. '3° as miR166.

As expected, these five miRNA candidates were predicted by TargetFinder to target all three
homoeologues of HB-2 (TraesCS1A01G157500, TraesCS1B01G173900, and
TraesCS1D01G155200), as Dixon, et al. *> showed. The in silico target predictions also
include a gene with a high level of similarity to PHABULOSA (AtPHB) in Arabidopsis '*;
miR 165 has been shown to target PHB in Arabidopsis .

30



Chapter 2: The role of microRNAs during key developmental transitions in the wheat
inflorescence

The identification of known interactions in our data provides us with confidence that this
analysis is producing true positive predictions from the dataset and that it has sufficient

sensitivity to identify key known interactions and potentially novel interactions.

2.4.3 Variation in miRNA target sites

Variation in miRNA target sites presents a novel source of material for testing questions in
developmental biology and for integration into breeding pipelines. I will focus on two types

of variation in this section:

e Induced variation in EMS-mutagenised and sequenced tetraploid and hexaploid
TILLING populations 3!

e Natural variation in the A. E. Watkins hexaploid landrace collection **

By utilising different populations, I hoped to identify the broadest possible range of variation
in miRNA binding sites.

2.4.3.1  There is induced variation in miRNA target sites in wheat TILLING populations

I analysed the wheat TILLING populations *' in both 7. aestivum cv ‘Cadenza’ and T turgidum
cv ‘Kronos‘ backgrounds to identify lines with variation in the 3,535 putative miRNA binding
sites predicted in Section 2.4.2. There are 2,590 and 1,306 variants in miRNA binding sites in
the Cadenza and Kronos TILLING populations, respectively. Due to the polyploid nature of
wheat, loss-of-function mutations in one gene are often phenotypically masked by its
homoeologues *!. As a result, mutant lines must often be crossed to generate a triple null
mutant line and reveal the full phenotypic effect. Variation in miRNA binding sites may lead
to better miRNA binding (decreasing target gene expression) or less effective miRNA binding
(increasing target gene expression). SNPs which decrease the ability of a miRNA to bind to a
gene are likely to have dominant phenotypic effects 3%, reducing the need for lengthy

crossing schemes and enabling their immediate use in breeding.

47.8% of all Cadenza TILLING lines contain variation in miRNA binding sites. I linked this
data with phenotypic data which was collected by James Simmonds. I first wanted to identify
broad patterns and try to detect whether extreme phenotypic values (i.e., those in the top or
bottom 10% of values by rank) were enriched for mutant lines with variation in miRNA
binding sites. I analysed the following phenotypes: the number of basal and apical rudimentary
basal spikelets, spikelet density, the number of seeds per spike, the number of seeds per
spikelet, spike length, seed density, the number of spikelets per spike, thousand grain weight
(TGW), mean grain width and length, and yield per spike. In brief, I ranked the TILLING
lines for each phenotype and assigned the top and bottom 10% of lines as ‘outliers’ for that

phenotype (there were no lower outliers for the rudimentary basal and apical spikelet

31



Chapter 2: The role of microRNAs during key developmental transitions in the wheat
inflorescence

phenotypes as a large number of lines had no rudimentary basal or apical spikelets) (Figure
2-5 and Figure 2-6). Lines with variation in miRNA binding sites are not significantly enriched
in ‘outliers’ for any phenotype (chi-square test: spike length X*(1) = 0.13, p = 0.72; spikelets
per spike X?(1) = 1.57, p = 0.21; number of rudimentary basal spikelets X*(1) =0.27, p = 0.60;
number of rudimentary apical spikelets X*(1) = 0.01, p = 0.91; seeds per spikelet X*(1) = 0.42,
p = 0.52; yield per spike X?(1) = 0.66, p = 0.42; seeds per spikelet X*(1) = 0.25; p = 0.62; seed
density X*(1) = 0.66, p = 0.42; spikelet density X*(1) = 1.19; p = 0.28; TGW X?*(1) = 1.27,
p = 0.26; grain width X*(1) = 0.41, p = 0.52; grain length X*(1) = 0.03; p = 0.87).
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Figure 2-5: Phenotypic data of Triticum aestivum cv ‘Cadenza’ TILLING population *' for (4)
number of rudimentary apical spikelets, (B) number of rudimentary basal spikelets, (C)
number of spikelets per cm, (D) number of seeds per spike, (E) number of seeds per spikelet
and (F) spike length. All data points are average values across 10 primary spike samples. Blue
data points correspond to TILLING lines which contain at least one SNP within a predicted
miRNA binding site. Pink data points correspond to TILLING lines which do not contain any
SNPs in predicted miRNA binding sites. Vertical dotted lines represent the threshold for the
top (A-F) and bottom (C-F) 10% of data points by rank.
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Figure 2-6: Phenotypic data of Triticum aestivum cv ‘Cadenza’ TILLING population *' for (4)
number of seeds per cm, (B) number of spikelets per spike, (C) thousand grain weight, (D)
grain width, (E) yield per spike and (F) grain length. Data points for (A, B and E) are average
values across 10 primary spike samples. Data points for (C, D and F) are average values from
unreplicated 1 m rows. Blue data points correspond to TILLING lines which contain at least
one SNP within a predicted miRNA binding site. Pink data points correspond to TILLING lines
which do not contain any SNPs in predicted miRNA binding sites. Vertical dotted lines
represent the threshold for the top and bottom 10% of data points by rank.
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2.4.3.2  This dataset can be used to identify useful induced variation in miRNA target sites

To take advantage of this novel dataset, I identified TILLING lines *! with variation in miRNA
binding sites in genes we know to be involved in wheat spike development (Figure 2-7). SPL
genes are known to be targeted by miR156 and as shown in Section 2.4.2.1.1. There are two
TILLING lines with SNPs in the 7aSPL4-A1 (TraecsCS6A01G155300) miR156 binding site
(Figure 2-7A). Kronos2942 has a synonymous SNP at position 4 (from the miRNA 5’ end) of
the binding site which results in an additional mismatch between 7aSPL4-A1 and miR156.
Cadenza0670 has a missense SNP at position 9 of the binding site which also generates an
additional mismatch. Both SNPs are located in the miRNA seed region (defined as positions
2-12 from the miRNA 5’ end '*1''%%), increasing the likelihood of them having a significant
effect on miR156 regulation of 7aSPL4-A1. These lines are currently being grown for
phenotyping. The rice orthologue of 7TaSPL4-A1, OsSPLI11, has been shown to positively
regulate grain length and TGW '*. However, in the phenotyping data described in Section
2.4.3.1, the length of Cadenza0670 grains was in fact lower than the wildtype (6.3 cm and
6.7 cm, respectively). The TGW was also lower in Cadenza0670 (39.7 g, compared to 45.7 g
for the wildtype). TILLING lines contain, on average, 5,351 mutations per hexaploid line 3'.
Therefore, it would be important to backcross both candidate TILLING lines to accurately

quantify any effect these variants have on spike phenotypes.

There is also variation in the seed region of the 7aSPL14-A1 (TraesCS7TA01G246500) miR156
binding site within the TILLING populations (Figure 2-7B). Cadenzal807 and Kronos3819
have an identical missense mutation at position 11 which confers an additional mismatch.
TaSPL14-A1 has been shown to positively regulate grain number and size '*°. Cadenzal807
had a lower number of seeds per spike than the WT in the field trials described in this Chapter
(60.6, compared to 81.2 for the wildtype), but a higher TGW of 50.1 g compared to 45.7 g for
the wildtype. These lines are also being grown for phenotyping.
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Figure 2-7: TILLING lines *' with variation in miRNA binding sites in both tetraploid Triticum
The

turgidum cv ‘Kronos’ and hexaploid T aestivum cv ‘Cadenza’ backgrounds.
complementarity between miRNA candidates, their predicted wildtype targets and the EMS-
induced mutant alleles of these targets are shown using a dot diagram. . The 5’ to 3’ miRNA
candidate sequence is shown at the top of each figure. Each coloured dot represents a binding
site nucleotide in putative target sites, from 3’ to 5°. Each coloured dot represents a binding
site nucleotide. Blue dots represent a perfect Watson-Crick base pair (4:U or G:C), gold dots
represent a G:U pair, and red dots represent a mismatch. Dashes represent a gap in the
alignment which would form a bulge during miRNA-mRNA binding. (A) miRNA candidate-
351 binding to wildtype TaSPL4-A (TaSQUAMOSA PROMOTER BINDING-LIKE 4-A)and
TILLING lines with variation in the binding site, (B) miRNA candidate-351 binding to
wildtype TaSPL14-A (TaSQUAMOSA PROMOTER BINDING-LIKE 14-A) and TILLING lines
with variation in the binding site, (C) miRNA candidate-397 binding to wildtype FT-Al
(FLOWERING LOCUS T-Al) and TILLING lines with variation in the binding site, (D)
miRNA candidate-292 binding to wildtype TaHox33 and TILLING lines with variation in the
binding site, (E) miRNA candidate-289 binding to wildtype TaHox33 and TILLING lines with
variation in the binding site, (F) miRNA candidate-290 binding to wildtype TaHox33 and
TILLING lines with variation in the binding site, (G) miRNA candidate-291 binding to
wildtype TaHox33 and TILLING lines with variation in the binding site, miRNA candidate-

153 binding to wildtype DEP1 (DENSE AND ERECT PANICLE 1) and a TILLING line with
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variation in the binding site, and (I) miRNA candidate-147 binding to wildtype DEPI and a
TILLING line with variation in the binding site.

FLOWERING LOCUS T (FT) genes are central regulators of flowering time ', It has been
shown that FT genes are targeted by miR5200 in Brachypodium distachyon ¥’ and this
interaction was predicted in my analysis in wheat. There are two TILLING lines with variation
in the seed region of the miR5200 (candidate-397) binding site in FT-Al
(TraesCS7A01G115400) (Figure 2-7C). Cadenzal 185 contains a synonymous SNP at position
12 which confers an additional mismatch to miR5200, while Kronos0508 has a missense SNP
at position 5 which also reduces the complementarity between miR5200 and F7-41. These
lines are currently being grown under long day (16 h light 20 °C, 8 h dark 16 °C) and short
day (10 h light 20 °C, 14 h dark 16 °C) conditions and flowering time will be quantified for

t 146

mutant and control lines. F7T1 has been shown to accelerate flowering in wheat '*°, so I would

expect the flowering time of these lines may be altered, and that any differences may depend

148

on the Photoperiod-1 allele of the parent line '*° and on whether the plants are grown under

short day or long day conditions '#°.

In parallel to my work, PhD student Isabel Faci identified candidate genes which may
contribute to the control of branching during wheat spike development. Two of these genes,
TaHOX33 (TraesCS5D01G052300) and DENSE AND ERECT PANICLE 1 (DEPI)
(TraesCS5D01G216900), could also be targeted by miRNAs based on my analysis. Ta HOX33
is predicted to be targeted by candidate-292, 289, 290 and 291 which are all members of the
miR165/166 family. The best BLASTn hit for candidate-289 against the miRBase database
was ata-miR5168-3p, however, despite it being designated as a member of the miR165 family
by miRador. As outlined in Section 2.4.1, the miRador and ShortStack annotations should be
treated with a higher confidence level than the top BLASTn hit. The interaction between
miR165/166 and TuHOX33 has been shown previously '*°. There are two TILLING lines with
variation in the seed region of the miR165/166 binding site in 7aHOX33 (Figure 2-7D-Q).
Cadenzal300 has a missense/splice region variant SNP at position 9 and Cadenzal622
contains a missense SNP at position 6 which both reduce the complementarity between
miR165/166 and TaHOX33. A miR165/166-resistant copy of OsHOX33 has been
overexpressed in rice, resulting in phenotypes such as rolled and radialised leaves (where there
is a loss of either abaxial or adaxial identity '*'). I expect the Cadenzal300 and Cadenzal622
mutant lines would show a similar, although perhaps more subtle phenotype as the

miR165/166-resistant TuHOX33 allele is not overexpressed.

DEP] is predicted to be targeted by candidate-153 and 147 which are all members of the

miR531 family. Cadenzal045 contains a missense SNP at position 5 which increases
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complementarity to candidate-153 and reduces complementarity to candidate-147 (Figure
2-7H-I). Candidate-147 is more highly expressed at all timepoints than candidate-153
(>43 RPM in all samples, compared to <21 RPM in all samples). Therefore, I would predict
that the SNPs effect of reducing complementarity to candidate-147 would have a greater
impact than its effect on increasing complementarity to candidate-153. OsDEPI is a major
rice grain yield QTL 2. An allele which creates a premature stop codon, depl, enhances
meristematic activity, suggesting that the DEPI gene represses the development of

inflorescence meristems '>2.

The same study which characterised OsDEPI generated
transgenic wheat containing a pUbi:RNAi-TaDEPI construct which knocked-down the
expression of TaDEPI '2. The presence of this construct resulted in a lax ear with a lower
number of spikelets %2, Therefore, I hypothesise that Cadenzal045 would have a more
compact ear with a higher number of spikelets per spike. Cadenzal045 is not an outlier for
spikelets per spike as described in Section 2.4.3.1. The lowest value for upper outliers is 21.67,
so it is just below the cutoff. Cadenzal045 has an above average number of spikelets per spike
with 21.40; the average across all Cadenza TILLING lines is 18.79 and Cadenza wildtype has
21.29 spikelets per spike. This initial phenotyping data suggests that the Cadenzal045 SNP in

the miR531 binding site may have a positive effect on the number of spikelets per spike which

is consistent with studies in rice 2.

Cadenzal045, Cadenzal300 and Cadenzal622 are currently being grown to be phenotyped
for spike architecture traits. These lines with variation in miRNA binding sites promise
exciting new avenues for modifying key traits such as spike architecture which can be

deployed to accelerate crop improvement.

2.4.3.3  Natural variation in miRNA target sites is correlated with spike phenotypes

To test whether variation in miRNA target sites correlates with phenotypic changes, I
combined recently published whole-genome sequencing data of the A. E. Watkins hexaploid
landrace collection ** with multi-trait phenotypic data from a field trial conducted in 2020 as
a collaboration between the Uauy and Griffiths groups at the JIC, UK. I tested for significant
phenotypic differences between lines with either the reference or alternate SNP in miRNA
target sites. I have identified 187 promising SNPs in miRNA target sites which significantly
correlate with at least one phenotype in the Watkins collection (Table 2-4, Table S3).

I have begun to investigate the potential of two SNPs which correlate with TGW (Table 2-4).
A SNP at position chr2B:89,555,683 is within the gene VACUOLAR SORTING RECEPTOR
HOMOLOG 1-Bl (TaVSRI-BI1) (TraesCS2B01G122400) and lines with the alternative
nucleotide at this position have a significantly higher TGW compared to lines with the

reference nucleotide (one-way ANOVA: F(1, 669) = 70.40, adjusted p <0.001) (Figure 2-8A).
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TraesCS2B01G122400 is predicted by TargetFinder to be targeted by miRNA candidate-125,
which has most sequence similarity to the stem-loop sequence of tae-MIR5384 in the miRBase
database **

(Tur-miR5384b-Known and Tur-miR5384a-Known) *°. A study investigating miRNAs which

and the two miR5384 sequences from T urartu in the sRNAanno database

are expressed in the wheat grain found that miR5384 had relatively high expression during the
middle stages of grain development and, interestingly, that it was differentially expressed in
high and low nitrogen conditions !**. One paper has been published on the gene TaVSR1-BI '3,
which showed that increasing 7aVSR-BI confers deeper roots with a higher dry weight,
although there was no significant different in TGW between the wildtype and lines with higher
TaVSR-B1 expression '**, The increase in TaVSR-B1 expression in this paper was conferred by
the absence of a miniature inverted-repeat transposable element (MITE) which is present in
the promoter regions for some haplotypes, therefore the changes to TaVSR-BI expression
would likely be different between the lines used in this paper and those with the SNP I
identified in my analysis. No published studies have investigated the role of 7aVSR-BI in
developing grains, however data from the Azhurnaya developmental gene expression atlas
shows that 7aVSR-B1 is expressed >5 TPM in anthers at anthesis, grain at milk grain and soft
dough stages, and the endosperm at dough stage *>!5°. The AtVSRI gene in Arabidopsis has
been shown to sort storage proteins in seeds, and the seeds of stvsri loss-of-function plants

had smaller protein storage vacuoles than wildtype seeds '°.

The synonymous SNP in 7TaVSR-B1 is located in position 19 of the binding site (from the 5’
end of the miRNA, outside the putative seed region '*!"'*%). The 288 lines with a G in this
position, which confers a Watson-Crick base pair at this position, had a mean TGW o0f 43.8 g,
compared to the 383 lines with an A at this position which confers a mismatch and had a mean
TGW of 48.2 g, a 10.0% increase. The modern varieties with genome assemblies hosted by
Ensembl Plants have a mixture of alleles at this position, suggesting that the alternative allele
which is correlated with an increase in TGW may not be present in some elite varieties.
ArinalLrFor, Jagger, Julius, and Mace all contain an adenine at this position, while Lancer,

Landmark, Norin61, and Stanley contain a guanine.
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Table 2-4: SNPs in the A. E. Watkins collection located within putative miRNA binding sites

which have statistically significant associations with phenotypic differences according to a

one-way ANOVA. p-values have been adjusted using the Benjamini-Hochberg procedure. SNP

locations are given from the IWGSC v1.0 annotation. The full dataset can be found in

Supplementary Table S3.
SNP location F value Adjusted p value Phenotype
chr2B:89555683 11.79 0.01 Glume length
19.22 <0.001 Spike length
33.60 <0.001 Maximum number of florets per
spikelet
53.27 <0.001 Grain area
30.43 <0.001 Grain length
43.54 <0.001 Grain width
70.40 <0.001 TGW
chr7B:526865360 16.37 0.003 Glume length
7.59 0.04 Infertile basal spikelets
17.90 <0.001 Maximum number of florets per
spikelet
74.55 <0.001 Grain area
55.46 <0.001 Grain length
46.08 <0.001 Grain width
64.03 <0.001 TGW
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Figure 2-8: Thousand Grain Weight (TGW) in grams for lines from the A. E. Watkins hexaploid
landrace collection ** with specific SNPs in putative miRNA binding sites in (4) TaVSR-BI
(VACUOLAR SORTING RECEPTOR HOMOLOG 1-Bl) and (B) TaGELP87-B1 (GDSL
ESTERASE/LIPASE PROTEIN 87-Bl1). 0/0 corresponds to the reference nucleotide at this
position (chr2B:89,555,683 for TaVSR-BI and chr7B:526,865,360 for TaGELPS87-B1 in the
IWGSC v1.0 assembly ), 1/1 corresponds to the alternative nucleotide at this position.
Significance levels according to a one-way ANOVA are indicated with asterisks: * p < (.05,
**p <0.01, **¥*p < 0.001.

A SNP at position chr7B:526,865,360 is within the gene GDSL ESTERASE/LIPASE PROTEIN
87-B1 (TaGELPS87-BI) (TraesCS7B01G290600) (named according the orthologue in rice) and
lines with the alternative nucleotide at this position have a significantly lower TGW compared
to lines with the reference nucleotide (one-way ANOVA: F(1, 675) = 64.04, adjusted
p <0.001) (Figure 2-8B). Little is known about 7aGELPS87-B1 or its orthologue in rice. There
are three orthologues in Arabidopsis reported by Ensembl Plants (GUARD-CELL-ENRICHED
GDSL LIPASE 14 (AtGGL14), AT2G42990, and GUARD-CELL-ENRICHED GDSL LIPASE
23 (AtGGL23)) 28 but little is known about any potential role in seed development. In the
Azhurnaya developmental gene expression atlas, TaGELP87-B1 is expressed >5 TPM in the
coleoptile at seedling stage, the shoot axis and first leaf sheath at the first leaf stage, spikelets

at 50% spike emergence, and in grains at the hard dough stage *>'*°. Highest TaGELP87-B1
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expression is in grains at 13.3 TPM ?2!%, Expression in tissues which could logically affect

TGW means that this is also a promising avenue for future research.

The synonymous SNP in 7aGELPS87-Bl is in the putative binding site of miRNA
candidate-367, which shares the most sequence similarity to tac-miR9664-3p in miRBase **.
tae-miR9664-3p is differentially expressed in high and low nitrogen conditions '**. The
alternative nucleotide confers an additional match with miRNA candidate-367 compared to
the wildtype which has a mismatch at this position. The SNP is in position 20 of the binding
site (from the 5’ end of the miRNA), outside the miRNA seed region #1143, The 612 lines with
the reference adenine at this position have a mean TGW of 47.0 g, while the 65 lines with the
alternative cytosine at this position have a mean TGW of 39.9 g, a 15.1% reduction. The
modern varieties ArinaL.rFor, Jagger, Julius, Lancer, Landmark, Mace, Norin61, and Stanley
all contain the alternative allele which confers a higher TGW, which presents the possibility

that it has been unconsciously selected for by breeders.

2.5 Discussion

2.5.1 This dataset represents a comprehensive overview of miRNAs
expressed during early wheat spike development

In this chapter I aimed to generate a comprehensive database of miRNAs which act during the
key stages of early spike development. To do so, I generated a high-quality sSRNA-Seq dataset.
I maximised the sensitivity of this study by sequencing to a high depth.

The alignment rate for my sSRNA-Seq dataset was relatively low against my list of candidate
miRNAs at 0.43-2.10%. In the literature, mapping rates for SRNA-Seq datasets vary. However,
studies where miRNAs were either enriched using a glass-fibre filter (e.g., mirVana™ miRNA
Isolation Kit (ambion)) or size-selected by polyacrylamide gel (as the data here was) also
produced low alignment rates against lists of known miRNAs ranging from 0.11-8.46% 5715,
My data had a high alignment rate against the full wheat genome, and the read size distribution
showed the expected peaks at 21 and 24 nucleotides %!, Combined, this evidence means
that I remain confident in the sequencing data quality. The reads that did not align with the
candidate miRNAs are likely to originate from other small non-coding RNAs (such as tRNA
and snRNA) or degraded mRNA. In future, I would use an extraction technique such as the
mirVana™ miRNA Isolation Kit (ambion) which includes a glass-fibre filter which generates
samples enriched for RNA <200 nt. I could then evaluate whether this increases the proportion

of NGS reads originating from miRNAs.
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I used three independent pipelines to identify known and novel miRNAs in this dataset, again
to increase the level of sensitivity. Previous studies have shown that the three pipelines I used
(miRDeep-P2, miRador and ShortStack) have variable performance according to the dataset,
and that despite some overlap, each produce unique predictions ''5. Hammond, et al. '

recommended that multiple pipelines could be used to provide maximum benefit.

miRDeep-P2 predicted more unique miRNAs than miRador and ShortStack. 90.3% of
miRDeep-P2-predicted miRNAs were unique (not predicted by either one of the other
pipelines), compared to 28.0% and 11.8% for miRador and ShortStack respectively.
miRDeep-P2 does not collapse closely related alignments in the same way that miRador and
ShortStack do; single nucleotide positional variants (where the miRNA sequence is identical
but includes a single additional nucleotide at the 5’ or 3’ end) are annotated by miRDeep-P2
as unique candidates. This methodology may partially explain why the number of miRNAs
that miRDeep-P2 predicts is so much higher than for ShortStack or miRador. It would be
beneficial to consolidate single nucleotide positional variants in my dataset to avoid

redundancy.

All three pipelines use the criteria in Axtell and Meyers ™ to filter miRNA candidates,

true positives
true positives + false positives

therefore the level of precision ( ) for each pipeline should be

comparable. Hammond, et al. '°

calculated the precision of miRador, ShortStack and
miRDeep-P2 for datasets in Arabidopsis, rice, and maize against the miRBase database and
sPARTA (small RNA-PARE target analyser) '* (generating a list of miRNAs by predicting
miRNA targets and validating them using PARE). The level of precision in relation to SPARTA

and miRBase varied according to species !!°

. Despite producing a higher number of
candidates, miRDeep-P2 was only the least precise tool when analysing a maize SRNA-Seq
dataset in relation to the miRBase database '5. In my dataset, some well-characterised
miRNAs such as miR156 (candidate-351) were only predicted by miRDeep-P2. This suggests
that despite the substantially higher number of predictions made by miRDeep-P2, it does not
have a lower level of precision than miRador or ShortStack. By combining the results of three

different pipelines I have made best use of the SRNA-Seq dataset [ generated.

The analysis I carried out on the dataset I generated predicted miRNAs that have been

137,138

characterised in wheat such as miR156 and miR165/166 °°. My analysis also correctly
predicted known targets of these miRNAs as described in Section 2.4.2.1. This gives me

confidence in the sensitivity of my analysis and in any novel predicted miRNAs and targets.
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2.5.2 A novel locus translation tool is useful resource for the genomics
community

As part of my analysis, I needed to translate the transcript-relative loci reported by
TargetFinder to genome-relative loci so that I could identify variation in miRNA binding sites.
Despite an extensive search, no appropriate tools are currently available that can be used on
non-model species such as wheat. Therefore, I generated a bash/R-based script which can
accurately translate transcript-relative locations to genome-relative locations. This script
(Section A.6) is publicly available at https://github.com/Uauy-
Lab/transcript to genomic loci and will provide a simple-to-use tool for this common task

for the genomics community.

2.5.3 A comprehensive wheat miRNA database constitutes a key
resource for developmental biology

The 527 candidate miRNAs from at least 141 families and 3,535 candidate targets which I
have predicted in silico provide a valuable novel dataset summarising miRNAs expressed
during early wheat spike development. 59 of these belong to miRNA families which are not
present in the IWGSC v1.0 annotation '°>, miRBase ** or sSRNAanno * and I have not assigned
145 miRNA candidates to any known miRNA family. These data will open interesting new
avenues for research, some of which are already being implemented (Section 2.4.3.2). By
developing a more comprehensive understanding of the miRNAs that are present in the wheat
spike during this crucial period of development, we can help improve our understanding of

wheat inflorescence biology more generally.

The sRNA-Seq dataset I have generated will be useful to understand the abundance of
miRNAs during wheat spike development. A high-quality sSRNA-Seq dataset means that one
can distinguish between the expression of individual miRNA family members, something
which I took advantage of in the detailed characterisation of the miR172-4P2 interaction I
describe in Chapter 3. As I will further describe in Chapter 3, there is evidence in Arabidopsis
that closely related miRNA family members can have different functions 9!, Stem-loop
RT-qPCR (real-time quantitative reverse transcription PCR) is unlikely to reliably distinguish
between miRNA family members, particularly those with differences at their 5> end '®.
Therefore, SRNA-Seq is the best avenue for characterising the expression profile of individual

mature miRNAs.

miRNAs play roles in key genetic pathways which affect wheat spike development and mature
morphology such as the regulation of AP2-like genes by miR172, and SPL genes by miR156.

Modifications to these interactions result in significant changes to spike architecture traits such
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32,66

as spikelet density and grain number ', Disrupting specific miRNA interactions by using

32, knocking down miRNA abundance using target

miRNA overexpression constructs
mimicry 1% (the expression of MIM (mimic) constructs which sequester miRNAs), and

mutagenizing miRNA binding sites ®, can help to characterise miRNA-target interactions.

I have identified candidate TILLING lines with variation in miRNA binding sites (Section
2.4.3.2). I have predicted the phenotypic consequences of the SNPs in these TILLING lines
and am currently growing the lines to quantify the relevant phenotypes. By interfering with
these miRNA-mRNA interactions I expect these lines to show differences in agronomically
important traits such as flowering time and spikelet density. By improving our knowledge of
wheat spike development, we can effectively target breeding efforts to modify specific genetic

interactions.

2.5.4 A comprehensive wheat miRNA database can be used for better
wheat breeding

Potential miRNA-related targets for wheat breeding can be identified from this dataset. There
is existing natural and induced variation in miRNA binding sites (Section 2.4.3) which would
often confer a dominant increase in target protein abundance. miRNA and their target sites are

highly conserved across land plants ¢’

, which may limit the natural variation that can be found
in wheat populations such as the A. E. Watkins landrace collection *4. In my analysis, I found
385 unique miRNA target site variants in the hexaploid Watkins collection (0.37 variants per
line). This is compared to the hexaploid Cadenza TILLING lines which contain 1.49 miRNA
target site variants per line. It is tempting to speculate that this four-fold increase in induced
mutants compared to natural variation reflects the fact that nature and humans have actively
selected for conserved miRNA binding sites due to their key functions which are sequence-
dependent. Induced variation, on the other hand, is not under artificial selection pressure and
SNPs must only be non-lethal and not confer sterility to be carried forward. To more accurately
compare the levels of miRNA binding site variation in these two contrasting populations, it

would be important to establish the level of variation in surrounding regions, as SNPs may be

more abundant in the exons of TILLING lines compared to lines in the Watkins collection.

I have identified both natural and induced variation with potential for use in future wheat
breeding. TILLING lines were identified which have induced miRNA binding site variation
in genes which we know affect wheat spike development. I also identified natural variation in
miRNA binding sites in the Watkins collection which correlates with differences in key
phenotypes such as TGW and spike length. The associations made between SNPs in miRNA
binding sites and phenotypes in the Watkins collections are likely to include false positives,

as we know that variation is often associated with a haplotype block '®%; the correlation may
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stem from a nearby allele which has been inherited together with the miRNA binding site SNP.
However, the SNPs which I explored in this thesis which are associated with changes to TGW

are in genes which are expressed in wheat grains %15

, as are the miRNAs which target
them '3, Therefore, these may represent exciting avenues for future research. A more detailed
analysis of the miRNA binding site SNPs that are correlated with phenotypic changes may

elucidate further promising candidates.

The variation identified in Watkins and TILLING lines is non-genetically modified (GM) so
would not be subject to any restrictive legislation regarding its growth or commercial use. This
is important in the current legislative landscape, as the release and marketing of genetically
modified organisms (GMOs) remains under strict control '®, The regulation surrounding gene
edited crops has been relaxed over the past five years in the UK '7°, providing scope to develop
and commercialise gene-edited crops. There is potential to use gene editing to alter miRNAs
and their target sites, although this is limited by the small target region (just 20-24 nucleotides
for miRNA target sites) and whether there’s a nearby protospacer adjacent motif (PAM). Also,
any non-synonymous changes to miRNA binding sites in open reading frames (ORFs) may
also impact the amino acid sequence as well as miRNA binding. This is of particular relevance
in plants as it has been suggested that, unlike in mammals where the majority of miRNAs bind
to 3° UTRs "', miRNA binding sites in plants are distributed across genes '”>. However, this
appears to be mostly anecdotal knowledge. A more comprehensive analysis of miRNA target
site locations using this dataset would be beneficial to assess how much consideration would
need to be given to the impact on non-synonymous mutations in miRNA binding sites.
AlphaFold could also be used to predict and minimise the impact of non-synonymous SNPs
on protein structure . Unintended effects could also be minimised by using prime editing
(reviewed in Chen and Liu '7*) to make precise single nucleotide changes to miRNA target

sites without affecting the rest of the mRNA.

One advantage of exploiting SNPs in miRNA binding sites is that the effect of specific SNPs
can be easily tested using a dual luciferase assay. I will describe how I used a dual luciferase
assay to test a range of miRNA binding sites in Chapter 3. This method can be used to quickly
estimate changes in target mRNA and protein level for different miRNA target sites. This assay
does not account for the mRNA context of the binding site (and therefore binding site
accessibility), however it provides a good initial indication of whether particular SNPs in
target sites affect miRNA binding before taking lines forward for further fundamental study

or into pre-breeding pipelines.
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2.5.5 Future perspectives

Novel sources of variation are essential to facilitate crop improvement and ensure future food
security in the context of an increasing global population. Dominant and easily selectable
variation, such as that often conferred by changes to miRNA binding sites, is of particular use
to wheat breeders. This strategy was highlighted as an effective avenue for plant breeding in
Brassica in a recent review by Rani, ef al. '°; the potential highlighted in this review is also

applicable to wheat.

New tools and resources, including this one, allow us to carry out developmental biology
experiments directly in crop species, rather than transferring knowledge from model species
such as Arabidopsis. This has the potential to accelerate the acquisition of knowledge. Future
work that was beyond the scope of this thesis could include the development of a miRNA
expression atlas to complement that published by Ramirez-Gonzélez, et al. >* for mRNA. A
more comprehensive resource such as this would be valuable for studies in wheat

developmental biology and for wheat breeding.
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3 How do APETALA2-2 and APETALA2-5 have

different expression patterns in developing
spikes when they are both regulated by
microRNA172?

3.1 Chapter summary

In this chapter, I deepened our understanding of a single genetic network involving a miRNA
which plays a key role during wheat spike development. The miR172-4P2 interaction has
been studied previously in wheat *>%* however 1 have taken a nuanced approach to
disentangle the distinct functions of miR172 family members and of the 4P2-like genes AP2-2
and AP2-5. I found that AP2-2 and AP2-5 have opposite expression profiles during early wheat
spike development (increasing and decreasing, respectively) and I generated hypotheses to
explain these patterns in the context of their repression by miR172. I found that miR172a and
miR172b repress AP2-2 and AP2-5 equally in a dual luciferase assay, so different miR172
family members do not target different 4P2-like binding sites. I have begun to generate
transgenic lines with modified AP2-54 miR 172 binding sites to test further test this hypothesis
in the context of AP2-54 mRNA. Using MERFISH (multiplexed error-robust fluorescence in
situ hybridization), I found that there were relatively few cells in a W5.0 wheat spike where
AP2-2 transcripts were present, but 4P2-5 transcripts were not. This suggests that the opposite
expression profiles cannot be explained by miR172 being absent from domains where AP2-2
is expressed. I have described ways in which I could test my final hypothesis, that AP2-2 and
AP2-5 have significantly different transcription rates. By taking this detailed approach, I have
begun to shed light on the distinct functions of closely related miRNAs and genes, as has been

shown in Arabidopsis.

3.2 Introduction

3.2.1 The interaction between miR172 and AP2-like genes is a
cornerstone of wheat spike development

Small changes to miRNA-mRNA interactions can result in outsized phenotypic effects. One
of the key miRNA-mRNA interactions that regulates wheat spike development is the

interaction between 4P2-like genes and miR172.
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Alteration of the miR172-4P2-5 interaction has been identified as an important step during
wheat domestication *>%, 4P2-54, also known as Q, is a member of the AP2/ERF transcription
factor family. The crucial role of this single locus in the formation of modern wheat spikes has
been known since 1954 176, The Q allele of AP2-54 confers a free-threshing phenotype which
is essential for modern wheat cultivation, as well as other useful phenotypes such as reduced
rachis fragility, a compact spike (higher spikelet density) and free-threshing grains '":'8, The
ancestral ¢ allele of AP2-54 confers a speltoid spike (lower spikelet density) with tenacious
glumes, fragile rachises and non-free-threshing seed '"7. AP2-54, like several AP2-like genes
in Arabidopsis, is negatively regulated by miR172 in wheat *2. The Q allele of AP2-54 differs
from the ¢ allele by a SNP in the miR172 binding site, which subtly alleviates
miR172-mediated repression (Figure 3-1) 3*!”7. It does so by changing the binding at this
position from a Watson-Crick base pair (a C:G pair) to a G:U wobble. G:U base pairs
(reviewed by Varani and McClain ') are capable of binding and have a level of

thermodynamic stability between a Watson-Crick base pair and other mismatches.
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Figure 3-1: The effect of q and Q alleles of APETALA2-54 (AP2-54) on microRNAI72
(miR172) binding and wheat spike phenotypes. The Q allele contains an additional G:U
wobble in the miR172 binding site compared to the ancestral q allele, reducing miR172-
mediated degradation, conferring a compact spike phenotype with an increased number of
spikelets per cm along the rachis. AP2 domains are shown in purple and the ‘AASSGF’ box
(or miR172 binding site) is shown in red. Adapted from Gauley and Boden '*’.

Genotypes which confer more extreme changes in AP2-54 expression have more severe

32,66

phenotypic effects . ap2-5 and Ubi::miR172 (constitutive overexpression of miR172)

plants have lower levels of 4P2-5 expression and protein level, respectively, than the wildtype
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and this results in phenotypes such as sham ramification (a high number of florets per spikelet)
and glume-like bracts between the glumes and the first florets 2. MIM172 plants (which
contain a MIM construct which sequesters miR172) have a higher level of AP2-5 expression
than the wildtype. MIM172 plants have opposing phenotypes to ap2-5 and Ubi::miR172 3% a
lower number of florets per spikelet and glumes appear lemma-like with a reduced keel and

longer awns *2,

Studies in Arabidopsis have shown that the orthologue of AP2-54 (TARGET OF EATI
(AtTOEI), also known as RELATED TO AP2.7 (AtRAP27)) delays flowering '8!, There are
two orthologues of 4P2-5 in rice *: INDETERMINATE SPIKELETI (OsIDSI) and
SUPERNUMERARY BRACT (OsSNB). Knockout mutations in either of these genes results in
a similar phenotype to ap2-5 in that spikelets produce additional bracts (reminiscent of sham
ramification) "82!% In barley, knockouts of the AP2-5 orthologue (HvAPETALA2Like-HS5
(HvAP2L2-HS)) result in higher numbers of florets per spikelet and the formation of a terminal
spikelet which is absent in wildtype barley spikes .

This evidence suggests that AP2-5 expression represses branching along the rachilla by
increasing spikelet meristem determinacy. If 4P2-5 is absent, a higher number of floral
meristems form along the rachilla, resulting in sham ramification. This indicates that there is

an increased level of indeterminacy in the spikelet meristem.

HvAP2L-H5 has been shown to be expressed in barley lemma and palea *°, suggesting that
AP2-5 may promote a lemma-like identity. This is supported by the fact that in wheat low
AP2-5 expression leads to the formation of glume-like empty bracts, while high AP2-5
expression leads to lemma-like glumes . I hypothesize that 4P2-5 promotes a transition from
glume to lemma identity. The release of floral meristem repression in spikelet phytomers (see
Chapter 1 for a review of spikelet development) may be prevented by a strong glume identity
(or promoted by a strong lemma identity), which is why in plants with low 4P2-5 expression

there are additional glume-like bracts which do not contain floral organs.

3.2.2 AP2-2 and AP2-5 have partially redundant roles in wheat spike

development

Although 4AP2-5 is the most well-known, there are three other AP2-like genes in wheat with
miR 172 binding sites: AP2-1, AP2-2, and AP2-7 **. AP2-7 is not expressed in any tissues nor
conditions sampled to date, suggesting it may be a pseudogene *>*2. 4P2-5B has also been

shown to be a pseudogene '3

. AP2-1 is expressed in the roots and vegetative tissues but not
in the spike or grain ****, AP2-2 has a very similar expression profile to AP2-5, and it has been

shown that these genes have partially redundant functions >*2. AP2-2 is orthologous to 4P2
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in Arabidopsis * and SHATTERING ABORTIONI (OsSHATI) in rice *. Plants with an
rAp2l-A2 allele which is resistant to miR172 (resulting in higher AP2-2 expression) have
increased spikelet density and lemma-like glumes, as well as reduced lodicule swelling,
showing that 4P2-2 is actively regulated by miR172 *2. ap2-2 plants have wildtype spike
architecture, however have larger lodicules **. Increasing AP2-2 expression has similar effects
as increasing AP2-5 (except for the 4P2-2-specific lodicule phenotype), while decreasing

AP2-2 expression only affects lodicules, which suggests partial functional redundancy.

ap2-2 ap2-5 double mutants have a stronger phenotype compared to either single mutant, with
spikes made up almost entirely with empty lemmas which seem to have lemma- and glume-
like characteristics *>. This suggests that they may be acting via the same genetic pathway(s).
I hypothesise that AP2-2 may also promote the transition from glume to lemma identity in a
redundant manner with 4P2-5, meaning that in the double mutant the bracts have a strong
glume identity, repressing differentiation of the axillary meristem into a floral meristem. This
generates plants with numerous empty glume-like bracts. This phenotype was similar to that
seen in a strong Ubi::miR172 line, suggesting that of the genes targeted by miR172, AP2-2

and AP2-5 are likely to have the largest effect on spike architecture 24,

Homeotic conversions were also observed in ap2-2 ap2-5 double mutants; the two lodicules

and the adjacent stamen were replaced by a second carpel +

. Although homeotic conversions
are a fundamental part of the ABCDE model *>*°, this conversion is not consistent with the
model based on Arabidopsis. Therefore, although some elements of the ABCDE model are
conserved between dicots such as Arabidopsis and monocots such as wheat, there is evidence

of divergence in gene function.

3.2.3 Knowledge from other species shows we must properly
disentangle the functions of miRNA family members

I have shown in Chapter 2 that miRNAs play a critical role during inflorescence development.
Hence, to disentangle the complex interactions occurring during this key period, we must fully
understand the role that miRNAs play. Thus far, studies on the miR172-4P2 interaction in
wheat have treated miR172 as a single molecule ****. However, at least three different mature
miR172 sequences have been proposed, originating from five different loci in the wheat
genome 32. There is evidence in Arabidopsis that members of the same miRNA family can
have unique functions. miR164c (but not miR164a or miR164b) has been shown to control
petal number '%3. A second study also found divergent functions for miR164 family members
in Arabidopsis: MIRI164bis required to specify the shoot and flower boundary while
MIR164a is required for fruit growth '°2. In rice, MIR396e and MIR396f were found to affect
shoot architecture and grain size, but not MIR396a-d or MIR396g-h '*°. miR172 family
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members have been shown to have highly divergent expression patterns and functions in
Arabidopsis and Solanum lycopersicum (tomato) 6413 Therefore, it is critical that where
possible we investigate the characteristics of miRNA family members independently to fully
understand their functions. Due to recent advances in genetic resources and protocols, it is

now possible for this to be done in wheat.

3.2.4 Aims and hypotheses

My initial aim was to further characterise how mirl72 regulated AP2-like genes during spike
development. Early results presented an unexpected finding whereby 4P2-2 and AP2-5 have
opposite expression patterns despite previous studies reporting similar expression profiles 2.
Therefore, | honed my question towards understanding how AP2-2 and AP2-5 have opposite

expression profiles while being regulated by the same miRNA.

3.3 Methods

3.3.1 Phylogenetic analysis

I downloaded all amino acid sequences from Ensembl Plants release 58 apart from for maize
for which I used release 59 '*. I included all homoeologues of AP2-2 and AP2-5 from
T. aestivum and orthologues of these genes in O. sativa ssp. japonica, maize and Arabidopsis
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as reported by Ensembl Plants '®/. Finally, I used the amino acid sequence of

TaSEPALLATAI-AI (TaSEPI-AI) (TraesCS4A02G078700) as an outgroup.

I used MEGAX ' for phylogenetic analysis according to the guidance in Hall '®. T aligned

the amino acid sequences using MUSCLE '

with default parameters. I computed a Maximum
Likelihood tree using the JTT (Jones-Taylor-Thornton) matrix-based model ! and used the
95 positions with more than 95% coverage for tree construction. I used a discrete Gamma
distribution to model evolutionary rate differences among sites (5 categories (+G, parameter

=2.1237)) and 100 bootstrap replications to estimate the confidence of each clade.

3.3.2 Paragon RNA-Seq

This dataset is an internal Uauy group resource generated by Dr Nikolai Adamski, Dr Anna

Backhaus and Max Jones.

T. aestivum plants of cv ‘Paragon’ NILs carrying the VRT-A2a allele (P1"" ) and VRT-A2b
allele (P17°%) as described in Adamski, et al. *® were grown in 24-cell trays containing “John
Innes Cereal Mix” (described in Section 2.3.1). All plants were grown in growth chambers at

65% humidity with 16 h photoperiods and 20 °C/15 °C day/night temperatures. Basal and
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central sections of W2.5, W4.0 and W5.0 developing spikes were dissected as described in

Section 2.3.1 on dry ice then flash-frozen in liquid nitrogen.

Total RNA was extracted using the Direct-zol RNA Microprep Kit (Zymo Research) according
to the manufacturer’s instructions '%°, including on-column DNAse I treatment. mRNA was
sequenced by Novogene (Cambridge, UK) and approximately 50 million 150 bp PE reads

were sequenced per sample. Four biological replicates were sequenced per timepoint and

genotype.

Data quality was checked using FastQC v0.11.7 (Andrews !'%). Reads were trimmed using
Trim Galore v0.4.2 and Cutadapt v1.9.1 (Martin '3, Krueger '°%) with a minimum length after
trimming of 50 bp (--1length 50). The Kallisto v0.44.0 (Bray, et al. '**) quant command
was used to quantify transcripts against the IWGSC v1.1 annotation *® with the number of

bootstrap samples set to 30 (-b 30).

I carried out statistical analyses using R v4.3.2 2, T calculated a mean TPM (transcripts per
million) value for each replicate by averaging the TPM values for the central and basal
sections. I used one-way ANOVAs with Tukey post-hoc tests to test differences between the

expression of homoeologues at each timepoint.

3.3.3 Chinese Spring RNA-Seq

This dataset is an internal Uauy group resource generated by Max Jones, Isabel Faci, Katie

Long and Dr Neil McKenzie.

3.3.3.1  RNA Sequencing

T aestivum cv ‘Chinese Spring’ seeds were germinated in Petri dishes on filter paper wetted
with distilled water. The seeds were kept at 4 °C for two days, then at room temperature for
two days. Germinated seeds were sown in 24-cell trays of “John Innes Cereal Mix” (described
in Section 2.3.1). W1.5, W2.0, W2.5 and W3.0 samples were collected from seedlings in 24-
cell trays, later stages were sampled from plants that were potted on at 21 days into 1 L pots
containing John Innes Cereal Mix. All plants were grown in growth chambers at 60% humidity
with 16 h photoperiods and 20 °C/15 °C day/night temperatures. All samples originate from
14 batches of plants grown and sampled over 143 days.

Spikes were harvested into 2 mL microcentrifuge tubes on dry ice and flash-frozen in liquid
nitrogen within 20 min, then stored at -70 °C. Tissue was homogenised using a TissueLyser 11
bead mill (QIAGEN). The adapter blocks were supercooled by surrounding them with dry ice
and pouring liquid nitrogen over. Samples were homogenised at 27.5 Hz for 30 s twice.

Samples for W1.5, W2.0 and W2.5 were derived from samples split into two tubes after the
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first round of homogenisation (one was used to generate this RNA-Seq dataset; the other was

used for an experiment not described here). Homogenised samples were stored at -70 °C.

Total RNA was extracted from all samples within two weeks of homogenisation. 800 pL
TRIzol Reagent was added to each sample and mixed gently by inversion for 2-3 min at RT.
The samples were incubated with the TRIzol reagent for 5 min at RT with occasional agitation
by inversion. The samples were centrifuged at 12,000 RCF for 10 min at 4 °C and the
supernatant was transferred to a new 1.5 mL microcentrifuge tube. 160 pL chloroform was
added and mixed thoroughly by shaking for 15 s. The samples were incubated for 2-3 min at
RT. The samples were centrifuged at 12,000 RCF for 10 min at 4 °C and the aqueous phase
was transferred to a new microcentrifuge tube. The RNA Clean and Concentrator Kit (Zymo)
was used to clean up the extracted RNA. One volume of ethanol was added to the aqueous
phase and mixed. The sample was transferred to a Zymo-Spin IC column and centrifuged at
14,000 RCF for 30 s before discarding the flow-through. The rest of the protocol was carried
out according to the Zymo kit manufacturer’s instructions from step 4, including on-column

t 194

Dnase I treatment ”’*. RNA was eluted twice, in 14 uL nuclease-free water each time, into a

single microcentrifuge tube.

mRNA sequencing was carried out by Novogene UK using the Illumina NovaSeq 6000

system. Approximately 50 million 150 bp PE reads were sequenced per sample.

3.3.3.2  Bioinformatic analysis
Max Jones (JIC, UK) performed all bioinformatic analysis of this RNA-Seq dataset. Reads

were trimmed using Fastp v0.23.1 (Chen, et al ')

using the —-
detect adapter for pe option. Kallisto v0.44.0 (Bray, et al. ') was used for
transcript quantification using a Kallisto index (k=31) of the IWGSC vl.1 genome

annotation *®. The --bias and -—-bootstrap-samples=30 options were used.

3.3.4 miR172 meta-analysis

To generate a list of miR172 loci, I used information from databases:

e MIRBASE *
e sRNAanno %
and publications:
e Sun,etal '
e Debernardi, et al. 3

e Tang, et al. '**
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MIRBASE is the most commonly used database for miRNAs, however, the most recent
release was published in 2019 and there are only 122 loci entries for 7. aestivum **. These 122
entries do not include miR172 4. However, the database does include some miR172 family
members from the D-genome progenitor of wheat, A. tauschii, which I included in my
analysis. SRNAanno is a newer database for small RNAs °® which contains a larger number of
loci for T. aestivum miRNAs (616) than MIRBASE. In Figure S1A of Debernardi, et al. 3 the
authors outline five mature sequences for miR172. However, the source of these sequences is
not reported, only that they are orthologs of miR172 in rice. The papers they reference related

to wheat miRNAs are Tang, et al. 1** and Sun, et al. '*°, which I included in my analysis.

I collated a list of miR172 family members reported by the above sources. I checked if the
mature sequences in my list appeared in three small RNA-Seq datasets containing grain, spike,
seedling, and leaf tissue at various time points 1321, T excluded any mature sequences absent
from all the RNA-Seq datasets. I further excluded a single mature sequence present in only
one dataset in very low numbers as the reported pri-miRNA sequences did not produce any

BLAST hits against the IWGSC v1.0 genome assembly '>!14,

3.3.5 Syntenic analysis

To establish whether the MIR172 loci were homoeologous, I examined the synteny of these
loci. I took the closest upstream and downstream IWGSC v1.0 annotations. If I located
putative homoeologous pre-miRNA loci between the homoeologues of these genes according
to Ensembl Plants (release 40) '/, I deemed the loci to be syntenic and therefore

homoeologues.

If the closest annotations had no homoeologues according to Ensembl Plants, I took the closest

annotation that had reported homoeologues.

3.3.6 MERFISH

MERFISH was carried out on young wheat spikes by Katie Long (JIC, UK) and Ashleigh
Lister (Earlham Institute, UK). The MERFISH protocol was first described by Chen, et al. '*%.

3.3.6.1 Plant tissue

PI"" and PI17°* NILs (described in Section 3.3.2) seed was germinated as described in
Simmonds, et al. '%. Plants were grown in 15-cell trays containing “F2 starter and grit” (90%
peat, 10% grit, 4 kg/m* dolomitic limestone, 1.2 kg/m* osmocote start). All plants were grown
in growth chambers at 65% humidity with 16 h photoperiods and 20 °C/16 °C day/night

temperatures.
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P1"" and PI1"°* plants were grown as described in Section 2.3.1. Whole W4.0 (terminal
spikelet) and W5.0 (0.5 cm < spike length < 1.5 cm) spikes were dissected using
microdissection tools and a dissection microscope (Leica, Germany) which had been cleaned

using 70% ethanol and Blitz RNase Spray (Thistle Scientific).

3.3.6.2  Sample preparation
Spikes were placed in 4% paraformaldehyde (PFA) in 1X phosphate-buffered saline (PBS) for

up to 30 min, then vacuum infiltrated until the spikes sunk (approximately 10 min at
200 mbar). Spikes were washed three times with 1X PBS then immersed in 15% sucrose in
1X PBS at 4 °C for 6-12 h. The spikes were transferred to 30% sucrose in 1X PBS at 4 °C

until the spikes sunk (approximately overnight).

Spikes were placed in an optimal cutting temperature compound (OCT) bath and coated in
OCT by gentle agitation. Tissue was trimmed as required and transferred to an OCT-filled
cryomould. The tissue was frozen in OCT by placing the mould on a petri dish floating in

liquid nitrogen. Samples were stored at -80 °C until required.

Samples were allowed to warm in the cryostat for 30 min before sectioning. Sectioning was
done using a CryoStar NX70 cryostat (Thermo Scientific) with a chuck temperature of -20 °C,

and a blade temperature of -18 °C. Sections were adhered to poly-L-lysine coated glass slides.

3.3.6.3 MERFISH imaging

MERFISH imaging was performed on prepared samples using a Vizgen MERSCOPE®

according to the manufacturer’s instructions '’

3.3.6.4 Data analysis

Cell segmentation and transcript assignment was carried out using cellpose2 >* and Vizgen

Post-processing Tool (VPT) 2!,

Sample concatenation was performed using scanorama 22, Unsupervised clustering was
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performed using squidpy 2 and scanpy 2**. Normalised transcript counts were generated using

the normalisation and log transformation functions in scanpy. Transcript counts were
generated for filtered cells (excluding those with a low volume and/or total transcript count)

and normalised so that every cell had the same total transcript count.

3.3.7 sRNA-Seq

Details of SRNA-Seq methods can be found in Sections 2.3.1 and 2.3.2.
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3.3.7.1  sRNA-Seq statistical analysis

I carried out statistical analyses of RPM data using R v4.3.2 (R Core Team '**). miR172a
corresponds to miRNA candidate-30 and miR172b corresponds to miRNA candidate-190.

I carried out a one-way ANOVA (using the base R aov () function) to test for differences in
expression between miR172a and miR172b at W4.0. These samples were all dissected on the

same day.

For W2.5 and W5.0 stages samples were collected in batches, so I performed a different
analysis. In the PCA plot (Figure 2-3) I observed a batch effect, particularly between W5.0
samples collected on different days. [ used a linear mixed model (LMM) to test for differences
in expression between miR172a and miR172b at W2.5 and W5.0 to include sampling date as
arandom effect. I calculated an LMM using the R package ‘Ime4’ (Bates, ef al. °°). The LMM
equation used was RPM ~ mirna_id + (1|batch). The models fit the assumptions of an LMM
(normal distribution of residuals and homogeneity of variances). I used the anova () function

to run ANOVASs on the LMMs.

3.3.8 Identifying miRNA target sites

Details of the methods I used to identify miRNA target sites can be found in Section 2.3.2.4.

3.3.9 Dual luciferase assay

I carried out this assay with help from Oscar Carey-Fung (University of Melbourne, Australia)

and Max Jones (JIC, UK).

3.3.9.1  Preparation of electro-competent A. tumefaciens

Electro-competent Agrobacterium tumefaciens was prepared with the help of Oscar Carey-
Fung. We prepared competent A. tumefaciens stocks based on an adaptation of the Wen-jun
and Forde 2% protocol. 4. tumefaciens GV3101::pMP90 was a gift from Matthew Downie
(JIC, UK). We inoculated 100 mL 25 pg/mL gentamycin, 50 pg /mL rifampicin LB (Lennox
Broth) (1% w/v peptone from casein (tryptone), 0.5% w/v yeast extract, 0.5% w/v sodium
chloride, 0.1% glucose) from a glycerol stock of GV3101::pMP90 and incubated it overnight
at 28°C, 100 RPM until the ODgsp was 0.5-0.75 (measured using an Eppendorf
Biophotometer). We split the culture into four 50 mL Falcon tubes and cooled on ice for
15 min. We centrifuged the cells at 5,841 RCF for 10 min at 4 °C. We poured off the
supernatant and resuspended in 50 mL 10% glycerol. We centrifuged cells at 4,000 RCF for
10 min at 4 °C. We poured off the supernatant and resuspended in 25 mL 10% glycerol. We
centrifuged the cells at 4,000 RCF for 10 min at 4 °C. We poured off the supernatant and
resuspended in 1 mL 10% glycerol. We centrifuged the cells at 4,000 RCF for 10 min at 4 °C.
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We poured off the supernatant and resuspended in 1 mL 10% glycerol. We centrifuged the
cells at 4,000 RCF for 10 min at 4 °C. We poured off the supernatant and resuspended in
500 uL 10% glycerol. We froze 50 pL aliquots in liquid nitrogen and stored at -80 °C.

3.3.9.2  Plasmid construction

pGreen_dualluc 3'UTR_sensor (Addgene plasmid #55206) and pGreen GUS competitor
(Addgene plasmid # 55208) were gifts from Michael Axtell (Penn State University, USA) 2%,
I streaked bacterial stabs on 30 mg/mL kanamycin LB agar plates (1% w/v peptone from
casein (Tryptone), 0.5% w/v yeast extract, 0.1% w/v sodium chloride, 1.1% w/v agar) and
incubated overnight at 37 °C. I picked single colonies and used them to inoculate 5 mL
30 mg/mL kanamycin LB starter cultures which I incubated overnight at 37 °C, 200 RPM. I
made glycerol stocks from these cultures by storing 500 pL culture with 500 ul 40 % glycerol
at -80 °C. I extracted plasmid from the remaining culture using a QIAprep spin miniprep kit
(QIAGEN) according to the manufacturer’s instructions 2%, I quantified plasmid yield using
a Qubit dsDNA HS assay (Thermo Fisher) according to the manufacturer’s instructions 2%.
Plasmids were sequenced by Plasmidsaurus. The pGreen dualluc 3'UTR sensor sequence
was as expected, however the pGreen GUS competitor plasmid contained an unexpected
1,338 bp insertion between the KanR and ori sequences. Nucleotides 10-1,338 of this insertion
have 100% homology with IS/0 sequences from the Tn/0 transposon (nucleotides
7,819-9,147 of GenBank entry AF162223.1 2!°2!! and nucleotides 867-2,195 of GenBank
entry AH003348.2 219212) This sequence has been identified as a common contaminant in
E. coli plasmids . As the insertion was located between plasmid elements, I decided to

continue cloning with the insertion.

3.3.9.2.1 miRNA overexpression plasmids

To generate the miRNA overexpression plasmids, miR172a and miR172b precursor sequences
(Section A.2) were synthesised by GENEWIZ in a pUC-GW-Kan vector. | transformed the
plasmids into Library Efficiency DH5a Escherichia coli (Invitrogen). I transformed the cells
according to the manufacturer’s instructions 2'* using 10 ng of plasmid, except I used 50 pL
of cells per transformation, I added 450 uL of SOC (super optimal broth with catabolite
repression) medium for recovery, and the recovery period was altered to 1.5 h at 200 RPM.
After the recovery period, I centrifuged the cells at 300 RCF for 3 min at room temperature. |
removed 400 pL of supernatant and spread the remaining 100 pL on two 30 mg/mL kanamycin
LB agar plates. I incubated the plates overnight at 37 °C. I created 10 mL starter cultures from
single colonies, made glycerol stocks and extracted plasmid DNA as described in Section
3.3.9.2. I quantified plasmid yield using a Nanodrop 1000 (Thermo). The insert was confirmed
by Sanger sequencing using M13F(-21) and M13R primers (Section A.1, Table A-1) by
GENEWIZ.
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I used the pGreen GUS_competitor, pUC-GW-Kan-miR172a and pUC-GW-Kan-miR172b

plasmids in a double restriction digest as in Table 3-1.

Table 3-1: Reaction setup for double digestion of the miRNA overexpression plasmid inserts
and vector, later ligated and used in the dual luciferase assay. The volumes and final amounts

given are per reaction.

Reagent Volume (nL) Final amount
Plasmid DNA Variable 1 pg
NEB 10X CutSmart buffer 5 NA
NEB EcoRI-HF 0.5 10 units
NEB Xhol 0.5 10 units

I ran the digestion reaction at 37 °C for 1 h, then I heat inactivated the enzymes at 65 °C for
20 min. I ran 60 uL each of the pUC-GW-Kan-miR172a and pUC-GW-Kan-miR172b
restriction digest reactions (20 pL per well) on a 1% agarose gel at 100 V for 50 min. I excised
the required bands and extracted the DNA from the gel slices using the Promega Wizard SV
Gel and PCR Clean-Up System according to the manufacturer’s instructions 2'°. I quantified
and checked the quality of the DNA using a Nanodrop 1000 (Thermo) and Qubit dsDNA HS
assay (Thermo Fisher). I phosphorylated the pGreen GUS competitor restriction digest
reaction using rAPid alkaline phosphatase (Roche) according to the manufacturer’s

instructions 2'°.

I set up 5:1 and 3:1 (insert:vector) ligation reactions to make pGreen GUS competitor-
miR172a and pGreen GUS_ competitor-miR172b. 1 used T4 DNA ligase (New England
Biolabs) according to the manufacturer’s instructions 2!”. I used 75 ng vector DNA for the 5:1
reactions, and 100 ng vector DNA for the 3:1 reactions. I incubated the reactions overnight at

4 °C.

I transformed 5-alpha competent E. coli (high efficiency) (New England Biolabs) with the
ligation reaction product. I transformed the cells according to the manufacturer’s
instructions *'® using 5 uL ligation reaction. I spread 100 pL on a 30 mg/mL kanamycin LB
agar plate. I spun down the remaining cells at 300 RCF for 3 min and removed 800 pL of
supernatant. I resuspended the pellet in the remaining 100 pL medium and then spread it on a

second 30 mg/mL kanamycin LB agar plate. I incubated the plates overnight at 37 °C.

I created 10 mL starter cultures from single colonies and extracted plasmid DNA as described
in Section 3.3.9.2, except the starter colonies were incubated at 250 RPM. I quantified plasmid
yield using a Qubit dsDNA HS assay (Thermo Fisher) according to the manufacturer’s

instructions  2®.  To  validate  the  pGreen GUS competitor-miR172a  and
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pGreen_ GUS_competitor-miR172b plasmids (Figure 3-2 and Figure 3-3, respectively), 1
submitted the two plasmids to Plasmidsaurus for whole plasmid sequencing using ONT

(Oxford Nanopore Technology) with custom analysis and annotation.

pGreen_GUS_competitor-miR172a

5549 bp

Figure 3-2: Plasmid map of pGreen_GUS competitor-miR172a (total size: 5549 base pairs
(bp)).The plasmid contains the following features which are annotated on the map: pSa ori
(origin of replication from the bacterial pSa plasmid); LB T-DNA repeat (truncated left border
of the nopaline C58 T-DNA repeat); NOS terminator (nopaline synthase terminator and
nopaline synthase poly(4) signal); BIpR (phosphinothricin acetyltransferase gene, confers
resistance to bialophos and phosphinothricin); NOS promoter (nopaline synthase promoter);
T7 promoter (bacteriophage T7 RNA polymerase promoter); CaMV 35S promoter
(Cauliflower Mosaic Virus 35S promoter), pri-miR172a (primary microRNA172a sequence),
T3 promoter (bacteriophage T3 RNA polymerase promoter); lac operator (from E. coli); lac
promoter (from E. coli); CAP binding site (cyclic AMP receptor protein binding site from
E. coli); RB T-DNA repeat (right border of the nopaline C58 T-DNA repeat); ori (origin of

replication); KanR (Aminoglycoside 3'-phosphotransferase, confers resistance to kanamycin).
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Figure 3-3: Plasmid map of pGreen_GUS competitor-miR172b (total size: 5430 base pairs
(bp)).The plasmid contains the following features which are annotated on the map: pSa ori
(origin of replication from the bacterial pSa plasmid); LB T-DNA repeat (truncated left border
of the nopaline C58 T-DNA repeat); NOS terminator (nopaline synthase terminator and
nopaline synthase poly(A) signal); BIpR (phosphinothricin acetyltransferase gene, confers
resistance to bialophos and phosphinothricin); NOS promoter (nopaline synthase promoter),;
T7 promoter (bacteriophage T7 RNA polymerase promoter); CaMV 35S promoter
(Cauliflower Mosaic Virus 35S promoter); pri-miR172b (primary microRNAI172b sequence),
T3 promoter (bacteriophage T3 RNA polymerase promoter), lac operator (from E. coli); lac
promoter (from E. coli); CAP binding site (cyclic AMP receptor protein binding site from
E. coli); RB T-DNA repeat (right border of the nopaline C58 T-DNA repeat); ori (origin of

replication); KanR (Aminoglycoside 3'-phosphotransferase, confers resistance to kanamycin).
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3.3.9.22 Dual luciferase target plasmids

I designed oligos for target sites which were synthesised by Merck (Table 3-2).

Table 3-2: Oligos used to generate target sites used in the dual luciferase assay. The oligo

sequence is provided in the 5’ to 3’ orientation.

Targetsite Oligo name Oligo sequence

name

5AQ 5AQ sense CTAGGCTGCAGCATCATCAGGATTTTA

5AQ antisense CCGGTAAAATCCTGATGATGCTGCAGC

5SAq/B/D 5Aq/B/D sense CTAGGCTGCAGCATCATCAGGATTCTA

5Aq/B/D antisense CCGGTAGAATCCTGATGATGCTGCAGC

2A/D 2A/D sense CTAGGCTGCAGCATCATCACGATTCCA

2A/D antisense CCGGTGGAATCGTGATGATGCTGCAGC

B 2B sense CTAGGCCGCAGCATCATCACGATTCCA

2B antisense CCGGTGGAATCGTGATGATGCTGCGGC

miR172a miR172a perfect sense CTAGGATGCAGCATCATCAAGATTCTA
perfect miR172a perfect antisense = CCGGTAGAATCTTGATGATGCTGCATC
miR172b miR172b perfect sense CTAGGATGCAGCATCATCAAGATTCCA
perfect miR172b perfect antisense =~ CCGGTGGAATCTTGATGATGCTGCATC

miR172a miR172a scrambled sense = CTAGGGCTCTTCAGAAACATGTAATCA

scrambled miR172a scrambled CCGGTGATTACATGTTTCTGAAGAGCC
antisense

riy,  MiRI72b scrambled sense  CTAGGGGAAACTACGCATTACCCTATA

scrambled miR172b scrambled CCGGTATAGGGTAATGCGTAGTTTCCC

antisense

I annealed the oligo pairs according to the protocol in Liu and Axtell 2'°. T used the
pGreen_dualluc 3'UTR_sensor plasmid (Figure 3-4) in a double restriction digest as in

Table 3-3.
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pGreen_dualluc_3'UTR_sensor

7069 bp

Figure 3-4: Plasmid map of pGreen_dualluc 3° UTR sensor (total size: 7069 base pairs
(bp)).The plasmid contains the following features which are annotated on the map: pSa ori
(origin of replication from the bacterial pSa plasmid); LB T-DNA repeat (truncated left border
of the nopaline C58 T-DNA repeat); NOS terminator (nopaline synthase terminator and
nopaline synthase poly(A4) signal); Renilla luciferase gene; NOS promoter (nopaline synthase
promoter),; T7 promoter (bacteriophage T7 RNA polymerase promoter); CaMV 35S promoter
(Cauliflower Mosaic Virus 35S promoter), Firefly luciferase gene; Avrll (Avrll restriction
site); Agel (Agel restriction site); Spacer (the sequence in the 3’ UTR of the Firefly luciferase
gene which is replaced by miRNA target sites to be tested),; T3 promoter (bacteriophage T3
RNA polymerase promoter), lac operator (from E. coli); lac promoter (from E. coli); CAP
binding site (cyclic AMP receptor protein binding site from E. coli); RB T-DNA repeat (right
border of the nopaline C58 T-DNA repeat), ori (origin of replication);, KanR (Aminoglycoside

3'-phosphotransferase, confers resistance to kanamycin).
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Table 3-3: Reaction setup for double digestion of the pGreen_dualluc_3'UTR_sensor plasmid.

The volumes and final amounts given are per reaction.

Reagent Volume (nL) Final amount
Plasmid DNA 3.64 531.44 ng
NEB 10X CutSmart buffer 5 NA
NEB Avrll 1 5 units
NEB Agel-HF 0.5 10 units

I ran the digestion reaction at 37 °C for 1 h and then ran the product on a 1% agarose gel at
100V for 45 min. I excised the required bands, extracted the DNA, and quantified and checked
the quality as described in Section 3.3.9.2.1.

I'set up 5:1 and 3:1 (insert:vector) ligation reactions for the SAQ, 2A/D and miR172a perfect
target sites to insert the target sites of interest into the pGreen_dualluc_3'UTR_sensor vector
as described in Section 3.3.9.2.1 using 100 ng vector DNA. I set up 500:1 and 300:1
(insert:vector) ligation reactions for the 5Aq/B/D, 2B, miR172b perfect, miR172a scrambled
and miR172b scrambled target sites to insert the target sites of interest into the
pGreen_dualluc 3'UTR_sensor vector as described in Section 3.3.9.2.1 using 100 ng vector

DNA.

I transformed 5-alpha competent E. coli (high efficiency) (New England Biolabs) with the
ligation reaction product. I transformed the cells according to the manufacturer’s
instructions '8 using 10 pL ligation reaction, except I used 100 uL cells per reaction, added
450 uL of SOC medium for recovery, and I altered the recovery period to 1.5 h. I spread
100 puL on a 30 mg/mL kanamycin LB agar plate. I incubated the plates overnight at 37 °C.

I created 10 mL (5AQ target) or 5 mL (miR172a perfect, miR172a scrambled, miR172b
perfect, miR172b scrambled, 5Aq/B/D, 2A/D and 2B targets) starter cultures from single
colonies, made glycerol stocks and extracted plasmid DNA as described in Section 3.3.9.2,
except the 2A/D and miR172a perfect target starter cultures were incubated at 250 RPM. I

validated the plasmids using ONT sequencing as described in Section 3.3.9.2.1.

3.3.9.2.3 Transformation into A. tumefaciens

Transformation of the constructs into 4. tumefaciens was performed with the help of Oscar

Carey-Fung (University of Melbourne, Australia).

We transformed all plasmids into electro-competent cells prepared in section 3.3.9.1. The
protocol used was from Eugenio Butelli (John Innes Centre, UK) adapted by Oscar Carey-
Fung (University of Melbourne, Australia). We thawed 50 pL aliquots of electrocompetent

A. tumefaciens cells on ice. Once thawed, we added 100 ng of the relevant plasmid and 100
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ng pSOUP **° (Figure 3-5, a gift from Matthew Downie (JIC, UK)) and mixed gently. We
transferred the cel/DNA mix to the bottom of a chilled 2 mm electroporation cuvette
(Geneflow), tapping gently to remove bubbles. We transferred the cuvette to a Gene Pulser
(BIO-RAD) and applied a single 2.5 kV electrical pulse (25 pF capacitor, 400 ohms, field
strength = 12.5 kV/cm). The time reading was > 9.3. We added 1 mL SOC and mixed the cells
by gently pipetting up and down. We transferred the cells to a 1.7 mL microcentrifuge tube
and incubated them at 28 °C with shaking for 2 h.

We plated 100 pL culture on RTG (50 pg/mL rifampicin, 5 pg/mL tetracyclin, 25 pg/mL
gentamycin) (pSOUP only culture) and RTGK (50 pg/mL rifampicin, 5 pg/mL tetracyclin,
25 pg/mL gentamycin, 25 pg/mL kanamycin) (for all other cultures) LB agar plates. We
incubated the plates at 28 °C for 4 d.
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Figure 3-5: Plasmid map of pSoup (total size: 9274 base pairs (bp)).The plasmid contains the
following features which are annotated on the map: SP6 promoter (bacteriophage SP6 RNA
polymerase promoter); lac operator (from E. coli); lac promoter (from E. coli); CAP binding
site (cyclic AMP receptor protein binding site from E. coli), tet promoter (tetracycline efflux
protein promoter from E. coli); TcR (tetracycline resistance gene); trfA (trans-acting
replication protein);, RepA (plasmid pSa replication protein); TetR (regulatory protein for
tetracycline resistance); incP origin of transfer; TraJ (transfer regulator); oriV (origin of

replication for incP plasmids).

We picked single colonies and used them to inoculate 10 mL RTG (50 pg/mL rifampicin,
5 pg/mL tetracyclin, 25 pg/mL gentamycin) (pSOUP only culture) and RTGK (50 pg/mL
rifampicin, 5 pg/mL tetracyclin, 25 ug/mL gentamycin, 25 pg/mL kanamycin) (for all other

66



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

cultures) LB starter cultures which we then incubated overnight at 28 °C 280 RPM. We made

glycerol stocks from these cultures as described in Section 3.3.9.2.1.

3.3.9.3 Infiltrations

Infiltrations were done with the help of Oscar Carey-Fung (replicate 1) and Max Jones

(replicate 2).

The assay was based on that published in Liu and Axtell 2. Two repetitions of two

experiments were carried out as laid out in Table 3-4 and Table 3-5.

Table 3-4: List of co-infiltration combinations used in dual luciferase experiment 1. Nicotiana
benthamiana leaves were co-infiltrated with two cultures as described in the Culture 1 and
Culture 2 columns. Each culture contained Agrobacterium tumefaciens transformed with
either one or two plasmids (separated by a ‘+’in the culture description). A. tumefaciens in
culture 1 of each co-infiltration contained the pSOUP plasmid, and some contained an
additional plasmid which constitutively overexpresses a microRNA, in this case miR172a. A.
tumefaciens in culture 2 of each co-infiltration contained the pSOUP plasmid, and some
contained an additional dual luciferase reporter plasmid which constitutively overexpresses

Renilla luciferase and Firefly luciferase containing a miRNA binding site.

Co-
infiltration Culture 1 Culture 2
ID

) pGreen_GUS competitor- pGreen_dualluc 3'UTR_sensor::5AQ +
miR172a + pSOUP pSOUP

) pGreen_GUS competitor-  pGreen_dualluc 3'UTR_sensor::5Aq/B/D +
miR172a + pSOUP pSOUP

3 pGreen_GUS competitor- pGreen dualluc 3'UTR sensor::2A/D +
miR172a + pSOUP pSOUP

4 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::2B +
miR172a + pSOUP pSOUP

5 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::miR172a
miR172a + pSOUP perfect + pPSOUP

6 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::miR172a
miR172a + pSOUP scrambled + pSOUP

7 pGreen GUS competitor- pGreen_dualluc 3'UTR sensor::miR172b
miR172a + pSOUP perfect + pSOUP

2 pGreen GUS competitor- pGreen dualluc 3'UTR sensor::miR172b
miR172a + pSOUP scrambled + pSOUP

9 pSOUP pSOUP

Green_GUS_competitor-
10 ’ miR172a + pSOpUP pSOUP
11 pSOUP pGreen dualluc 3'UTR sensor + pSOUP
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Table 3-5: List of co-infiltration combinations used in dual luciferase experiment 2. Nicotiana
benthamiana leaves were co-infiltrated with two cultures as described in the Culture 1 and
Culture 2 columns. Each culture contained Agrobacterium tumefaciens transformed with
either one or two plasmids (separated by a ‘+’in the culture description). A. tumefaciens in
culture 1 of each co-infiltration contained the pSOUP plasmid, and some contained an
additional plasmid which constitutively overexpresses a microRNA, in this case miR172b. A.
tumefaciens in culture 2 of each co-infiltration contained the pSOUP plasmid, and some

contained an additional dual luciferase reporter plasmid which constitutively overexpresses

Renilla luciferase and Firefly luciferase containing a miRNA binding site.

Co-
infiltration Culture 1 Culture 2

ID

1 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::5AQ +
miR172b + pSOUP pSOUP

) pGreen_GUS competitor-  pGreen_dualluc 3'UTR sensor::5Aq/B/D +
miR172b + pSOUP pSOUP

3 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::2A/D +
miR172b + pSOUP pSOUP

4 pGreen_GUS competitor- pGreen_dualluc 3'UTR_sensor::2B +
miR172b + pSOUP pSOUP

5 pGreen_GUS competitor- pGreen_dualluc 3'UTR sensor::miR172a
miR172b + pSOUP perfect + pSOUP

6 pGreen_GUS competitor- pGreen_dualluc 3'UTR_sensor::miR172a
miR172b + pSOUP scrambled + pSOUP

7 pGreen_GUS competitor- pGreen_dualluc 3'UTR_sensor::miR172b
miR172b + pSOUP perfect + pSOUP

3 pGreen_GUS competitor- pGreen_dualluc 3'UTR_sensor::miR172b
miR172b + pSOUP scrambled + pSOUP

9 pSOUP pSOUP

Green_GUS_competitor-
10 ’ miR172b + pSOpUP pSOUP
11 pSOUP pGreen_dualluc 3'UTR_sensor + pSOUP

We inoculated 10 mL RTG (50 pg/mL rifampicin, 5 pg/mL tetracyclin, 25 pg/mL gentamycin)
(pSOUP only culture) and RTGK (50 pg/mL rifampicin, 5 pg/mL tetracyclin, 25 pg/mL
gentamycin, 25 pg/mL kanamycin) (for all other cultures) LB starter cultures with the relevant

glycerol stocks and incubated them overnight at 28 °C, 280 RPM.

We quantified the ODgoo for the starter cultures using an Eppendorf Biophotometer and
inoculated 50 mL (pGreen GUS_competitor plasmids), 12/20 mL (pSOUP only plasmid,
replicate 1/replicate 2) and 5/10 mL (pGreen dualluc 3'UTR sensor plasmids, replicate
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1/replicate 2) RTG/RTGK LB secondary cultures with the starter cultures, normalising the
ODsoo to 0.01 or 0.02. We incubated the secondary cultures overnight at 28 °C, 200 RPM.

We centrifuged secondary cultures for 15 min, 3,738 RCF. We removed the supernatant and
resuspended cells in 15 mL per culture of agroinfiltration solution (10 mM MgCl,, 10 mM
MES (pH 5.5) by vortexing. We centrifuged the cells for 15 min, 3,738 RCF. We removed the
supernatant and resuspended the cells in 50 mL (pGreen_GUS _competitor plasmids), 20 mL
(pSOUP only plasmid) and 10 mL (pGreen_dualluc 3'UTR_sensor plasmids) agroinfiltration
solution with 200 mM acetosyringone. We incubated the cultures at room temperature for 2 h
with gentle shaking (approximately 100 RPM) in the dark. We quantified the ODgoo of the
cultures using an Eppendorf Biophotometer and normalised the cultures to an ODsgo of 0.5.
We combined equal volumes of cultures to form co-infiltration solutions as in Table 3-4 and

Table 3-5.

We grew wildtype Nicotiana benthamiana plants in 100% peat in 9 cm pots. Plants were
grown at 22 °C and 70% humidity in 16 h photoperiods for 30 d before infiltration. We
infiltrated the co-infiltration solutions into the abaxial side of N. benthamiana leaves using a
1 mL syringe. We infiltrated three plants (biological replicates) for co-infiltrations 1-8 and 10.
Only one co-infiltration combination was used per plant. We infiltrated one plant for co-

infiltrations 9 and 11. Per plant, we infiltrated three leaves four times each.

3.3.9.4 Sample collection

Sample collection was done with the help of Oscar Carey-Fung (replicate 1) and Max Jones

(replicate 2).

Three days after infiltration, we took samples from the N. benthamiana plants. We took three

leaf discs from each leaf and pooled them to form three technical replicates for protein analysis
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(Figure 3-6). We placed the samples in wells of a 96-well collection plate containing 200 pL
PBS and a 70 % ethanol-cleaned 3 mm tungsten carbide bead per well.

AL
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Figure 3-6: Sampling plan for the dual luciferase assay. Three leaves were co-infiltrated per
plant (biological replicate). Three leaf discs were taken from each leaf and leaf discs from all
three leaves were combined in single wells to create three technical replicates, shown here in
pink, orange, and blue respectively. Created in BioRender. Carpenter, S. (2024)
BioRender.com/x20m263.

3.3.9.5  Protein assay

I sealed the plate and ground the tissue in a Geno/Grinder (SPEX SamplePrep) at 1000 RPM
for 2-4.5 min. I briefly spun down the plate in a centrifuge. I transferred the PBS buffer to a
96-well NBS Microplate (flat bottom clear, white polystyrene) (Corning).

I used the Dual-Glo luciferase assay system (Promega) to quantify Firefly and Renilla
luciferase activity. I took a background reading for the plate using a GloMax-Multi+ Detection
System (Promega) with Instinct Software (one read per well, 1 s reading). I added 75 pL Dual-
Glo reagent (Promega) to each well and incubated the plate in the dark for 10-15 min with
gentle shaking. I used the GloMax-Multi+ Detection System (Promega) to measure Firefly
luciferase activity (one read per well, 1 s reading). [ added 75 pL Dual-Glo Stop & Glo reagent
(Promega) to each well and incubated the plate in the dark for 10-15 min with gentle shaking.
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I used the GloMax-Multi+ Detection System (Promega) to measure Renilla luciferase activity

(one read per well, 1 s reading).

3.3.9.6  Statistical analysis

I subtracted the background reading from the Firefly and Renilla luciferase readings. I
calculated a Firefly/Renilla (F-luc/R-luc) ratio from these adjusted readings to control for
infiltration efficiency and construct expression. I normalised each miR172 mature sequence
F-luc/R-luc ratios by dividing them by the mean spacer F-luc/R-luc ratio (which did not have

a miRNA overexpression culture co-infiltrated).

I carried out statistical analyses of normalised ratios using R v4.3.2 R Core Team '%). I
calculated an LMM using the R package ‘lme4’ (Bates, ef al. 2**). The LMM equation used
was log(F-luc/R-luc ratio) ~ treatment +(1|replicate). There was a high level of variation
between the two experimental replicates, so I included replicate as a random effect in my
model. A log transformation of the data was necessary to fit the assumptions of an LMM

(normal distribution of residuals and homogeneity of variances). I used the R packages

s 221 > 222

‘emmeans’ *!, ‘multcomp and ‘multcompView’ ** to test for differences between

treatments and calculate compact letter displays (CLDs).

3.3.10 Generating AP2-5A / AP2-2A miR172 target site swap transgenic

lines

3.3.10.] Plasmid construction

3.3.10.1.1 Constructing the LO plasmids
3.3.10.1.1.1 pUC-GW-Kan-AP2-5A PROM+5°UTR LO

I identified upstream sequence of putative regulatory importance for the 7. aestivum cv
‘Kronos’ AP2-54 gene using an in-house map of conserved cis-regulatory elements in cereals
(Jones et al., unpublished data). I used the IWGSC v1.0 cv ‘Chinese Spring’ AP2-54 gene
model to BLAST the Kronos assembly from GrainGenes for the AP2-54 sequence 2. 1
identified a 2,558 bp region upstream of the gene which I had synthesized by GENEWIZ
including Golden Gate adapter sequences which would allow for scarless cloning (sequence
in Section A.3). I domesticated the sequence in silico before synthesis to remove endogenous
Bsal and Bpil recognition sites. The synthesised gene was cloned into a pUC-GW-Kan vector.
I received 4 pg lyophilised plasmid which I resuspended in nuclease-free water to make a
10 ng/ul stock solution. I transformed the plasmid into Library Efficiency™ DH5a
Competent E. coli (ThermoFisher) according to the manufacturer’s instructions 2!* (except I

used 50 pL cells and 5 ng plasmid and recovered the reaction with 450 pL. SOC medium). |
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inoculated a 30 mg/mL kanamycin LB agar plates with 100 uL cells. I incubated the plate
overnight at 37 °C.

I created starter cultures from single colonies, made glycerol stocks and extracted plasmid
DNA as described in Section 3.3.9.2, except the starter cultures were incubated at 250 RPM.
I quantified plasmid DNA using a QUBIT dsDNA HS kit (Thermo Fisher) according to the

manufacturer’s instructions 2%.

3.3.10.1.1.2 pUC-GW-Kan-AP2-5A CDS LO

GENEWIZ synthesised the 7. aestivum cv ‘Kronos’ AP2-54 CDS (coding sequence),
including Golden Gate adapters which would allow for scarless cloning (sequence in Section
A.3). Tused the IWGSC v1.0 ¢v ‘Chinese Spring’ AP2-54 gene model to BLAST the Kronos
assembly from GrainGenes for the 4P2-54 sequence ?**. I domesticated the sequence in silico
before synthesis to remove endogenous Bsal and Bpil recognition sites. The synthesised gene
was cloned into a pUC-GW-Kan vector. I received 4 pg lyophilised plasmid which I
transformed into E. coli as described in Section 3.3.10.1.1.1. I centrifuged the cells at 800 RCF
for 5 min at RT and removed 900 pL supernatant I inoculated a 30 mg/mL kanamycin LB agar

plates with 100 pL cells. I incubated the plate overnight at 37 °C.

I created starter cultures from single colonies, made glycerol stocks, extracted and quantified

plasmid DNA as described in Section 3.3.10.1.1.1.

3.3.10.1.1.3 AP2-5A CDS+AP2-2A LO

I used the Q5® Site-Directed Mutagenesis Kit (New England Biolabs) to convert the
endogenous miR172 binding site in the pUC-GW-Kan-AP2-5A CDS L0 plasmid to the
AP2-24 miR172 target site using the AP2-5A CDS L0 MIR172 F and AP2-5A CDS LO
MIR172 R primers (Section A.1, Table A-1). I conducted the mutagenesis according to the kit

manufacturer’s instructions 2. 1

spun down the transformed cells at 800 RCF for 5 min. I
removed 900 uL supernatant and resuspended the cells by gentle inversion. I inoculated
30 ug/mL kanamycin LB plates the mutagenesis reaction and incubated the plates overnight
at 37 °C. I created starter cultures from single colonies, made glycerol stocks and extracted

plasmid DNA as described in Section 3.3.10.1.1.1.

I quantified and quality checked plasmid DNA using a Nanodrop 1000 (Thermo). I carried out
a diagnostic digest of the mutagenized plasmid using EcoR V (Roche) according to the
manufacturer’s instructions 2% (but using 0.5 pL enzyme) and ran the restriction digest
products on a 1% agarose gel. Plasmids which had the correct banding pattern were Sanger

sequenced by GENEWIZ using the M13R primer (Section A.1, Table A-1). The sequencing

72



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

showed that the first mutagenesis reaction was successful however the resulting plasmid was

missing a single thymine from the final sequence.

I carried out a second round of site-directed mutagenesis on the AP2-5A CDS+AP2-2A L0
plasmid using the SDM round 2 Fwd and SDM round 2 Rev primers. I used the Q5® Site-
Directed Mutagenesis Kit (New England Biolabs) according to the manufacturer’s
instructions ?%. I inoculated a 30 ug/mL kanamycin LB plate with 100 pL of the mutagenesis
reaction, then spun down the remainder at 300 RCF, removed 800 pL supernatant and
resuspended the cells, then inoculated a second 30 pg/mL kanamycin LB plate with the
remaining 100 pL.

I created starter cultures from single colonies, made glycerol stocks and extracted plasmid
DNA as described in Section 3.3.10.1.1.1. I quantified and quality checked plasmid DNA
using a Nanodrop 1000 (Thermo). I verified the plasmid using a diagnostic digest and Sanger

sequencing as described above.

3.3.10.1.1.4 pUC-GW-Kan-AP2-5A 3’UTR LO

As for the upstream sequence, I identified downstream sequence of putative regulatory
importance for the 7" aestivum cv ‘Kronos’ AP2-54 gene using an in-house map of conserved
cis-regulatory elements in cereals (Jones et al., unpublished data). [ used the IWGSC v1.0 cv
‘Chinese Spring’ AP2-54 gene model to BLAST the Kronos assembly from GrainGenes for
the AP2-54 sequence ***. T identified a 1,561 bp region downstream of the gene which I had
synthesized by GENEWIZ including Golden Gate adapter sequences as recommended by TSL
SynBio ?*7 (sequence in Section A.3). I domesticated the sequence in silico before synthesis
to remove endogenous Bsal and Bpil recognition sites. The synthesised gene was cloned into
a pUC-GW-Kan vector. I received 4 ug lyophilised plasmid which I transformed into E. coli
as described in Section 3.3.10.1.1.1. I spun down the cells at 800 RCF for 5 min at RT and
removed 900 uL supernatant and resuspended the cells. I inoculated two 30 mg/mL kanamycin
LB agar plates with 50 pL cells each. I incubated the plates overnight at 37 °C. I created starter
cultures from single colonies, made glycerol stocks and extracted plasmid DNA as described
in Section 3.3.10.1.1.1. I quantified and quality checked plasmid DNA using a Nanodrop 1000
(Thermo).

I used the Q5® Site-Directed Mutagenesis Kit (New England Biolabs) to convert the Golden
Gate adapters to ones which would result in scarless cloning using the AP2-5A 3’UTR LO F
and AP2-5A 3’UTR LO R primers (Section A.1, Table A-1). I conducted the mutagenesis
according to the kit manufacturer’s instructions 2. I spun down the transformed cells at
800 RCF for 5 min. I removed 900 uL supernatant and resuspended the cells by gentle

inversion. I inoculated 30 pg/mL kanamycin LB plates with 50 uL. mutagenesis reaction each
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and incubated the plates overnight at 37 °C. I created starter cultures from single colonies,
made glycerol stocks and extracted plasmid DNA as described in Section 3.3.9.2.1. 1
quantified and quality checked plasmid DNA using a Nanodrop 1000 (Thermo). I carried out
a diagnostic digest of the mutagenized plasmid using Pvull-HF (New England Biolabs)
according to the manufacturer’s instructions *?® (using 10 units of enzyme) and ran the
restriction digest products on a 1% agarose gel. Plasmids which had the correct banding
pattern were Sanger sequenced by GENEWIZ using the M13R primer (Section A.1l,

Table A-1). The sequencing showed that the mutagenesis reaction was successful.

3.3.10.1.1 Constructing the LI plasmids
3.3.10.1.1.1 pICH47742-AP2-5A LI

I constructed the level 1 plasmid using a Golden Gate-based protocol. I combined the
following L0 plasmids: 200 ng pICH47742 acceptor (TSL SynBio) **, 418.8 ng pUC-GW-
Kan-AP2-5A PROM+5’UTR L0, 473 ng pUC-GW-Kan-AP2-5A CDS L0, 338.6 ng pUC-
GW-Kan-AP2-5A 3°UTR L0 and 202.4 ng NOS terminator pICSL62001 LO (TSL SynBio). I
used 1.5 pL T4 ligase buffer (New England Biolabs), 1.5 uL. 10X BSA, 0.5 uL 400 U/uL T4
DNA ligase (New England Biolabs) and 0.5 uLL 10 U/uL Bsal (New England Biolabs). The
reaction was cycled through the following programme: 20 s 37 °C, 26 cycles of 3 min at 37 °C
and 4 min at 16 °C, 5 min at 50 °C, 5 min at 80 °C, hold at 16 °C. [ used 5 uL of the reaction
to transform 5-alpha competent E. coli (high efficiency) (New England Biolabs) according to
the manufacturer’s instructions 2'®. T used 100 pL of cells to inoculate a 100 pg/mL
carbenicillin, 0.1 mM IPTG, 60 ng/mL X-Gal LB agar plate. I spun down the remaining cells,
removed 800 uL of supernatant and resuspended the cells and used them to inoculate a second
100 pg/mL carbenicillin, 0.1 mM IPTG, 60 ug/mL X-Gal LB agar plate. The plates were
incubated overnight at 37 °C. I picked single white colonies and used them to inoculate
100 pg/mL carbenicillin LB starter cultures which I incubated overnight at 37 °C, 250 RPM.
I miniprepped the starter cultures using a QIAprep Spin Miniprep Kit (QIAGEN) according
to the manufacturer’s instructions 2%, I quantified and quality checked plasmid DNA using a
QUBIT dsDNA HS assay (Thermo Fisher) according to the manufacturer’s instructions 2%

Putative L1 plasmids were sequenced by Plasmidsaurus.

3.3.10.1.1.2 pICH47742-AP2-5A-AP2-2A miR 172 binding site LI
This plasmid was constructed as described in Section 3.3.10.1.1.1, however 200 ng of AP2-5A
CDS+AP2-2A LO plasmid was used instead of AP2-5A CDS LO.
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3.3.10.1.2 Constructing the L2 plasmids

The AP2-5A and AP2-5A-AP2-2A miR172 binding site constructs were cloned into level 2
pGoldenGreenGate plasmids 2*° by Mark Smedley using Golden Gate assembly as described
by Weber, et al. *° (Figure 3-7 and Figure 3-8, respectively).
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Figure 3-7: Plasmid map of AP2-5A Level 2 (total size: 13, 751 base pairs (bp)).The plasmid
contains the following features which are annotated on the map: RB (right border of T-DNA
region); colE1 ori (origin of replication for ColEIplasmids); psa-ORI (origin of replication
from the bacterial pSa plasmid); LB (left border of T-DNA region); 35S terminator
(Cauliflower Mosaic Virus 358 terminator), hptii (hygromycin phosphotransferase II, confers
resistance to hygromycin B); pvUbi2 intron (intron from the ubiquitin2 gene from switchgrass
(Panicum virgatum L.)); PvUbi2 promoter (promoter from the ubiquitin? gene from
switchgrass); AP2-54 5° UTR + PROM (5  untranslated region and promoter of the
APETALA2-54 (AP2-54) gene from Triticum turgidum cv ‘Kronos’; AP2-54 ORF (open
reading frame of the AP2-54 gene from T. turgidum cv ‘Kronos’, including introns); AP2-54
mirl72 binding site (microRNA172 binding site from the AP2-5A4 gene from T. turgidum cv

‘Kronos’); AP2-54 3" UTR (3’ untranslated region of the AP2-5A4 gene from T. turgidum cv

‘Kronos’); NOS terminator (nopaline synthase terminator and nopaline synthase poly(A)

signal).
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Figure 3-8: Plasmid map of AP2-54/24 Level 2 (total size: 13, 751 base pairs (bp)).The
plasmid contains the following features which are annotated on the map: RB (right border of
T-DNA region); colEl ori (origin of replication for ColElIplasmids); psa-ORI (origin of
replication from the bacterial pSa plasmid), LB (left border of T-DNA region); 35S terminator
(Cauliflower Mosaic Virus 358 terminator), hptii (hygromycin phosphotransferase II, confers
resistance to hygromycin B); pvUbi2 intron (intron from the ubiquitin2 gene from switchgrass
(Panicum virgatum L.)); PvUbi2 promoter (promoter from the ubiquitin? gene from
switchgrass); AP2-54 5° UTR + PROM (5  untranslated region and promoter of the
APETALA2-54 (AP2-5A) gene from Triticum turgidum cv ‘Kronos’; AP2-54 ORF (open
reading frame of the AP2-54 gene from T. turgidum cv ‘Kronos’, including introns); AP2-24
mirl 72 binding site (microRNA172 binding site from the APETALA2-2A gene from T. turgidum
cv ‘Kronos’); AP2-5A4 3" UTR (3’ untranslated region of the AP2-5A4 gene from T. turgidum cv
‘Kronos’); NOS terminator (nopaline synthase terminator and nopaline synthase poly(A4)

signal).
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3.3.10.2 Genotyping donor material

I designed this experiment so that the AP2-54 constructs with either the endogenous miR172
target site or the AP2-24 miR172 target site would be used to complement a knockout of
AP2-5A4. 1 used tetraploid Kronos TILLING line 3! K3946 which contains a premature stop
codon in the fourth exon and has been shown to confer sham ramification and empty lemma

phenotypes’2.

I germinated K3946 seeds on wet filter paper in Petri dishes for two days at 4 °C and two days
at RT. The seeds were sown by the JIC Horticultural Services team in 11 cm pots containing
John Innes Cereal Mix. I took 2 cm leaf samples approximately two weeks after sowing. The
JIC Genotyping Platform extracted DNA from these samples and used the K3946 Q5A 01
FAM, K3946 Q5A 01 HEX and K3946 QS5SA 01 COM primers (Section A.1, Table A-1)
for KASP genotyping as described in Chen, et al. *'. Plants which were homozygous for the

premature stop codon in AP2-54 were taken forward for transformation.

3.4 Results

3.4.1 AP2-2 and AP2-5 form separate phylogenetic clades

Debernardi, et al. ** showed that AP2-2 and AP2-5 have partially redundant functions during
wheat spike development **. To begin to disentangle their functions, I constructed a
phylogenetic tree to define their sequence-based relationship (Figure 3-9). This phylogenetic
tree was based on the amino acid sequences of AP2-2 and AP2-5 and their orthologues from

O. sativa ssp. japonica and Arabidopsis. AP2-2 and AP2-5 form separate clades.
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Figure 3-9: Phylogenetic tree of APETALA2-2 (AP2-2) and APETALA2-5 (AP2-5) proteins in
wheat and their orthologues in rice, maize and Arabidopsis thaliana. The tree is based on
amino acid sequences and is rooted on the Triticum aestivum SEPALLATAI-AI protein.
Numbers on branch points indicate confidence values based on bootstrap analysis (100
replicates). A two-letter prefix before the protein name indicates the species: Ta = T. aestivum
(wheat), Os = Oryza sativa ssp. japonica (rice), Zm = Zea mays, At = A. thaliana. Wheat
AP2-2 proteins are highlighted in green; wheat AP2-5 proteins are highlighted in pink.

The distinct AP2-2 and AP2-5 clades have a high level of support (=70% bootstrap support,
which corresponds to approximately 95% confidence 2322*%), providing strong evidence that
they have different orthologues in Arabidopsis, rice and maize. As described in Section 3.2.2,
AtAP2 and AtRAP27 have different functions, giving rise to the idea that AP2-2 and AP2-5

may not be completely redundant.

3.4.2 AP2-2 and AP2-5 have opposite patterns of expression during

wheat spike development

Previously, the expression profiles of AP2-2 and AP2-5 have been described as similar,
although this was specifically for early stages of spike development up to W3.5 (floret
primordium present) *'#2. Given the results of the phylogenetic analysis above I utilised
existing datasets to look at their expression patterns in more granular detail, which may
provide some insight into their functions. I analysed an RNA-Seq dataset generated by Dr
Nikolai Adamski, Dr Anna Backhaus and Max Jones (JIC, UK). This dataset contains samples

from the basal and central sections of developing 7. aestivum cv ‘Paragon’ spikes during key
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stages (double ridge (W2.5), terminal spikelet (W4.0) and approximately one week after
terminal spikelet (W5.0) #). This is a critical period during spike development as important
yield-related traits, such as spikelet number, are defined during this time and when floral
organs are differentiating. Throughout this time AP2-5 expression is higher than AP2-2
expression. These data revealed opposite expression profiles for the two AP2-like genes. From
W2.5 to W5.0 expression of AP2-5 decreases, while expression of 4P2-2 increases (Figure
3-10). The three homoeologues of AP2-2 have significantly different levels of expression at
each stage (one-way ANOVA: F(2,9) =29.55, p <0.001 at W2.5; F(2, 9) = 81.94, p <0.001
at W4.0; F(2, 9) = 10.08, p = 0.005 at W5.0) although show the same expression profile; the
TPM values for all 4P2-2 homoeologues increase from W2.5 to W4.0 and from W4.0 to W5.0.
The A-genome copy of AP2-5 is dominant, having the highest level of expression amongst the
three homoeologues at all three timepoints. AP2-54 expression decreases the most of the three
homoeologues in absolute terms from 168.64 TPM at W2.5 to 58.42 TPM at W5.0, while
AP2-5D expression decreases the most in relative terms, by 77.75%. These opposite AP2-2
and AP2-5 expression patterns contradict literature which has suggested they have similar

expression profiles 42,

As this Paragon dataset contradicted previous literature and only includes samples from the
base and centre of the spike, I analysed a second dataset generated by Isabel Faci, Max Jones,
Dr Neil McKenzie and Katie Long (JIC, UK) to confirm the observed expression patterns.
This second RNA-Seq dataset was generated from whole T. aestivum cv ‘Chinese Spring’
spikes at seven timepoints from W1.5 (transition apex) to W4.0 (terminal spikelet) *'. The
same gene expression pattern can be seen for AP2-2 and AP2-5 as in the Paragon dataset;
AP2-2 expression increases from W1.5 to W4.0, while AP2-5 expression decreases (Figure
3-11). There are some differences in absolute TPM values between the two datasets. For
example, in Chinese Spring at W2.5, AP2-54 expression is 58.9 TPM, while in Paragon
AP2-54 has a higher TPM value of 168.6. AP2-54 expression is dominant compared to its two
homoeologues, as seen in the Paragon dataset. The balance of expression between the 4P2-2

homoeologues differs between the Paragon and Chinese Spring datasets.
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Figure 3-10: Expression of (A) APETALA2-5 (AP2-5) and (B) APETALA2-2 (AP2-2)
homoeologues during wheat spike development in Transcripts Per Million (TPM) quantified
using mRNA RNA-Seq. RNA-Seq libraries were prepared from basal and central sections of
Triticum aestivum cv ‘Paragon’spikes at W2.5, W4.0 and W5.0 according to the Waddington
scale *'. W2.5 = double ridge stage, W4.0 = stamen primordium present, W5.0 = extending
round three sides of ovule, approximated by measuring spike length which is 0.5-1.5 cm during
this stage. TPM values are average values from four central and four basal sections for W2.5
and W5.0, and three central and four basal sections for W4.0. Mean TPM values are plotted,

and error bars represent the standard error of the mean.

The differences between these two datasets may be the result of the contrasting sampling
techniques; the Paragon dataset only includes tissue from the base and centre of the spike
therefore does not capture any expression in the apex, while the Chinese Spring dataset is
based on whole spike samples. There may also be some differences between the two cultivars
which are reflected in this data, for example there may be epigenetic variation within these

loci, or there may be small differences in the expression of upstream regulators.
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Figure 3-11: Expression of (A) APETALA2-5 (AP2-5) and (B) APETALA2-2 (AP2-2)
homoeologues during wheat spike development in Transcripts Per Million (TPM) quantified
using mRNA RNA-Seq. RNA-Seq data was generated from whole Triticum aestivum cv
‘Chinese Spring’ spikes at seven stages from WI1.5 to W4.0 according to the Waddington
scale . W1.5 = transition apex, W2.0 = early double ridge stage, W2.5 = double ridge stage,
W3.0 = glume primordium present, W3.25 = lemma primordium present, W3.5 = floret
primordium present, W4.0 = stamen primordium present. n = 4 biological replicates for all
timepoints. Mean TPM values are plotted, and error bars represent the standard error of the

mean.

82



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

The opposing expression patterns of AP2-2 and AP2-5 are unexpected as both genes contain
miR 172 binding sites**. Mutations in the miR172 binding sites of either AP2-2 or AP2-5 have
been shown to lead to phenotypic effects during spike development 32426, This suggests that
both AP2-2 and AP2-5 are regulated by miR172 and that this regulation is essential for proper
spike development. This observation led me to focus my work on understanding how AP2-2

and AP2-5 have opposite expression patterns despite being regulated by the same miRNA.

3.4.3 There are three mature miR 172 family members in T. aestivum

To understand the interaction between AP2 genes and miR172, I sought a better understanding
of miR172 in wheat. There are conflicting lists of miR172 family members in the
literature 329496133196 The IWGSC v1.0 annotation includes six MIR172 loci and one miR172
mature sequence (a 5p sequence) '°. No updated lists of miRNAs in wheat have been released
in subsequent IWGSC v1.1 and v2.1 annotations "%, I worked to consolidate and validate
these putative miR172 family members. I compiled a list of 15 reported miR172 loci from a
comprehensive review of the literature and miRNA databases 32:496:132-134.196.234-239 T attempted
to verify these loci by using BLASTn 3¢ to search for the pre-miRNA sequence (or mature
sequence if a pre-miRNA sequence was not available) against the IWGSC v1.0 genome
assembly '°. Three of the putative loci produced no good quality hits against the IWGSC v1.0
assembly (e-value < 0.0001, percentage identify > 90%). I searched for reads corresponding
to the putative mature miR172 sequences in publicly available SRNA-Seq datasets 3213,
There was no evidence of expression of two of the putative miR172 mature sequences in any
of the SRNA-Seq datasets. I removed all putative miR172 loci which either produced no good
BLASTRn hits against the IWGSC v1.0 genome assembly or had no evidence of expression in
the sSRNA-Seq datasets. From this analysis I compiled a list of eleven MIR172 loci in the
wheat genome which are processed into three unique mature miR172 sequences: miR172a,
miR172b and miR172¢ (Table 3-6). These are produced by seven, three, and one MIR172 loci,
respectively. None of the MIR172 loci overlap with any IWGSC v1.0 annotations ° i.e., they
are all intergenic. MIRI72B-1-3 and MIRI172A4-4-6 are present in the IWGSC v1.0
annotation '* but MIR172A41-3 and MIR172C are novel loci.

By examining the genes upstream and downstream of the MIR172 loci, I established that six
of the loci which produce miR172a form two homoeologous groups, on chromosome groups
1 and 6, as they are syntenic. The three MIR172 loci which produce miR172b form a single
homoeologous group. There are MIRI172 loci on chromosomes 7A and 7D encoding for
miR172a and miR172c mature sequences, respectively. The gene downstream of MIR172A4-7
is homoeologous to the gene downstream of MIR172C suggesting these loci are likely to be

homoeologues. The fact that the eleven MIR172 loci fall within four homoeologous groups
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suggests that they are highly conserved as they would have been present in the diploid
progenitors of wheat. This suggests that they have important functions in developmental

processes of evolutionary relevance.

Interestingly, the single copy of MIRI72C is present on the D-genome, so it would not be
present in tetraploid wheat. It also had extremely low levels of abundance (fewer than five
reads per sample) in all the SRNA-Seq datasets I included in my analysis. This suggests that
miR172c is not necessary for proper wheat spike development. Therefore, I will be focusing

on miR172a and miR172b for the remainder of this chapter.
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Table 3-6: microRNA172 (miR172) family members in the Triticum aestivum genome. The mature sequence is the most prevalent mature sequence from each
MIRNA locus. Underlined nucleotides vary between the three miR172 copies. The MIRNA loci and strands listed are locations within the IWGSC v1.0
assembly I°. The ‘IWGSC v1.0 annotations’ column indicates whether a particular MIRNA locus overlaps with any INGSC v1.0 gene annotations; if it doesn %,

it is labelled as ‘intergenic’.

Mature miRNA name  Mature miRNA sequence (5’ 2 3°) MIRNA MIRNA loci MIRNA loci IWGSC _VI'O
name strand annotations

miR172a AGAAUCUUGAUGAUGCUGCAU MIR172A-1 1A:515766436-515766592 + Intergenic

MIR172A-2 1B:566097611-566097811 + Intergenic

MIR172A-3 1D:418305926-418306197 + Intergenic

MIR172A-4 6A:607452471-607452582 - Intergenic

MIR172A-5 6B:702433181-702433290 - Intergenic

MIR172A-6 6D:460873268-460873377 - Intergenic

MIR172A-7 7A:8252392-8252531 + Intergenic

miR172b GGAAUCUUGAUGAUGCUGCAU MIR172B-1 3A:741660243-741660435 - Intergenic

MIR172B-2 3B:818985880-818986071 - Intergenic

MIR172B-3 3D:608542517-608542712 - Intergenic

miR172¢ AGAAUCUUGAUGAUGCUGCGU MIR172C 7D:7295646-7295790 + Intergenic
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3.4.4 miR172a has better complementarity to AP2-5 and miR172b has
better complementarity to AP2-2

The variation in miR172 mature sequences I identified in Section 3.4.3 led me to hypothesise
that there may be variation in the complementarity between miR172 mature sequences and
AP2 genes. | analysed the sequence complementarity between miR172a and miR172b and

AP2-2 and AP2-5 homoeologues (Figure 3-12).

A 3 y
) miR172a UACGUCGUAGUAGUUCUAAGA
AP2-5Aq/B/D ®
AP2-5AQ ®
AP2-2A/D ® o
AP2-2B @@ o
5 3

B) 3 y
miR172b UACGUCGUAGUAGUUCUAAGG

AP2-5Aq/B/D @ o
AP2-5AQ ® o
AP2-2A/D ® o

AP2-2B @@ o
5' 3
N\

® Mismatch © G:U pair @ A:U or G:C pair

Figure 3-12: Complementarity between APETALA2-2 (AP2-2) and APETALA2-5 (AP2-5)
binding sites and (A) microRNAI172a (miRl172a) and (B) miR172b. The mature miRNA
sequences are displayed from 3°to 5°, while the AP2 target sites are displayed 5 to 3’ and the
nucleotides are represented by circles. Blue circles represent a Watson-Crick base pair (A:U
or G:C), yellow circles represent a G:U wobble base pair, and red circles represent a
mismatch. The location of the single nucleotide polymorphism (SNP) between miR172a and
miR172b is shown by an arrow. AP2-5B, AP2-5D, and the ‘q’ allele of AP2-5A share an
identical miR172 binding site, as do AP2-24 and AP2-2D. The ‘Q’allele of AP2-54 differs by
a SNP to the ‘q’ allele, therefore the complementarity of this allele to miR172a/b is shown

separately.

There are mismatches and G:U wobble base pairs between all combinations of miR172 and
AP2-2/4P2-5 genes. However, previous studies have shown that creating additional
mismatches in AP2-54 or AP2-24 results in strong phenotypic effects such as a significant

increase in spike compactness and reduced plant height 3242, For example, an additional
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mismatch in AP2-24 was shown by Debernardi, et al. ** to confer a 14% reduction in plant
height. Therefore, miR172 is able to bind and repress AP2 expression in spite of the presence
of these mismatches and G:U wobble base pairs and miRNAs do not require perfect

complementarity in order to repress target genes.

The SNP between the ‘Q’ and ‘g’ alleles of AP2-54 is shown in Figure 3-12 in the penultimate
nucleotide position (5’ to 3°) in the target site. This single additional G:U wobble confers the
modern compact spike phenotype and free-threshing grains 326, This suggests that single
nucleotide changes to miRNA-target complementary can have significant effects on miRNA-

mediated repression.

A SNP between 4P2-5 and AP2-2 at the 3’ end of the miR172 binding sites reflects the SNP
which differentiates miR172a from miR172b. I hypothesised that due to the ability of SNPs
in miRNA binding sites to have large phenotypic effects, miR172a may preferentially target
AP2-5 and miR172b may preferentially target 4AP2-2.

The literature consistently shows that complementary base pairing at the 5’ end of a miRNA
to its target is more important than complementary base pairing at the 3> end #4327 [n
mammals, a seed region between nucleotides 2 and 8 on the miRNA is critical for effective
binding and regulation '**. In plants, this seed region may be located slightly differently,
perhaps at nucleotides 3-10 '*! or 2-12 . Seed regions generally do not include the first
miRNA nucleotide; in a study of Arabidopsis miRNAs and their targets, mismatches were
most commonly located at nucleotide positions 1, 2, 20 and 21 '*!. However, in a separate
study carried out in N. benthamiana, it was shown that a single mismatch at the 5’ end of the
miRNA had a significant effect on the RNA and protein abundance of the target compared to
a perfectly complementary site 27, There is some evidence that SNP position affects the
strength of phenotypic consequences, for example Houston, et al. **° showed that different
alleles of HvAP2 with SNPs in different positions had different effects on spike density; SNPs
in some positions conferred a stronger phenotypic change compared to others. Interestingly,
in this allelic series SNPs located within two base pairs of one another have phenotypic
consequences of very different magnitudes **°. This suggests that the effect of specific
additional mismatches in any one position in the miR172 binding site of 4AP2 genes in wheat

must be empirically tested to determine its consequences.

3.4.5 Hypotheses to explain the opposite expression patterns of AP2-2
and AP2-5

My aim outlined at the beginning of this chapter was to elucidate a more nuanced

understanding of the regulatory relationship between miR172 and 4P2-like genes in wheat.
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My initial analyses outlined in sections 3.4.1 to 3.4.4 led me to focus my question on how
AP2-2 and AP2-5 have opposite expression profiles during wheat spike development despite
previous studies showing that they have partially redundant functions and are both regulated

by miR172 42,

I generated three hypotheses to explain the opposite AP2-2 and AP2-5 expression profiles

observed during wheat spike development:

1. The expression domains of AP2-like genes and miR172 do not overlap spatially or
temporally

For miR172 to bind to and repress AP2-like genes, miR172 and AP2-like transcripts must be
present in the same cells at the same time. If the miR172 expression domain has greater
overlap with AP2-5 transcripts than AP2-2 transcripts, miR172 may be able to regulate AP2-5

to a greater extent, allowing 4P2-2 expression to increase while miR172 is still present.
2. Different mature miR172 family members target different AP2 genes

As a result of the analysis laid out in Section 3.4.4, where I showed that different miR172
mature sequences have different levels of complementarity to different AP2-like genes, I
hypothesise that miR172a may preferentially target 4P2-5 and miR172b may preferentially
target AP2-2.

3. AP2-2 and AP2-5 have different baseline levels of transcription

In Debernardi, et al. *?, they showed that miR172 levels remain approximately constant
through the floret primordia, awn elongation and ‘young spike’ stages, while 4P2-5 expression
decreases. In MIM172 lines where miR172 abundance is knocked-down, 4P2-5 levels stay
high through to at least the awn elongation stage, by which time AP2-5 expression in wildtype
Kronos spikes has decreased *2. This suggests that miR172 plays an instrumental role in the
observed decrease in AP2-5 expression during spike development. It may be the case,
however, that 4P2-2 transcription increases significantly during wheat spike development,

and miR172 simply acts to dampen the abundance of 4P2-2 mRNA.

Due to time constraints, I focused my experimental work on hypotheses 1 and 2. I will discuss

how this hypothesis could be tested in Section 3.6.
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3.4.6 Testing hypothesis |: The expression domains of AP2-like genes
and miR172 do not overlap spatially or temporally

I hypothesised that the miR172 expression domain has greater overlap with 4P2-5 transcripts
than AP2-2 transcripts. This would mean that miR172 would be able to regulate AP2-5 to a

greater extent, allowing AP2-2 expression to increase while miR172 is still present.

To test this hypothesis, I established the spatial expression pattern of AP2-2 and AP2-5. If
there are domains in the developing wheat spike where AP2-2 is expressed and AP2-5 is not,
this would allow the possibility that miR172 may not overlap with AP2-2 transcripts to the

same extent as AP2-5 transcripts and therefore represses AP2-5 to a greater extent than AP2-2.

I also looked at changes in miR172 abundance during spike development. The expression
profiles in Figure 3-10 and Figure 3-11 show that the decrease in 4P2-5 expression occurs
mostly before W3.0, while the increase in AP2-2 expression occurs from W3.0 onwards *!.
Therefore, if miR172 abundance is lower after W3.0 it would have a lesser impact on AP2-2

expression which would allow it to increase.

3.4.6.1  The expression domains of AP2-2 and AP2-5 partially overlap

To establish the expression domains of AP2-2 and AP2-5 in developing wheat spikes, I
analysed data generated by Katie Long (JIC, UK) and Ashleigh Lister (Earlham Institute, UK)
who used MERFISH to spatially resolve the expression of over 200 wheat genes (including
AP2-2 and AP2-5) in wheat spikes of Paragon at W5.0 (Figure 3-13).

In brief, MERFISH is a spatial transcriptomics technique based on smFISH (single molecule
fluorescence in situ hybridization). It uses error-robust barcodes to label mRNA transcripts in
fixed tissue sections for a panel of up to hundreds of genes. This allowed us to generate a map

of gene expression across a wheat spike with sub-cellular resolution.
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Figure 3-13: Images from a MERFISH (Multiplexed Error-Robust Fluorescence in situ
Hybridization) assay showing the expression of APETALA2-2 (AP2-2) and APETALA2-5
(AP2-5) in sectioned P1"" spikes (a Triticum aestivum cv ‘Paragon’ near isogenic line
containing the ancestral ‘a’allele of VEGETATIVE TO REPRODUCTIVE TRANSITION A2).
Each pink and green dot represents an individual AP2-5 and AP2-2 mRNA transcript,
respectively. (A) AP2-5 transcripts in a W4.0 P1"" spike. (B) AP2-2 transcripts in the same
W4.0 P1"" spike. (A) AP2-5 transcripts in a W5.0 P1"" spike. (4) AP2-2 transcripts in the
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same W5.0 P1"" spike. DAPI staining of dsDNA (double-stranded DNA) is shown in blue.
W4.0 = stamen primordium present, W5.0 = carpel extending round three sides of ovule,

approximated using spike length (0.5-1.5 cm at this stage).

I further analysed the results of analysis Katie Long (JIC, UK) carried out on the MERFISH
dataset. Katie Long carried out cell segmentation and UMAP (uniform manifold
approximation and projection) clustering (Figure 3-14) to define expression domains within
the wheat spike which approximately correspond to different tissue types. 17 cell clusters were
generated from this analysis which approximately correspond to tissue types in the developing

wheat spike.
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Figure 3-14: UMAP (Uniform Manifold Approximation and Projection) clustering of cells in

a W5.0 P1"" wheat spike (Triticum aestivum cv ‘Paragon’) using data generated by a

MERFISH assay (n = 1 biological replicate). W5.0 = carpel extending round three sides of

ovule, approximated using spike length (0.5-1.5 cm at this stage). (A) UMAP projection of cell

clusters 0-17 with putative tissue types for each cluster. (B) Wheat spike and (C) spikelet with

false colouring of cells according to their assigned cluster (according to the colour key in (4)).
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I calculated the percentage of cells in each cluster which contained both AP2-2 and AP2-5
transcripts (Figure 3-15). Over 20% of cells in clusters 2 (glume/lemma), 8 (floral meristem),

10 (stamen) and 13 (inner glume/lemma/leaf) contain both AP2-2 and AP2-5 transcripts.

I calculated the mean log normalised transcript count per cell for each cluster (Figure 3-16).
AP2-5 expression was higher in all clusters except for cluster 17 (lodicules). 4P2-5 expression

was highest in vegetative tissues: clusters 0 (meristem), 9 (leaf) and 12 (leaf ridges).
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Figure 3-15: Overlap between APETALA2-2 (AP2-2) and APETALA2-5 (AP2-5) transcripts.
(A) AP2-2 transcripts in green and AP2-5 transcripts in pink in a W5.0 P1"" spikelet using
data generated by a MERFISH assay (n = I biological replicate). P1"" is a Triticum aestivum
cv ‘Paragon’ near isogenic line containing the ancestral ‘a’ allele of VEGETATIVE TO
REPRODUCTIVE TRANSITION A2. W5.0 = carpel extending round three sides of ovule,
approximated using spike length (0.5-1.5 cm at this stage). (B) Cells in the same W5.0 P1""
spikelet with false colouring according to the colour key in Figure 3-144. (C) The percentage
of cells in each cluster of a W5.0 P1"" wheat spike which contain AP2-2 transcripts only,

AP2-5 transcripts only, or both AP2-2 and AP2-5 transcripts.

94



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

0.50

Mean log normalised transcript count per cell

0.00

N L D X D DA D DO N D0 DA
Cluster

Figure 3-16: Mean log-normalised APETALA2-2 (AP2-2) and APETALA2-5 (AP2-5)
transcript count per cell for cell clusters of a W5.0 P1"" spike using data generated by a
MERFISH assay (n = 1 biological replicate). P1"" is a Triticum aestivum cv ‘Paragon’ near
isogenic line containing the ancestral ‘a’ allele of VEGETATIVE TO REPRODUCTIVE
TRANSITION A2. W5.0 = carpel extending round three sides of ovule, approximated using
spike length (0.5-1.5 cm at this stage). Error bars depict standard error of the mean.

AP2-2 expression was highest (and higher than AP2-5 expression) in cluster 17 (lodicules).
This is consistent with literature which has shown that changes to AP2-2 expression in wheat
and barley confer changes to lodicule phenotypes “>37. This is the only cluster in which 4AP2-2
expression is higher than AP2-5 expression. In cluster 17, 32.0% of cells contain AP2-2
transcripts but not AP2-5 transcripts. From this, I could hypothesise that miR172 is absent
from lodicules, so allowing AP2-2 expression to increase in this tissue. However, 13.5% of
cells still contain both 4P2-2 and AP2-5 transcripts. Just 2% of the cells containing 4P2-2
transcripts in the W5.0 spike shown in Figure 3-13 are found in cluster 17, which I cannot
conclude is enough to claim that miR 172 being absent from these regions could result in AP2-2
expression increasing despite the presence of miR172 in the rest of the spike. I cannot
conclusively say whether miR172 is co-expressed with 4P2-2 without understanding the

spatial expression pattern of miR172.
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3.4.6.2 miRlI72a and miR172b abundance diverges dfter terminal spikelet stage during wheat

spike development

To interrogate the temporal expression profile of miR172, I used the SRNA-Seq described in
Chapter 2 to quantify the abundance of the different miR172 family members from W2.5 to
W5.0*. Using SRNA-Seq, as opposed to RT-qPCR which has been used to quantify miR172
abundance previously 32, allowed me to distinguish between miR172a and miR172b mature
sequences. miR172a and miR172b were both identified in this dataset by the miRNA
prediction analysis outlined in Section 2.3.2.2. Mature miR172¢ was also present in the dataset
however it was not identified as a miRNA by any of the three prediction pipelines, possibly

due to a very low level of abundance.

At W2.5, both mature miR172 sequences show a very low level of abundance (< 8 RPM)
(Figure 3-17). miR172a and miR172b abundance increases at W4.0 to 148.14 and
169.98 RPM, respectively. After this, at W5.0 less than a week later, the abundance of
miR172a and miR172b has diverged and are significantly different (LMM followed by one-
way ANOVA: F(1, 5) = 10.37, p = 0.02). miR172a remains high at 166.39 RPM, while
miR172b abundance decreases to 63.61 RPM.
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Figure 3-17: Abundance of mature microRNAI172 (miR172) family members in developing
PI1"" spikes in reads per million (RPM) as quantified using smallRNA-Seq. P1"" is a Triticum
aestivum cv ‘Paragon’near isogenic line containing the ancestral ‘a’allele of VEGETATIVE
TO REPRODUCTIVE TRANSITION A2. The timepoints given are according to the
Waddington scale *'. miR172a (purple) and miR172b (green) abundance is shown for each
biological replicate by a coloured dot. The lines are plotted against mean abundances and
error bars depict the standard error of the mean. W2.5 = double ridge stage, W4.0 = stamen
primordium present, W5.0 = extending round three sides of ovule, approximated by measuring
spike length which is 0.5-1.5 cm during this stage. n = 3 biological replicates for W2.5 and
W4.0, n = 4 biological replicates for W5.0. * p < 0.05.

Hypothesis 2 was based on the idea that AP2-5 expression decreases from W1.5 to W3.0,
while 4P2-2 expression increases from W3.0 to W5.0. Therefore, if miR172 expression was

higher before W3.0 compared to after, this might explain how AP2-2 expression increases
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despite the presence of miR172. However, this SRNA-Seq data appears to show the opposite.
Expression at W4.0 of both miR172a and miR172b is at least 24 times higher than at W2.5.

The fact that miR172a and miR172b have distinct expression patterns (miR172a remaining
highly expressed and miR172b abundance decreasing at W5.0) lends weight to the idea that
these two mature miR172 sequences may have different functions during wheat spike

development.

3.4.6.3 sRNA-Seq reveals an additional miR 172 family member which has predicted targets in

T. aestivum

In addition to the three miR172 mature sequences I identified in section 3.4.3, I identified an
additional miR172 family member in the sRNA-seq dataset (Figure 3-18). This mature
sequence, miR172d (miRNA candidate-180), can be produced by MIR172A4-4, MIR172A-5
and MIR172A4-6 which are also capable of producing miR172a. According to TargetFinder

predictions!?4126

generated in Section 2.4.2, miR172d targets a range of genes from different
families (Table 3-7). It has no sequence homology to AP2-2 or AP2-5 and is not predicted by
TargetFinder'?*!26 to target these genes. It designated as a member of the miR172 family

because the MIRNA loci which produce miR172d contain miR172 sequences.

MIR172A4-4 was used by Debernardi, et al. ** in a dual luciferase assay to quantify repression
of AP2-5 by miR172 and they showed that the miRNA produced by MIR172A4-4 was capable
of repressing a target with perfect complementarity to miR172a. Therefore, I can conclude
that MIR172A-4 produces miR172a, however I cannot say whether it is this MIRNA locus or
MIR172A4-5 and/or MIR172A-6 that produce miR172d. The expression pattern of miR172d is
similar to that of miR172b in that it is low at W2.5, increases at W4.0 before decreasing at

W5.0.
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Figure 3-18: Abundance of microRNA172d (miR172d) in developing P1"" spikes in reads per
million (RPM) as quantified using smallRNA-Seq. P1"" is a Triticum aestivum cv ‘Paragon’
near isogenic line containing the ancestral ‘a’allele of VEGETATIVE TO REPRODUCTIVE
TRANSITION A2. The timepoints given are according to the Waddington scale *'. miR172d
abundance is shown for each biological replicate by a dot, the line is plotted against the mean
abundance, and error bars depict the standard error of the mean. W2.5 = double ridge stage,
W4.0 = stamen primordium present, W5.0 = extending round three sides of ovule,
approximated by measuring spike length which is 0.5-1.5 cm during this stage. n = 3
biological replicates for W2.5 and W4.0, n = 4 biological replicates for W5.0.

3.4.6.4 Hypothesis | conclusions

The spatial expression patterns of AP2-2 and AP2-5 show that there is only a small section of
the developing wheat spike where 4P2-2 expression is dominant. Additionally, only a small

percentage of AP2-2 transcripts are located in this domain (cluster 17, lodicules). Therefore,
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it is unlikely that miR172 being less abundant in cluster 17 would produce the differential
expression patterns seen for AP2-2 and AP2-5.

miR172 is more abundant at W4.0 than at W2.5 (12.11 RPM at W2.5 compared to 629.00
RPM at W4.0 (mean of combined miR172a, miR172b and miR172d RPM for three biological
replicates)), meaning that the differential expression patterns of AP2-2 and AP2-5 cannot be
explained by a higher level of miR172 while AP2-5 expression is decreasing and a lower level
of miR172 while 4P2-2 is increasing. Interestingly, miR172a and miR172b have different
expression profiles. The abundance of both increases from W2.5 to W4.0, and at W5.0
miR172a levels remain high while miR172b abundance decreases. This suggests that these
mature miR172 copies may have different functions during wheat spike development, a

hypothesis I will test in the next section
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Table 3-7: Putative targets of microRNA172d (miR172d) in Triticum aestivum in the IWGSC vi.0 annotation . Target predictions were generated by
TargetFinder *'?°. The TargetFinder score represents the confidence of the prediction; a lower score confers a higher level of confidence, and the cutoff used
was 4. Oryza sativa spp. japonica (IRGSO-1.0/RAPDB annotation **') and Arabidopsis thaliana (Araportll annotation **) orthologues according to Ensembl

Plants '** are included for each T. aestivum target. The PANTHER ** protein family is shown for each T. aestivum target.

O. sativa ssp. japonica

miR172d target in wheat orthologue A. thaliana orthologue PANTHER protein family TargetFinder score
TraesCS6D01G295000 OsUCL6 (0s02g0758800) N/A Phytocyanin 3
TraesCS4A01G104100 050820390100 AT2G20010 Protein unc-13 homologue 3
AT2G25800
TraesCS4A01G218900 None AT1G44120 Protein CELLULOSE 3.5
AT1G77460 SYNTHASE INTERACTIVE
1/2/3
TraesCS6A01G195500 OsE2F1 (0s02g0537500) E2F3 (AT2G36010) E2F Family 3.5
E2F1 (AT5G22220)
TraesCS5D01G090100 OsPAPI1d (0s12g0576600) AT1G13750 None 3.5
OsPAPIc (0s12g0576700)
TraesCS5B01G406800 OsSigP2 (0s03g0765200) Plsp24 (AT1G06870) Peptidase S26A, signal 3.5
TPP (AT2G30440) peptidase |
TraesCS7B01G501900 0s03g0709200 LOVI (AT1G10920) Disease resistance protein, 4
AT1G50180 plants
AT1G53350
AT1G58390
AT1G58400
AT1G58410
AT1G58602

ATI1G58848

101



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in developing spikes when they are both regulated by microRNA172?

TraesCS5D01G030200
TraesCS5D01G030700
TraesCS6A01G375400
(homoeologue to
TraesCS6D01G359900)
TraesCS6D01G359900
(homoeologue to
TraesCS6A01G375400)
TraesCS7B01G260800

OsCCX4 (0s120624200)
OsCCX4 (0s120624200)
050220806600

0s02g0806600

OsABCA2 (0s06g0589300)

AT1G59218
CW9 (AT1G59620)
AT1G59780
AT5G35450
RPPS (AT5G43470)
AT5G48620
AT5G17850
AT5G17850
AT2G43160
AT3G59290

AT2G43160
AT3G59290

N/A

None
None
None

None

ABC transporter A
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3.4.7 Testing hypothesis 2: Different mature miR172 family members

target different AP2 genes

There is a SNP between the mature sequences of miR172a and miR172b which corresponds
to a SNP between AP2-2 and AP2-5 miRNA target regions. I hypothesised that miR172a binds
preferentially to AP2-5, while AP2-2 binds preferentially to AP2-2.

3.4.7.1  TargetFinder predicts that miR 172 targets AP2-5, but not AP2-2

To assess how miR172a and miR172b might bind to different targets, I used the TargetFinder
pipeline as outlined in Section 2.3.2.4 to predict their targets in silico. This analysis predicted
that both miR172a and miR172b target 4P2-5B and AP2-5D only, but not AP2-5A4 or any
AP2-2 homoeologues.

This result suggests that the SNP between AP2-2 and AP2-5 at nucleotide 15 of the target site,
which confers a G:U wobble between AP2-5 and miR172 and a mismatch between AP2-2 and
miR172, may be more important for miR 172 binding than the SNP at the last position (Figure
3-12).

3.4.7.2 miRl72a represses AP2-2 and AP2-5 target sites with equal efficiency

To test the in silico predictions made by TargetFinder, I led a project with Max Jones (JIC,
UK) and Oscar Carey-Fung (University of Melbourne, Australia) to use a dual luciferase assay
to evaluate repression of different target sites by miR172 mature sequences in vivo. This

experiment was based on that published by Liu and Axtell 2.

In brief, two constructs from Liu and Axtell 2! (Figure 3-19) were co-infiltrated into
N. benthamiana leaves. An F-Luc/R-Luc ratio is used to evaluate miRNA repression
efficiency; a lower ratio indicates a higher level of repression. I used this system to quantify
repression by mature miR172 sequences of the target sites found in AP2-2 and 4P2-5 (Figure
3-20).

I included multiple negative and positive controls to verify the validity of the results. The first
negative control treatment was a single infiltration of N. benthamiana leaves with a dual
luciferase construct bearing a spacer target site. This demonstrates the theoretical maximum
F-Luc/R-Luc ratio, as no miRNA has been co-infiltrated with the dual-luciferase construct.
F-Luc/R-Luc ratios were normalised against the spacer only F-Luc/R-Luc ratio. The positive
control was a dual luciferase construct containing target sites with perfect complementarity to
either miR172a or miR172b. These should demonstrate the theoretical minimum F-Luc/R-Luc

ratio for this experiment. The F-Luc/R-Luc ratios of miR172a/b target sites were significantly

103



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

lower than the spacer only F-Luc/R-Luc ratio in the presence of constitutively overexpressed
miR172a or miR172b (LMM followed by one-way ANOVA: #(44) = -7.93, p<0.001 for
miR172a; #(44) = -8.89, p < 0.001 for miR172b) (Figure 3-20). There was no significant
difference between miR172a and miR172b perfect target site ratios in the presence of
miR172a (LMM followed by one-way ANOVA: #(44) = -1.26, p = 0.94) or miR172b
(#(44) = 0.40, p = 1.00). The second set of negative controls were scrambled target sites, which
had the same nucleotide composition as the perfect target sites but in a randomised order. The
F-Luc/R-Luc ratios for the scrambled target sites were not significantly different from the
spacer target site ratio in the presence of either miR172a (LMM followed by one-way
ANOVA: miR172a scrambled target site #(44) = -0.75, p = 1.00; miR172b scrambled target
site #(44) = 0.28, p = 1.00) or miR172b (LMM followed by one-way ANOVA: miR172a
scrambled target site #(44) = 0.33, p = 1.00; miR172b scrambled target site #(44) = -0.03,
p = 1.00), showing that miR172 does not bind effectively to these sites and their repression is

sequence-dependent.

P35S
| : miRNA precursor sequence
PNOS P3SS
3' UTR Renilla luciferase ORF | | Firefly luciferase ORF 3'UTR
— - —

Target site

Figure 3-19: Simplified diagrams of the constructs used in the dual luciferase assay described
in Section 3.4.7.2. In the first construct, the gene encoding a miRNA precursor sequence is
driven by a constitutive P35S promoter. In the second construct, The Renilla luciferase gene
is driven by a constitutive Pyos promoter. The 3’ untranslated region (UTR) of the Renilla
luciferase gene is also included in the construct. In the opposite orientation, the Firefly
luciferase gene is driven by a constitutive P35S construct. The 3" UTR of the Firefly luciferase
gene is included in the construct and contains a ‘miRNA target site’ which is flanked by

restriction sites, meaning it can easily be modified using traditional cloning techniques.
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Figure 3-20: Ratio of Firefly luciferase (F-luc) to Renilla luciferase (R-luc) activity for dual
luciferase constructs containing different miRNA target sites in the 3° UTR of the Firefly
luciferase gene in the presence of microRNA172a (miR172a) or microRNA172b (miR172b).
Ratios are normalised against the activity ratio of a dual luciferase construct containing a
spacer sequence (shown as a dotted vertical line). Bars and error bars are for the second
experimental replicate only. Error bars show standard error of the mean. Bars which do not
share any letters are significantly different from one other according to a Tukey test at the 0.05
significance level for both experimental replicates. Complementarity between the target site
and miR172a/b is shown below bar charts. Blue circles represent a Watson-Crick base pair
(A:U or G:C), yellow circles represent a G:U wobble base pair, and red circles represent a
mismatch. The SNP between miR172a and miR172b is denoted with an asterisk. The perfect
target sites have perfect complementarity to miR172a or miR172b. The scrambled target sites
have the same nucleotide composition as the perfect target sites, but the order has been

randomised.

In hexaploid wheat, there are two distinct target sites found in AP2-5 genes. AP2-5B and
AP2-5D have identical miR172 binding sites. The ancestral AP2-54 ‘q’ allele has the same
miR172 target site as AP2-5B and AP2-5D %, The AP2-5Aq/B/D target site produces a

105



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

significantly different ratio to the spacer target site (LMM followed by one-way ANOVA:
t(44)=-4.64,p=0.001), miR172a scrambled target site (LMM followed by one-way ANOVA:
t(44) = -3.89, p = 0.01) and miR172b scrambled target site (LMM followed by one-way
ANOVA: #(44) =-4.93, p <0.001) in the presence of miR172a. The AP2-54Aq/B/D target site
ratio was not significantly different to the spacer (LMM followed by one-way ANOVA:
t44)= -1.82, p=0.67), miR172a scrambled (LMM followed by one-way ANOVA:
t44)= -2.16, p = 0.45), or miR172b scrambled (LMM followed by one-way ANOVA:
#(44) = -1.80, p = 0.69) target sites in the presence of miR172b. This suggests that transcripts
of these genes are repressed by miR172a, but not miR172b.

The AP2-54 ¢’ allele has a SNP in the target site compared to the ancestral ‘g’ allele®*%, The
ratio for this target site was not significantly different from the spacer (LMM followed by one-
way ANOVA: in the presence of miR172a #(44) = -1.33, p = 0.92, in the presence of miR172b
t(44) = 1.24, p = 0.94), miR172a scrambled (LMM followed by one-way ANOVA: in the
presence of miR172a #(44) = -0.58, p = 1.00, in the presence of miR172b #(44) = 0.90,
p=0.99), or miR172b scrambled target sites (LMM followed by one-way ANOVA': in the
presence of miR172a #(44) = -1.62, p = 0.79, in the presence of miR172b #(44) = 1.26,
p =0.94). This demonstrates that the SNP that distinguishes the Q allele from the g allele
prevents miR172 from significantly repressing AP2-54 expression, which is consistent with

the literature 2 and supports the idea that this in vivo technique reflects in planta phenomena.

AP2-24 and AP2-2D have identical miR 172 target sites. In the presence of miR172a this target
site produces a significantly different ratio to the spacer (LMM followed by one-way ANOVA:
t(44) = -4.87, p < 0.001), miR172a scrambled (LMM followed by one-way ANOVA:
t(44)=-4.12, p = 0.005), or miR172b scrambled (LMM followed by one-way ANOVA:
t(44) =-5.15, p < 0.001) target sites. In the presence of miR172b, the ratio for this target site
is not significantly different to the spacer (LMM followed by one-way ANOVA: #(44) =-2.01,
p =0.54), miR172a scrambled (LMM followed by one-way ANOVA: #(44) =-2.35, p = 0.34),
or miR172b scrambled (LMM followed by one-way ANOVA: #(44) = -1.98, p = 0.56) target
site ratios. This suggests that AP2-24 and AP2-2D are significantly repressed by miR172a,
but not miR172b.

AP2-2B has a unique miR172 target site among the 4P2-2 homoeologues, with an additional
SNP at the 5* end of the target site. In the presence of miR172a this target site produces a
significantly different ratio to the spacer (LMM followed by one-way ANOVA: #(44) =-5.13,
p < 0.001), miR172a scrambled (LMM followed by one-way ANOVA: #(44) = -4.37,
p=0.002, or miR172b scrambled (LMM followed by one-way ANOVA: #(44) = -5.41,
p <0.001) target sites. In the presence of miR172b, the ratio for this target site is not
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significantly different to the spacer (LMM followed by one-way ANOVA: #(44) = -2.20,
p =0.42), miR172a scrambled (LMM followed by one-way ANOVA: #(44) =-2.53, p = 0.25),
or miR172b scrambled (LMM followed by one-way ANOVA: #(44) = -2.17, p = 0.44) target
site ratios. This suggests that 4P2-2B is significantly repressed by miR172a, but not miR172b.

I can conclude that the target sites of AP2-5B, AP2-5D, AP2-54 ‘q’ and all homoeologues of
AP2-2 are targeted by miR172a, but not miR172b. The AP2-54 ‘Q’ allele is not targeted by
miR172a or miR172b. In Figure 3-20 it appears that AP2-like gene target sites except the
AP2-54 *Q’ allele target site have lower F-Luc/R-Luc ratios than the scrambled controls. There
may be too much variation in this assay to detect a perhaps weaker level of repression by

miR172b.

There is no significant difference between the repression of 4P2-2 homoeologues and non-
‘0’ AP2-5 homoeologues by miR172a (LMM followed by one-way ANOVA: AP2-24/D
target site #(44) = -0.23, p = 1.00; AP2-2B target site #(44) = -0.49, p = 1.00). This is evidence
against the hypothesis that different mature miR172 copies target different AP2 genes. This is
also inconsistent with the in silico TargetFinder prediction in Section 3.4.7.1, as the dual

luciferase assay shows that miR172a is capable of repressing 4AP2-2.

3.4.7.3 miRI72 target site swap transgenics

To interrogate the miR172-4P2 interaction in planta, 1 developed a strategy to evaluate the
effect of swapping the AP2-54 miR172 binding site for the 4P2-24 miR172 binding site.
These constructs are currently being transformed into wheat (Figure 3-21A); I will show
results to date, however unfortunately due to time constraints we were unable to obtain Ty
plants to evaluate before the submission of this thesis. The constructs contain the full AP2-54
genomic sequence, upstream and downstream sequence to ensure any cis-regulatory elements
are included. The AP2-54 construct contains the endogenous AP2-54 miR172 target site,
while the AP2-54-AP2-24 construct contains the miR172 target site from AP2-24. These
constructs will be transformed into the K3946 TILLING line *' (Figure 3-21B) which contains
a premature stop codon which leads to a loss of AP2-54 function. K3946 plants have striking
phenotypes with one or two bracts between the glumes and first floret and sham ramification.
The AP2-5A construct should complement the ap2-54 loss-of-function mutation in K3946,
meaning the transgenic loses the sham ramification and bract phenotypes. The phenotypic
implications of transforming the AP2-54-AP2-2A construct into K3946 germplasm should
help to establish the effect that the SNPs between the target sites have on miR172 repression
in the context of the gene including mRNA folding.
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Figure 3-21: (A) Simplified diagram of the microRNA172 (miR172) target site swap constructs
used to transform ap2-5A4 Triticum turgidum cv ‘Kronos’ (containing a knockout mutation in
AP2-54). Exons are shown using blue boxes, introns are depicted by black lines, and
upstream/downstream sequences are shown by grey lines. The miR172 binding sites are shown
using pink or green lines, highlighted by an arrow. The miR172 binding site from
APETALA2-24 (AP2-24) is shown in green, while the miR172 binding site from
APETALA2-54 (AP2-54) is shown in pink. (B) A K3946 wheat (Triticum turgidum cv
‘Kronos’) TILLING line primary spike. The spike was harvested three weeks after heading.
The blue arrow highlights a rudimentary basal spikelet. Adapted from Debernardi, et al. **
under a CC BY 3.0 license (https.//creativecommons.org/licenses/by/3.0/) .

If the AP2-54-AP2-24 construct completely complements the K3946 loss-of-function
phenotype, we will be able to conclude that, as suggested by the dual luciferase assay, the
AP2-2 and AP2-5 target sites are bound equally by miR172 in the context of the AP2-54
mRNA sequence. If the construct only partially complements the phenotype, this suggests that
miR172 does not target the AP2-24 target site as efficiently as the 4P2-54 target site in the
context of the 4P2-54 mRNA sequence.

Due to wheat’s long generation time, I began developing these constructs before I had carried
out the dual luciferase assay described in Section 3.4.7.2. Given these results, I would develop

a different set of transgenics to test the effect of AP2-2 and 4P2-5 mRNA structure on miR172
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binding. It is possible that AP2-2 is not targeted by miR172 because its target site is not
accessible. Therefore, I would carry out the complementary experiment by transforming ap2-2
loss-of-function mutants with a wildtype 4AP2-24 construct and an AP2-24 construct
containing the 4P2-54 binding site. This would show whether the mRNA context of the AP2-2
binding site affects miR172 binding to the AP2-54 target site.

3.4.7.4  Hypothesis 2 conclusions

The results of the in silico TargetFinder prediction pipeline suggest that miR172 may not target
AP2-2, although this is contradictory to previous studies which have shown that SNPs in the
AP2-2 miR172 binding site have phenotypic effects 2.

The dual luciferase assay showed in vivo that miR172a is capable of repressing both AP2-2
and AP2-5 target sites and that the level of repression is not significantly different between the
two genes. Therefore, the SNP at the 3’ end of the binding site does not have a significant
effect on repression by either miR172a or miR172b, providing evidence against Hypothesis

2.

As the dual luciferase assay is used to test miRNA binding sites out of their mRNA context, |
cannot rule out that differential mRNA folding of AP2-2 and AP2-5 affects miR172 repression.
The literature shows that miRNA binding and the mechanism of miRNA-mediated repression
is affected by the secondary structure of the target mRNA #7-2*, The transgenic lines described
in Section 3.4.7.3 will allow us to begin to understand the effects of AP2-2 and 4P2-5 mRNA

secondary structures on miR172 binding.

3.5 Discussion

In this chapter my aim was to gain a more nuanced understanding of the key interaction
between miR172 and AP2-like genes during wheat spike development. Initial results showed
that AP2-2 and AP2-5 have opposite expression profiles during wheat spike development,
despite both being regulated by the same miRNA, miR172 3%, T narrowed my focus to

attempt to explain this observation.

3.5.] The opposite expression patterns of AP2-2 and AP2-5 reflects the

distinct functions of their orthologues in A. thaliana
Although both genes are AP2/ERF transcription factors regulated by miR172, AP2-2 and
AP2-5 have different functions. Disrupting the function of these genes affects some shared

phenotypes yet at the same time there are distinct effects **. It is therefore unsurprising that

AP2-2 and AP2-5 lie in different phylogenetic clades and have different orthologues in
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Arabidopsis and rice. AP2-2 is orthologous to 4AP2 in Arabidopsis, an A-class floral
development gene **. 4P2-5 is orthologous to AtRAP27, a floral repressor **.

Contradictory to previous studies, our data show that AP2-5 expression decreases during spike
development while 4P2-2 expression increases **. Debernardi, et al. ** showed that AP2-5
expression decreases from the floral primordia stage (W3.5 *') onwards. 4P2-2 was thought
to have a similar expression pattern *2. It is logically consistent that during spike development
floral repressor signals would decrease, while floral signals would increase. We cannot be
certain, however, that the broad functions of 4P2-like genes have been conserved between
Arabidopsis and wheat. [ will explore the roles that AP2-2 and AP2-5 play during development
further in Chapter 4.

3.5.2 Advances in technology and resources have allowed us to deepen

our understanding of miR172 in wheat

We know from Arabidopsis that members of the same miRNA family can have different
expression patterns and functions %1%, Previous work on miR172 has been based solely on
miR172a 32, however recent advances in genetic resources in wheat have allowed us to develop

a more nuanced understanding of this miRNA.

Prior to this work, six MIR172 loci and one mature miR172 sequence had been identified in
T. aestivum in the IWGSC v1.0 annotation '5, while no miR172 entries existed in
MIRBASE **. A meta-analysis of the literature and publicly available SRNA-Seq datasets has

revealed an additional four M/R172 loci and three distinct miR 172 mature sequences.

The sRNA-Seq time course described in Chapter 2 revealed a fourth mature sequence,
miR172d (which is identical to the single mature sequence in the INGSC v1.0 annotation '%).
It’s interesting that miR172d has a similar expression pattern to miR172b, not miR172a. This
is because MIR172A4-4, MIR172A-5 and MIR172A4-6 loci may produce both miR172d and
miR172a. This is likely as MIR172A4-4 has been used as the precursor sequence in dual
luciferase assays in Debernardi, et al. ** and Section 3.4.7.2 of this thesis. In Section 3.4.7.2 1
showed that constitutive expression of MIR172A4-4 significantly represses a target site with
perfect complementarity to miR172a, but not a scrambled version of this target site. miR172d
is different to miR172a in 18 of 21 positions and bears no sequence complementarity to the
miR172a perfect target site. One would expect miR172a and miR172d to have similar
expression patterns as they would be produced from the same duplex. It may be possible that
there may be a switch in which strand is preferred, from miR172d to miR172a, after the W4.0
(terminal spikelet) stage, a phenomenon which has been observed in rice ™. It would be

interesting to test using a dual luciferase assay whether MIRI724-5 and MIRI1724-6
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significantly repress perfect miR172a target sites, and whether MIR172A4-4/5/6 are able to
repress perfect miR172d target sites. This would allow us to establish whether single loci are
producing multiple miR 172 mature sequences at the same loci, or if there has been some level

of sub-functionalisation between the MIR1724 homoeologues on group 6 chromosomes.

The MIR172 loci I identified during my analysis form three syntenic homoeologous groups,
showing that these are well-conserved loci which were present in the A-, B- and D-genome
progenitors of hexaploid bread wheat. This high level of conservation across evolutionary time

emphasises their importance to proper wheat spike development.

This comprehensive review provides a much more complete view of miR172 in wheat. [ have
established a nomenclature for miR172 in wheat which will provide clarity for future work on
this key miRNA. This work laid the foundation which allowed me to investigate subtly
different miR172 family members independently, which has been shown to be important in

163,164

Arabidopsis . To fully understand miRNA function we must characterise each miRNA
family member. The nuance of these distinct interactions is important, however this work is
time consuming. Consideration needs to be given for whether protocols, such as RT-qPCR,
can distinguish between miRNA family members. Sometimes more complex, expensive

methods, such as SRNA-Seq, must be used to disentangle closely related miRNAs.

3.5.3 Developing hypotheses to explain the opposite expression

profiles of AP2-2 and AP2-5

Two of the mature miR172 sequences I identified were highly expressed, which led me to
hypothesize that miR172a and miR172b may have different functions (as seen in
Arabidopsis '°*1%%), This functional differentiation could be due to differences in miRNA
expression patterns (Hypothesis 1) or sequence-mediated (Hypothesis 2). Their different
levels of complementarity to AP2-like genes led me to hypothesise that miR172a may
preferentially target AP2-5 while miR172b may preferentially target AP2-2, leading to the

opposite expression profiles of these closely related genes.

3.5.3.1  There are few regions where AP2-2 is expressed in the absence of AP2-5

The MERFISH experiments in Section 3.4.6.1 show that in the vast majority of tissues in the
developing wheat spike AP2-2 and AP2-5 transcripts overlap. Hypothesis 1 (that the
expression domains of 4P2-like genes and miR172 do not overlap spatially or temporally),
relies on AP2-2 not being expressed in the same cells at the same time as miR172. Across the
W5.0 spike AP2-2 is expressed in the absence of AP2-5 in just 9.19% of cells. The cell cluster
with the highest number of cells with 4AP2-2 expression only was cluster 17 (lodicules), where

70.31% of cells where AP2-2 was expressed, it was expressed on its own. However, the
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lodicules are very small organs with this cell cluster containing just 1.85% of cells across the
WS5.0 spike. Therefore, even if miR172 is not expressed here, allowing 4P2-2 expression to
increase, it is unlikely that a phenomenon in such a small region would confer the clear pattern

seen in the RNA-Seq data in Figure 3-10 and Figure 3-11.

3.5.3.2 miRI72a and miR172b expression profiles are unique, but both overlap with AP2-like

gene expression

To further test Hypothesis 1, I established whether miR172 is expressed at the same time as
AP2-like genes. SRNA-Seq showed that miR172 is expressed at the W4.0 and W5.0 stages of
wheat spike development which overlaps with the expression of both AP2-2 and AP2-5.
Therefore, the increase in AP2-2 expression is not the result of a decrease in miR172

expression.

By using sRNA-Seq rather than RT-qPCR, I have been able to quantify the abundance of
individual miR172 family members. This showed that miR172a and miR172b abundance
diverges at W5.0; miR172a abundance is maintained while miR172b abundance decreases.
This, along with the differences in complementarity between miR172 siblings and AP2-like
genes, lends weight to Hypothesis 2, that different mature miR172 family members target
different AP2 genes. miR172a abundance stays high, repressing 4P2-5, while miR172b

abundance decreases, allowing AP2-2 expression to increase.

3.5.3.3 miRlI72a and miR172b repress AP2-2 and AP2-5 target sites equally

To test Hypothesis 2 empirically, I used a dual luciferase assay to quantify repression of
AP2-like gene target sites by miR172 family members. This assay showed that miR172
siblings target 4P2-2 and AP2-5 target sites equally, therefore the SNP at the 3’ end of the
target site does not make a significant difference to the level of binding and repression,
providing evidence against Hypothesis 2. A previous study has used a dual luciferase assay to
quantify differences in miRNA-mediated repression between a perfectly complementary
target site and a site with a single mismatch at the 5’ end; they found that there was a
significantly reduced level of repression when this mismatch was present 2°’. Therefore, this
system should be sensitive enough to detect changes in miRNA-mediated repression resulting

from single nucleotide changes.

Interestingly, miR172b did not significantly repress any of the 4P2-like gene target sites.
However, the variation between the ratios of biological replicates was higher when testing
miR172b binding (average CV (coefficient of variation) across all treatments = 53.65%) than
miR172a binding (average CV = 44.62%). In Figure 3-20, the ratios of AP2-like gene target

sites appear lower than those for scrambled target site controls, although the difference is not
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statistically significant. I cannot rule out that miR172b does repress AP2-like genes but the

high level of variability in our assay meant we could not detect it.

A limitation of this assay is that the miRNA binding site is out of context; the binding sites in
developing wheat spikes exist in the context of the AP2 mRNA. It has been shown that mRNA
structure and its effect on target site accessibility can affect miRNA binding >**. Additionally,
the structure of the two nucleotides immediately downstream of the miRNA binding site have
been shown to specifically affect mRNA cleavage but not miRNA binding, so perhaps
affecting the dominant miRNA-mediated repression mechanism *’. This raises the possibility
that AP2-5 is regulated by miR172 via mRNA cleavage, while AP2-2 is regulated via
translational repression. This would be consistent with the fact that we observe a decrease in
AP2-5 mRNA while miR172 abundance increases, but an increase in AP2-2 mRNA. I will
discuss this possibility further in Chapter 5.

The transgenic lines that are currently being generated will enable us to begin to test whether
the mRNA context of the AP2-like miR172 binding sites affects miR172-mediated repression
of these genes. We now have the resources in wheat to be able to test hypotheses such as these
directly in planta by complementing a mutant line. This will allow us to test a wide range of
hypotheses in more direct ways in the future, significantly improving our understanding of

wheat development.

3.6 Conclusions and future perspectives

I generated three hypotheses to explain the opposite expression profiles of AP2-5 and AP2-2.
sRNA-Seq revealed that miR172 expression overlaps with AP2-5 and AP2-2 expression
temporally. Spatial transcriptomics show that AP2-2 and 4AP2-5 transcripts broadly overlap
and there are only small regions where AP2-2 is independently expressed. In the future, it
would be interesting to reveal the spatial expression pattern of miR172a and miR172b in
wheat. LNA (locked nucleic acid) in situ hybridisations can be used to spatially resolve
miRNA expression and is capable of distinguishing between mature sequences with single
SNP differences '*. This would show whether the miR172 siblings have the same pattern of
expression and where in the developing wheat spike miR172 overlaps with 4P2-like gene

transcripts.

I have also shown that miR172a and miR172b repress AP2-2 and AP2-5 target sites equally
in vivo. This suggests that there is no sequence-based functional differentiation between
miR172a and miR172b, disproving Hypothesis 2. However, the target sites used in this assay
are not in their endogenous mRNA context. Therefore, there may be some additional factors

which affect miR 172 repression of 4P2-like genes, such as mRNA structure and miRNA target

113



Chapter 3: How do APETALA2-2 and APETALAZ2-5 have different expression patterns in
developing spikes when they are both regulated by microRNA172?

site accessibility. Additional work to uncover the mRNA structures of 4P2-2 and AP2-5 and
how this might affect the accessibility of the miR172 binding sites would be an interesting

future avenue of research.

The work in this chapter has shown that miR172a and miR172b are likely to be functionally
redundant, and that the opposite expression profiles of 4P2-2 and AP2-5 may be the result of
different underlying levels of transcription (Hypothesis 3). This could be quantified using
smFISH to detect immature (unspliced) and mature (spliced) mRNA transcripts of the
AP2-like genes 2*. Despite this, I have shown the importance of a more nuanced
understanding of miRNA-mRNA interactions, as demonstrated by the divergent expression
patterns of miR172a and miR172b. Recent developments in genetic resources in wheat allow
us to study these interactions in more detail and reveal the nuance of these critical genetic

pathways.
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4 Does VEGETATIVE TO REPRODUCTIVE
TRANSITION-2 (VRT-A2) act via microRNAI172

to achieve its phenotypic effect?

4.1 Chapter summary

In this chapter, I investigated the downstream genetic pathway of VRT-A42, a key transcription
factor during the vegetative to floral transition. Modifying the expression of VRT-A2 or
AP2-like genes affects several of the same phenotypes, so I focused my work on the
interactions between these genes. I found that lower VRT-42 expression leads to an increase
in miR172 abundance, a genetic effect which is conserved with Arabidopsis. In NILs with
increased and extended VRT-A2 expression, AP2-2 expression was significantly lower while
AP2-5 expression was significantly higher. The increase in 4P2-5 abundance can be explained
by a decrease in miR172, however the decrease in AP2-2 cannot be explained using current

data.

4.2 Introduction

4.2.1 A natural allele of VRT-A2 leads to increased and extended
expression

4.2.1.1  Triticum polonicum

Triticum polonicum, also known as Polish wheat, first appears in the record in 1687 %6 and

was characterised by Carl Linnaeus in 1753 %7

. Linnaeus noted the longer spikes and glumes
double the length of other species '°7; these are the most prominent phenotypes of 7. polonicum
and the morphological characters which led to its species classification. It is a tetraploid wheat
which is sometimes described as a subspecies of durum wheat, 7. turgidum *¢. T. polonicum is
not widely grown today due to its susceptibility to lodging **’, however it has been used to
show that the patterns of inheritance for quantitative traits follow similar principles as those
shown by Mendel for qualitative traits in peas ***2%. Rowland Biffen used crosses between
T. polonicum and other wheat species to show that certain features of wheat, such as the
presence of awns and susceptibility to the yellow rust pathogen, are inherited as single
dominant/recessive factors. He also illustrated incomplete dominance for other traits, such as

glume size and flowering time, where the hybrid individuals display an intermediate

phenotype. This phenomenon had not been observed by Mendel, although his principles are
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capable of explaining it. It was during these studies that Biffen also recorded the long grain,

early flowering, and lax spike phenotypes present in T. polonicum **.

4.2.1.2  VRT-A2 was identified as the causal gene for the long glume and long grain phenotype

in Triticum polonicum

Although the inheritance of 7. polonicum’s distinctive phenotypes was studied extensively in
the early 20™ century, the causal locus was unknown until recently. Through further crossing
schemes, Engledow showed in 1920 that several 7. polonicum phenotypes are inherited
together, including glume and grain length, and that they are all controlled by a single

“factor” 20

, what we now know to be a genomic locus. This locus (often referred to as the ‘P’
or ‘P1’ locus) was mapped to chromosome 7A in 1996 %!, In 2021, Adamski, et al. *° used
NILs to fine-map P to a 50.3 kbp region containing the gene VRT-42 *°. This 50.3 kbp region
is completely linked to the glume length, plant height, spike length, grain length, and TGW
phenotypes seen in 7. polonicum *¢, supporting the hypothesis that these are pleiotropic effects

of VRT2. Liu, et al. '® also independently mapped the PI locus to VRT-A2.

4.2.1.3 A sequence substitution in intron | of VRT-A2 is responsible for the T. polonicum

phenotype

VRT-A2 was identified by Adamski, et al. °° and Liu, et al. '® as the locus responsible for the
T. polonicum phenotype 6. Through sequencing of the candidate genes and the surrounding
region, a 160 bp sequence substitution was identified in intron 1 of the 7. polonicum VRT-A2
allele ¢ (hereafter referred to as the VRT-A2b allele). This 160 bp sequence replaces a 563 bp
sequence in the wildtype allele (VRT-A42a). From further analysis, this 160 bp substitution was

%6 consistent with a

shown to contain motifs which flank the 563 bp wildtype sequence
sequence re-arrangement occurring during DNA repair. The intron 1 substitution is linked to
the 7. polonicum phenotype, as 36 separate 7. polonicum accessions from 17 countries were
shown to carry the VRT-A2b allele, while 297 other accessions with ‘normal’ length glumes
carry the VRT-A2a allele *°. This suggests that the VRT-A2a allele is the ancestral form, while

the VRT-A2b allele is derived >°.

4.2.1.4  The sequence substitution in intron | of VRT-A2b causes increased and ectopic
expression in vegetative and reproductive tissues

The two VRT-A2 alleles exhibit different expression patterns; VRT-A2b confers ectopic

VRT-A2 expression *°. Adamski, et al. ** quantified the expression of all three VRT2

homoeologues (VRT-A2, VRT-B2, and VRT-D2) using RT-qPCR in several tissues and at

multiple timepoints *°. In all tissues, at all timepoints measured, VRT-B2 and VRT-A2

expression not significantly different in plants with the VRT-42a or VRT-A2b allele *.
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VRT-A2a is expressed within the shoot apical meristem, especially within the vegetative
meristem. Its expression level begins to decrease as the meristem transitions into the

reproductive stage and continues to develop and differentiate

. While the expression of
VRT-A2b follows a similar pattern, its level of expression is higher at all stages measured and
begins to increase at W4.0 (terminal spikelet) stage *'*°. Due to the relatively low level of
resolution of this expression analysis, it is possible that in tissue types where an increased
level of expression is detected, VRT-A42 is simply being expressed ectopically in a subsection
of the tissue sample. On balance, however, the authors concluded that this increased signal is

likely due to an increase in expression levels .

While VRT-A2a,is not expressed in glumes or floral organs (lemma or anthers), VRT-A2b is
ectopically expressed in these tissues *°. Expression is particularly high in glumes at the mid-

boot stage .

4.2.2 VRT-A2 is an ortholog of SVP in Arabidopsis

VRT2 was originally characterised by Kane ef al. in 2005 as part of a study of flowering time
regulation in wheat *2. It is an ortholog of AtSVP in Arabidopsis thaliana, sharing 51% amino
acid sequence identity 2. Like AtSVP, VRT2 has been shown to repress the transition from

vegetative to reproductive growth 44252

. There have been two duplication events within the
SVP clade in monocots, both of which occurred over 45 million years ago 2°*>?%*, The three
clades in wheat are VRT2, SVPI, and SVP3, each of which contains three homoeologues

(Figure 4-1).
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Figure 4-1: Phylogenetic tree of the three SHORT VEGETATIVE PHASE-like (SVP-like) gene
clades in wheat (Triticum aestivum), barley (Hordeum vulgare), Brachypodium distachyon,
maize (Zea mays), and rice (Oryza sativa spp. japonica). The SVPI clade is highlighted in
pink, the VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT2) clade is highlighted in
yvellow and the SVP3 clade is highlighted in green. Numbers on branch points indicate
confidence values based on bootstrap analysis (1000 replicates). The Poisson method was

used to calculate branch lengths *>. Reproduced from Adamski, et al. *°.

4.2.2.1  The three SVP genes in wheat have different expression patterns

The three SVP gene clades in wheat all exhibit different expression patterns. SVP1 is expressed
in both vegetative and floral tissues *°, while SVP3 and VRT2 are only endogenously expressed
in vegetative tissues; they are not expressed in floral organs %%, This may be an example of

sub-functionalisation, where duplicate gene copies specialise in a particular function 2.
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Although, this process would not be complete in this case as SVPI retains both vegetative and

floral tissue expression.

Double svpl vrt2 mutants have stronger phenotypes than either single mutant for flowering
time, plant height, number of spikelets, and leaf number, suggesting there is some functional
redundancy between the two, although their effects are dosage dependent *+3¢, This mutant is
a double knockout of the two most closely related genes in the SVP clade; a triple svpl svp3

vrt2 mutant has not yet been described in the literature.

4.2.2.2 The AtSVP regulatory network has been well characterised

Although it is known that the differential expression of VRT-A2 causes the 7. polonicum long
glume phenotype, the mechanism by which this occurs is unknown given the very different
floral morphology of Arabidopsis. Regardless, some hypotheses can be formed on the role of

SVP genes in floral transition based on knowledge in Arabidopsis.

ChIP-seq analyses have shown that AtSVP proteins bind to many hundreds, if not thousands

of targets in vivo >’

. AtSVP is endogenously expressed at two distinct stages of development;
during vegetative growth and floral development 2°%, AzSVP is downregulated during the floral
transition itself 2372%8, It has been postulated that AzSVP has distinct functions during these two

stages, and that its effect is determined by its interactions with different protein partners 23,

During vegetative growth AzSVP acts as a floral repressor, integrating signals from multiple
pathways to determine the timing of the floral transition *>*. It regulates flowering time by
binding directly to other floral integrators such as SUPPRESSOR OF OVEREXPRESSION OF
CONSTANSI (AtSOCT) **° AtFT, and TWIN SISTER OF FT (AtTSF) *®. It has also been
shown to bind members of the CLAVATA-WUSCHEL (AtCLV-AtWUS) pathway, which

maintains shoot apical meristem size ¢!,

When AtSVP was first characterised, knockout mutants were shown to have wildtype floral
architecture; it was therefore posited that either AzSVP function is dependent on an interacting
factor that is not present during floral development, or that the function of 4£SVP during floral
development is redundant >®. The latter has been shown to be the case. AtSVP and
AGAMOUS-LIKE 24 (AtAGL24) have opposite functions during vegetative growth, with

t 262, However, after the floral

AtAGL24 promoting the floral transition while AzSVP represses i
transition these two genes have redundant functions, both having the ability to form a dimer

with APETALAI (AtAPI) ***, an A-class gene in the ABCDE floral development model 26226,

There is strong evidence that miR172a is directly negatively regulated by AtSVP in
Arabidopsis 3. As miR172 represses AtAP2 and AtRAP27, this interaction would result in
higher AtAP2 and AtRAP27 protein levels. There are studies showing that 4¢t4P2 and AtRAP27
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are also directly bound and upregulated by overexpressed AtSVP protein in nine day old plants
in a ChIP-chip experiment * and are downregulated in an svp loss-of-function mutant in ten
day old plants 2**. This was contradictory to other studies where AtAP2 and AtRAP27 were not

27 and were not differentially

bound by an AtSVP::GFP (green fluorescent protein) protein
expressed in an Atsvp loss-of-function line 2°, however the samples for these studies were
taken at later timepoints (two weeks after bolting and during the transition to flowering,

respectively). This suggests that the nature of any interaction may change over time.

4.2.3 The regulatory network of VRT-A2 needs to be investigated

The above examples are a selection of key pathways that A#SVP has been shown to interact
with; others have been identified »*’. This diversity of targets show how important AzSVP is
during various developmental stages, in addition to being an integrator of upstream signals.
As an ortholog of AtSVP, VRT-A2 may also have multiple functions important to development.
Therefore, elucidating its function may be an essential step in understanding wheat
development better at a fundamental level and eventually improving yields. The results of

recent studies can provide some leads for this analysis.

4.2.3.1  VRT2 has been shown to interact with SQUAMOSA proteins

The downstream targets of VRT2 have been studied previously, often in the context of
flowering time regulation. For instance, it was shown in 2007 that ¥'R7?2 binds to and represses
VERNALIZATION1 (VRNI), a member of the SQUAMOSA gene clade *+2%°. Expression data
from Ubi::VRT2 overexpression lines has been analysed for differentially expressed genes
that may be regulated by VRT2 . Several members of the SQUAMOSA and SEPALLATA
clades were differentially expressed. The SQUAMOSA clade includes VRNI, FRUITFULL 2
(FUL2), and FRUITFULL 3 (FUL3) *. The E-class SEPALLATA clade gene is divided into
the LOFSEP (SEPI-2, SEPI-4, and SEPI-6) and SEP3 clades (SEP3-1 and SEP3-2).
SQUAMOSA clade gene VRNI, B-class gene PISTILLATAI (PII), C-class gene AGI, two
LOFSEP clade genes (SEPI-2 and SEP1-4), and both SEP3 clade genes showed significantly
lower levels of expression in Ubi::VRT2 W4.0 (terminal spikelet) spikes, suggesting these
genes are downregulated (either directly or indirectly) by VRT2 *. Additionally, a yeast-2-
hybrid study found that VRT2 has the ability to bind to all three SQUAMOSA clade genes *.
These interactions were additionally wverified wusing bimolecular fluorescence
complementation (BiFC) in wheat protoplasts *. Li, et al. * have proposed a working model
accounting for the interactions described above. During vegetative growth dependent on its
expression pattern, VRT2 can act as a floral repressor or promoter as both the knockout and
overexpression mutants show a delayed heading time phenotype **. This flexibility has also

been shown in a 2019 study when Ubi::VRT2 caused early flowering in unvernalized winter
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wheat, but vernalized plants had wildtype flowering times 27, After this stage, SVP and
SQUAMOSA proteins interact to accelerate the transition of the inflorescence meristem into
a terminal spikelet meristem *. The downregulation of SVP genes during the floral transition
is hypothesised to release SQUAMOSA proteins to interact with SEPALLATA proteins,

necessary for normal floral development *.

4.2.3.2  An interaction orthologous to those between SVP, AP2 and miR|72 in Arabidopsis has

not been tested in monocots

With the exception of the network described in Section 4.2.3.1, the downstream targets of SVP
orthologues have not been investigated in monocots. In this chapter I will focus on testing
whether the interactions between A¢tSVP and AtAP2, AtRAP27 and miR172 in Arabidopsis has
been conserved in wheat. This will build upon the work I described in Chapter 3 where 1
characterised the repression of AP2-2 (the wheat orthologue of 4¢14P2) and AP2-5 (the wheat
orthologue of AtRAP27) by miR172. Understanding how VRT2 and AP2-5, in particular,
interact is critical to understanding wheat spike development as they are both such key genes

during the vegetative to reproductive transition.

4.2.4 AP2-5A and miR172 mutants have similar phenotypes to VRT-A2

mutants

A striking piece of evidence from the literature is the similarity between VR7-A42 mutants, and
mutants of AP2-54 and miR172 which may imply that these genes function within the same

genetic pathway in wheat ¥,

There are several phenotypes affected by VRT-42, AP2-54, and miR172 expression including
plant height, heading date, and spikelet density . Plants with the VRT-A42b allele are taller,
which is the same as the phenotype seen in Ubi::miR172 plants 3. Spikelet density in
VRT-A2b plants is also consistent with Ubi::miR172 plants . In contrast, the heading date
in VRT-A2b plants is later, which is also seen in MIM172 plants (with lower miR172
levels) 3>, This conflicting evidence suggests that if there is any interaction between the three

genes, the nature of this interaction may differ according to tissue and developmental stage.

4.2.5 AP2-2 orthologue loss-of-function mutants in barley have long
glumes and grains

The barley orthologue of AP2-2, HvAP2, has been well-characterised using loss-of-function
and gain-of-function mutants . Shoesmith, et al. > showed that the gigas1.a HvAP2 loss-of-
function mutant line has longer glumes, lemma, palea and grains than the wildtype. Hvap2

spikes were also more lax (lower spikelet density) °’, an observation which is consistent with

121



Chapter 4: Does VEGETATIVE TO REPRODUCTIVE TRANSITION-2 (VRT-A2) act via
microRNA172 to achieve its phenotypic effect?

the higher spikelet density seen in both wheat and barley spikes with a miR172-resistant allele
of AP2-2 (so higher AP2-2 expression) *»**°, With the exception of the long palea phenotype,
the other observations are reminiscent of wheat spikes with the VRT-42b allele *. I therefore

hypothesised that the VRT7-A2b phenotype may be mediated by a reduction in AP2-2
abundance (Figure 4-2).

VRT-A2

miR172

AP2-2 |

|

|

| Key

: = == === [ndirect interaction

— Direct interaction
Glume, lemma, palea, M Strong evidence
grain and rachis Putative interaction
elongation

Figure 4-2: A working model describing hypothesised interactions between APETALA2-2
(AP2-2), VEGETATIVE TO REPRODUCTIVE TRANSITION-A2 (VRT-A2), microRNAI72
(miR172) and spike phenotypes. The model is based on previous literature describing how
increased and extended VRT-A2 expression and decreased AP2-2 expression both lead to long
floral organs and a lax spike phenotype *°’. Interactions with strong evidence are shown
using black lines, while interactions which I have hypothesised are shown using orange lines.
Interactions which are known to be direct are shown using a solid line, while those where the

interaction may be indirect are shown using a dashed line.

4.2.6 Aims and hypotheses

VRT-A2 has been shown to have key pleiotropic effects during wheat spike development #*-°6.
I aimed to understand the mechanism by which VR7-42 confers its effects. As a MADS box

transcription factor, I aimed to understand its targets and downstream genetic pathway.
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As I have described in Section 4.2.4, modifications to the expression of 4P2-54 and VRT-A2
affect several of the same phenotypes such as plant height, heading date, and spikelet
density **#+%, Mutations to 4P2-2 and VRT-A2 also affect similar phenotypes, in this case
floral organ length and spikelet density **°%°7. Therefore, I hypothesised that these three genes
may act within the same genetic pathway. [ aimed to test this hypothesis in this chapter. Initial
results led me to refine my aim to test whether VR7-A42 interacts with 4P2-5 and AP2-2

directly, or via miR172.

4.3 Methods

4.3.1 Paragon RNA-Seq

Details of the Paragon RNA-Seq dataset can be found in 3.3.2.

4.3.2 ap2-5A VRT-A2b phenotyping

4.3.2.1 Germplasm

I was provided with F; seed of crosses between three ap2-54 mutants (K2726, K2992, and
K3946) and a NIL (Langdon P1°°") by Dr Nikolai Adamski (Table 4-1).

All ap2-54 mutant lines are TILLING lines in a tetraploid 7. turgidum cv ‘Kronos’ background
and they all carry characteristic transitions from guanine (G) to adenine (A) residues within
the AP2-54 gene. In line K2726, the transition occurs at the spice donor site of the first intron.
In line K2992, the transition is located in the first base of the second exon, leading to a
premature stop codon at amino acid residue 138 (W138%*). Line K3946 contains a G to A
transition in the fifth exon, conferring a premature stop codon at amino acid residue 190
(W190%). These truncated AP2-5A proteins are predicted to lack both (K2726, K2992) or one
(K3946) AP2 domain and can thus be assumed to be non-functional. Langdon P17°* is a BC;F»
NIL carrying the VRT-A2b allele (which confers increased and extended VR7-A2 expression)

in a T turgidum cv ‘Langdon’ background.

4.3.2.2  Plant growth

Seeds were germinated in petri dishes as described previously 2%¢. Once germinated, they were
sown in 96-cell trays containing ‘peat & sand mix’ (85% fine peat, 15% grit, 2.7 kg/m?3
osmocote 3-4 months, wetting agent, 4 kg/m* maglime, 1 kg PG mix). After approximately
4 weeks, seedlings were potted up into 1 L pots containing ‘John Innes cereal mix’ (40%
medium grade peat, 40% sterilised soil, 20% horticultural grit, 1.3 kg/m* PG mix 14-16-18 +
Te base fertiliser, 1 kg/m* osmocote mini 16-8-11 2 mg + Te 0.02% B, wetting agent, 3 kg/m?

maglime, 300 g/m* exemptor). Plants were grown in heated glasshouses with supplementary
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lighting according to a 16 h 20°C light / 8 h 15°C dark cycle. Primary spikes were harvested
after physiological maturity and dried down at 30°C for 3 d.

Table 4-1: Details of germplasm used in this experiment. The mutation location refers to the
location of interest and is relative to the INGSC v1.0 assembly ©°. The gene IDs provided are
according to the INGSC v1.1 annotation **.

Mutation . .
location Mutation of interest Genetic
Accession (IWGSC v1.0 IWGSC vl.1 gene background Reference
model
assembly)
Triticum Debernardi
K2992 chr5A:650130297 TraesCS5A02G473800 turgidum cv cal ’
et al.
‘Kronos’
Triticum Debernardi
K3946 chr5A:650129824 TraesCS5A02G473800 turgidum cv ot al 2 ’
‘Kronos’ '
Triticum Debernardi
K2726 chr5A:650130395 TraesCS5A02G473800 turgidum cv ot al 2 ’
‘Kronos’ '
Langd. Triticum 4 sk
angdon ) ,
&y N/A TraesCS7A02G175200  turgidum cv "
Pl et al.
Langdon

4.3.2.3 DNA extraction

DNA was extracted based on the protocol published by Pallotta, et al. **°. A 3 mm tungsten
bead was placed in each well of a 1.2 mL collection plate along with approximately 2.5 cm
leaf tissue from seedlings less than 4 weeks old. Plates were placed in a freeze-dryer overnight
at -20 °C. The samples were homogenised using a Geno/Grinder (SPEX SamplePrep) at
1500 RPM for 90 s and briefly centrifuged. If required, the homogenisation step was repeated,
and the plate was briefly centrifuged again. 500 pL of extraction buffer (0.1 M Tris-HCl
(pH 7.5), 0.05 M EDTA (pH 8.0), 1.25% SDS) at 65 °C was added to each well. The buffer
was mixed with the ground tissue by inverting the plates several times. The plates were
incubated at 65 °C for 30-60 min then cooled for 15 min at 4 °C. Next, 250 uL of 6 M
ammonium acetate at 4 °C was added to each well and mixed by plate inversion. Plates were
incubated at 4 °C for 15 min and centrifuged at 5,000 RPM for 15 min. The supernatant was
transferred to another 1.2 mL collection plate containing 360 uL isopropanol per well and
mixed by plate inversion. The plates were incubated at 4 °C for 5-90 min and centrifuged at
5,000 RPM for 15 min. The supernatant was discarded, then 500 pL 70% ethanol was added
per well and mixed by plate inversion. The plates were centrifuged at 5,000 RPM for 15 min.
The supernatant was discarded, and the DNA pellets were dried either by incubating the plates
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at 65 °C for 30 min, or at room temperature overnight. 200 pL sterile distilled water was added
per well and the plates were vortexed. The samples were incubated at 65 °C for 15 min, and
vortexed again. Five random samples per plate were quantified using the DeNovix DS-11

spectrophotometer to assess the approximate quality and quantity of DNA extracted.

4.3.2.4  PACE genotyping

The 3CR Bioscience PACE system was used to genotype plants according to manufacturer’s
instructions ?’°. The total reaction volume per well was adjusted to 4 pL instead of the
recommended 5 pl, as described previously *°. An initial 30 cycle reaction was used, and five
additional cycles were added if necessary after reading the plates using the BMG LabTech
PHERAstar. The primers used are listed in Section A.1, Table A-1.

For clarity, in the remainder of this chapter I will refer to wildtype plants as VRT-4A2a/AP2-5A4,
ap2-54 loss-of-function mutants as VRT-A2a/ap2-5A4, plants with the VRT-A2b allele as
VRT-A2b/AP2-54, and plants with the ap2-54 loss-of-function mutation and the VR7-42b
allele as VRT-A2b/ap2-5A.

4.3.2.5  Phenotyping

Heading date was defined as the day on which the peduncle of the main spike could be first
observed and the spike had fully emerged from the flag leaf sheath. Plants were checked daily,
with heading time measured in days from sowing date to heading date. Plant height was

measured from the soil to the tip of the tallest spike (excluding awns).

The main spike of each plant was used for phenotyping. Spike length was measured from the
peduncle/rachis junction to the end of the terminal spikelet (excluding awns) once the spikes
had been dried at 30°C for 3 d. Spikelet number was counted after drying, including sterile
basal spikelets. Sham ramification (an extended rachilla including attached florets) was scored
after drying as not present (0), moderate (1), or extreme (2). Extreme sham ramification was
defined as the rachilla being over double the approximate average wildtype rachilla length,
while moderate sham ramification describes a spikelet with a longer than average rachilla less
than double the approximate average length. After these measurements were taken, the spike
was dissected, and the glumes were arranged on plate films according to spikelet number
(including sterile basal spikelets). Lemma, palea, and grains of fertile florets (those which
produced a grain) were arranged on plate films according to spikelet number (including sterile
basal spikelets) and floret number (including infertile florets). The plate films were scanned
(600 dpi, greyscale) and the organs were measured using FIJI’s particle measurement feature
(including particles 0.05-10 cm?) (Schindelin, et al. ?’). When necessary for accurate
dissection, a Leica MZ16 microscope with a Leica CLS100x white light source and Leica

DFC420 colour camera was used.
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4.3.2.6  Statistical analysis

I used R v4.0.3 for all data analyses *’>?*. Two-way ANOVAs were used to assess the
independent effect of AP2-54 and VRT-A2 alleles as well as any interaction between the two
factors on plant height, heading time, number of spikes, number of spikelets per spike, basal
sterility, and spike length. The spikelet architecture data (i.e., the number of glumes, bracts,
and florets and percentage fertility) did not satisfy the assumptions of a two-way ANOVA.
Therefore, I used a non-parametric Kruskal-Wallis test to assess the effect of the
VRT-A2/AP2-54 genotype on the phenotype. A pairwise Wilcoxon rank sum test was used for
pairwise comparisons between genotypes to produce a Benjamini & Hochberg adjusted
p-value. The effect of VRT-A2 and AP2-54 genotype on glume dimensions was analysed using
an LMM (measurement ~ genotype + (l|plant id / spikelet number)to
include spikelet position as a random effect as glume size varies across the speltoid wheat
spike 3°. The effect of VRT-A2 and AP2-5A4 genotype on floral organ dimensions was analysed
using an LMM (measurement ~ genotype + (1] plant id /
spikelet number / floret number)) to include spikelet and floret position as
nested random effects as floral organ size varies across the speltoid wheat spike and according

to floret number °°.

4.3.3 ap2-2 ap2-5A VRT-A2b phenotyping

ap2-2 ap2-54 seed was kindly provided by the Dubcovsky lab (UC Davis, USA) (Table 4-2).
I crossed this line with a NIL carrying the VRT-A2b allele in a T. turgidum cv ‘Langdon’
background by Dr Nikolai Adamski and allowed the F, generation to self to generate an F,
population segregating for all four loci (ap2-24 loss-of-function mutant, ap2-2B loss-of-
function mutant, AP2-54 loss-of-function mutant, and VRT-A2b ectopic expression allele)

(Table 4-2).

F and F; plants were grown as described in Section 4.3.2.2. James Simmonds sampled tissue
for DNA extraction, and the JIC Genotyping platform performed DNA extraction and PACE

genotyping reactions as described in Sections 4.3.2.3 and 4.3.2.4. Sham ramification, number

126



Chapter 4: Does VEGETATIVE TO REPRODUCTIVE TRANSITION-2 (VRT-A2) act via
microRNA172 to achieve its phenotypic effect?

of sterile bracts, glume width and length, and grain width and length were measured for

primary F, spikes by me and Pamela Crane as described in Section 4.3.2.5.

Table 4-2: Details of germplasm used in this experiment. The mutation location refers to the
location of interest and is relative to the INGSC v1.0 assembly ©°. The gene IDs provided are
according to the INGSC v1.1 annotation **.

Mutation . .
location Mutation of interest Genetic
Accession (IWGSC v1.0 IWGSC vl.1 gene background Reference
model
assembly)

chr2A:738437789 TraesCS2A02G514200 Triticum

2-2 b .
apz 5, Chi2B:740216839  TracsCS2B02GS42400  turgidum cv el;er;‘irzd"
WA hr5A650129824  TraesCS5A02G473800  ‘Kronos’ et al.

Triticum ,
Langdon N/A TraesCS7A02G175200  turgidum cv Adamski,
PI: etal. >
Langdon

4.3.4 sRNA-Seq

Details of SRNA-Seq methods can be found in Sections 2.3.1 and 2.3.2.

4.3.5 miR172 stem-loop RT-qPCR

4.3.5.1  Plant growth

VRT-A2b transgenic line seed (zero- and high-copy number) was kindly provided by Dr
Nikolai Adamski. These lines are described in Adamski, et al. *° (Table 4-3). In brief, these
transgenic lines are in a 7. aestivum cv ‘Fielder’ background, which contains an endogenous
VRT-A2a allele. Both the zero-copy and high-copy number lines underwent transformation
with a construct containing the genomic VRT-A2b extended and increased expression allele
from T polonicum. The zero-copy line contains no detectable transgene copies, while the high-

copy line contains 9-35 transgene copies.

vrt2 loss-of-function mutant and VR7-A2 overexpression line seed was kindly provided by the
Dubcovsky lab (UC Davis, USA) and are described in Li, ef al. **. In brief, the vr£2 loss-of-
function mutant is in a 7. turgidum cv ‘Kronos’ background and contains a premature stop
codon in the fourth exon of the A-genome copy and a splice site mutation at the end of the
fourth exon of the B-genome copy. The VRT-42 overexpression line is also in a T. turgidum
cv ‘Kronos’ background and contains a transgenic copy of the VRT-42 coding region from

Tritium monococcum driven by a constitutive UBIQUITIN promoter from Z. mays.
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Table 4-3: Details of germplasm used to quantify miRI172 expression using step-loop
RT-qPCR. The mutation location refers to the location of interest and is relative to the INGSC

v1.0 assembly I°. The gene IDs provided are according to the IVGSC v1.1 annotation *°.

l\l/f:zf:;n Mutation of interest Genetic
i i
Accession (IWGSC v1.0 IWGSC v1.1 gene background Reference
model
assembly)
Triticum
VRT-A2 Adamski
o Zero N/A N.A aestivum cv e[a;lls%l’
py ‘Fielder’ ’
Triticum
VRT-A2 high Adamski
o ‘& N/A N/A aestivum cv eta;llSS;’
py ‘Fielder’ ’

chr7A:128830572 TraesCS7A02G175200  [riticum
vrt2 turgidum cv  Li, et al. %

chr7B:90193092  TraesCS7B02G080300 ‘Kronos’

Triticum
VRT-A2 .
. N/A N/A turgidum cv  Li, et al. %
overexpression ) )
Kronos

Seeds were germinated in petri dishes as described previously *%®. Once germinated, seeds
were sown in 15-cell trays containing ‘John Innes Cereal Mix’ as described in 2.3.1. All plants
were grown in growth chambers at 65% humidity with 16 h photoperiods and 20 °C/15 °C
day/night temperatures.

4.3.5.2  Sampling

Three to five whole W5.0 spikes #! per genotype were dissected as described in Section 2.3.1

into 2 mL microcentrifuge tubes on dry ice then flash-frozen in liquid nitrogen.

4.3.5.3 RNA extraction

I added two flash-frozen 3 mm tungsten carbide beads (washed 1x using RNase Blitz, 1x 70%
ethanol and 2x using ddH20) to each sample tube. I ground the tissue in a Geno/Grinder
(SPEX SamplePrep) at 1500 RPM for 30 s, then re-froze in liquid nitrogen. This was repeated

two times (three total grinds).

I extracted RNA using the Direct-zol miniprep kit (Zymo Research) according to the
manufacturer’s instructions 2* including the on-column DNAse I treatment. I quantified and

checked the quality of the total RNA using a Nanodrop 1000 (Thermo).
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4.3.5.4  cDNA synthesis

cDNA synthesis was based on the protocol in Chen, ef al. '9. I used SuperScript IV reverse
transcriptase (Invitrogen) for cDNA synthesis according to the manufacturer’s instructions 27
using 1 pg total RNA per reaction. I used a 0.05 pM final concentration (each) of the
SLOmiR172 and snoR101 R primers from Debernardi, et al. ** (sequences in Section A.1,

Table A-1). I included no template controls in the reaction.

4.3.5.5 Stem-loop RT-gPCR

1. '% and Debernardi, et al.

The stem-loop RT-qPCR was based on the protocol in Chen, et a
32,1 used the Lightcycler 480 Sybr Green I Master mix (Roche). I set up reactions as follows:
5 uL Lightcycler 480 Sybr Green I Master mix (Roche), 2.5 pL 1:10 cDNA, 1.25 pL 2 uyM
forward primer, 2 uM reverse primer. | ran the reactions in a LightCycler 480 instrument
(Roche) under the following conditions: 5 min at 95 °C; 45 cycles of 10 s at 95 °C, 15 s at
60 °C, 30 sat 72 °C, 1 s at 78 °C (single acquisition); dissociation curve from 60 °C to 95 °C
(five acquisitions per °C) to determine primer specificity. snoR101 was used as the reference
gene. | determined primer efficiencies using a two-fold cDNA dilution series; the snoR101
primers (Debernardi_snoR101_F andDebernardi snoR101_R) had an efficiency of 90% and
miR172 primers (Debernardi_ Uni_MIRs and Debernardi RTmiR172a) had an efficiency of

99% (primer sequences in Section A.1, Table A-1).

I quantified miR172 expression for three biological replicates per genotype with three
technical replicates per biological replicate. I included no template controls for each primer
combination. I used snoR101 as the reference gene. I calculated mean Ct values for each
biological replicate and excluded any technical replicates which were >1 cycle different from
the other two technical replicates or had two peaks in the melt curve analysis. I calculated
relative expression using the 222 method 2’ from the mean value for each biological

replicate.

4.3.5.6  Statistical analysis

I carried out statistical analyses using R v4.3.2 ', T analysed the data in Kronos and Fielder
backgrounds separately. I used the raw 2722 values for the analysis of Fielder background
and log-transformed 2 22 values for the analysis of Kronos background data. I used a one-
way ANOVA with a Tukey post-hoc test to test for differences in miR172 expression between

lines.
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4.3.6 Generating VRT-A2b::FLAG transgenic lines

4.3.6.1 LI Plasmid construction

To generate a FLAG-tagged VRT-A2b construct, | modified the pPGGG-AH-VRT-A2 construct
described in Adamski, et al. *® which was kindly provided by the authors. The 3X FLAG tag
sequence was kindly provided by Dr Estee Tee (JIC, UK). The tag sequence was synthesised
by Genewiz in the context of 1826 bp of the VRT7-42b genomic sequence and 177 bp
downstream sequence with Munl and OIlil restriction sites at the 5’ and 3’ ends respectively
(sequence in Section A.4). This allowed me to clone the construct directly into pGGG-AH-
VRT-A2.

I received an agar plate of E. coli carrying the pPGGG-AH-VRT-A2 plasmid. I picked single
colonies and used these to inoculate 30 pg/mL kanamycin LB starter cultures which I then
incubated overnight at 37 °C, 200 RPM. I extracted plasmid DNA from the culture using a
QIAprep spin miniprep kit (QIAGEN) according to the manufacturer’s instructions 2%, I
quantified plasmid yield using a Nanodrop 1000 (Thermo). I checked the plasmid was intact
using a diagnostic digest. I combined 5 uL pGGG-AH-VRT-A2 plasmid DNA, 5 uL 10x
rCutSmart buffer (New England Biolabs), 1 pL HindIII-HF (New England Biolabs) and 39 uL.
nuclease-free water. I mixed the reaction by pipetting and incubated at 37 °C for 1 h. I ran the
digested and undigested plasmid on a 1% agarose gel at 120 V for 45 min. The observed

banding pattern was as expected.

I received the synthesised FLAG tag construct in a pUC-GW-Amp vector. | transformed the
plasmid into Library Efficiency DHS5a E. coli (Invitrogen) according to the manufacturer’s
instructions 2'* with the following modifications: I used 50 pL cells with 1 uL plasmid DNA,
I used 450 pL SOC, and I incubated the cells for 1.5 h after transformation. I centrifuged the
cells at 300 RCF for 3 min. 400 puL supernatant was removed and the cells were resuspended.
I inoculated two 100 pug/mL carbenicillin LB agar plates (50 pL per plate). I incubated the
plates overnight at 37 °C. I picked single colonies and used these to inoculate 100 ug/mL
carbenicillin LB starter cultures which I then incubated overnight at 37 °C, 200 RPM. I made
glycerol stocks from these cultures by storing 500 pL culture with 500 pl 40 % glycerol
at -80 °C. I extracted plasmid from the remaining culture using a QIAprep spin miniprep kit
(QIAGEN) according to the manufacturer’s instructions 2%, I quantified plasmid yield using
a Nanodrop 1000 (Thermo). The insert was confirmed by Sanger sequencing using M13F(-21)
and M13R primers (Section A.1, Table A-1) by GENEWIZ.

I digested 1 pg each of the FLAG tag and pGGG-AH-VRT-A2 plasmids in a 20 uL reaction
using 2 plL 10x FastDigest (clear for pGGG-AH-VRT-A2, green for FLAG tag) buffer
(Thermo Fisher), 1 pL FastDigest Olil and 1 pL FastDigest Munl. I digested the plasmids for
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1 h at 37 °C. I phosphorylated the pPGGG-AH-VRT-A2 digest product using rAPid Alkaline
Phosphatase (Roche) according to the manufacturer’s instructions !¢, I ran the FLAG tag
plasmid digestion product on a 1% agarose gel (120 V, 1 h). I excised the band corresponding
to the insert and extracted DNA using the Wizard SV Gel and PCR Clean-Up system
(Promega). I used the phosphorylated vector and insert DNA in 5:1 and 3:1 (insert:vector)
ligation reactions using T4 ligase (New England Biolabs) according to the manufacturer’s
instructions 2'. I incubated the ligation reaction at 4 °C overnight. I inactivated the ligase at
65 °C for 10 min, then used 10 puL reaction product to transform 5-alpha Competent E. coli
(High Efficiency) (New England Biolabs) according to the manufacturer’s high efficiency
protocol 2'® with the following modifications: I used 100 pL cells, I used 450 pLL. SOC medium,
I incubated the transformed cells for 1.5 h at 200 RPM. I inoculated 30 pg/mL kanamycin LB
agar plates with 100 pL cells and incubated them overnight at 37 °C. I picked single colonies
and used these to inoculate 30 pg/mL kanamycin LB starter cultures which I then incubated
overnight at 37 °C, 200 RPM. I made glycerol stocks from these cultures by storing 500 pL
culture with 500 ul 40 % glycerol at -80 °C. I extracted plasmid from the remaining culture
using a QIAprep spin miniprep kit (QIAGEN) according to the manufacturer’s instructions 2%,
I quantified plasmid yield using a Qubit dSDNA HS assay (Thermo Fisher) according to the
manufacturer’s instructions 2%, Plasmids were sequenced by Plasmidsaurus. The plasmid
sequence was as expected (Figure 4-3) except for two SNPs in highly repetitive regions of the

OsActl promoter, which were likely sequencing errors.
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VRT-A2b: : FLAG

14976 bp

Figure 4-3: Plasmid map of VRT-A2b::FLAG (total size: 14, 976 base pairs (bp)).The plasmid
contains the following features which are annotated on the map: RB (right border of T-DNA
region);, colEl ori (origin of vreplication for ColElplasmids); nptl (neomycin
phosphotransferasel gene from E. coli which confers resistance to kanamycin); psa-ORI
(origin of replication from the bacterial pSa plasmid), (LB (left border of T-DNA region); NOS
terminator (nopaline synthase terminator and nopaline synthase poly(A) signal); HygR
(hygromycin resistance gene); Ricinus communis CATI intron, OsActl promoter (promoter of
the rice (Oryza sativa) actinl gene); VRT-A2 promoter (promoter from the VRT-A2b gene from
Triticum polonicum);, VRT-A2b (open reading frame of the VRT-A2b gene from Triticum
polonicum including introns); 3x FLAG tag.

4.3.6.2 L2 plasmid construction

The VRT-A2b::FLAG construct was cloned into a level 2 pGoldenGreenGate plasmid 2*° by
Mark Smedley using Golden Gate assembly as described by Weber, et al. *».
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4.3.6.3  Transformation

Transformation of 7. aestivum cv ‘Fielder’ with the L2 VRT-42b::FLAG construct was
performed by Sadiye Hayta. The L2 plasmid was co-electroporated with the helper plasmid
pAL155 2" into A. tumefaciens AGL1 competent cells ?’® as described in Hayta, et al. *”.
Single A. tumefaciens colonies were used to inoculate 10 mL 50 pg/mL kanamycin, 50 pg/mL
rifampicin LB and incubated at 28 °C, 200 RPM for approximately 65 h. A. tumefaciens
standard inoculums were prepared for transformation as described in Hayta, et al. 7.
T aestivum cv ‘Fielder’ was transformed with the VRT-42b::FLAG constructs as described in

Hayta, et al. *”°.

Copy number analysis was performed using Tagman RT-qPCR as described in Hayta, et al. *"".

Transgene copy number was calculated using published methods ?’¢. T, and T, plants were
grown as described in Section 3.3.6. T| seed was germinated as described in Simmonds, et

al. 1.

4.3.6.4  Phenotyping

I measured the glumes of Ty primary spikes at physiological maturity as described in Section
4.3.2.5. 1T calculated the Pearson’s correlation coefficient between VRT-42b::FLAG copy

number and glume length using the cor.test () function in R v4.3.2 1%,

I measured the spike length and glumes of T, primary spikes at 14 dpa (days post anthesis,
defined as visible anther extrusion). I measured spikes from the peduncle-rachis junction to
the top of the terminal spikelet (excluding awns). I performed a one-way ANOVA and Tukey
post-hoc test in R v4.3.2 2 to test for differences in spike length between lines. I measured
glumes as described in Section 4.3.2.5. I analysed differences in glume length between using
an LMM (measurement ~ 1line + (1l|spikelet number)to include spikelet
position as a random effect as glume size varies across the wheat spike . I used the ‘lme4’

> 221

(Bates, et al. 2°) and ‘emmeans’ ?*! packages in R v4.3.2 12,

43.65 RTPCR

I dissected total rachis and central glume (both glumes from three central spikelets) tissue
from five biological replicates (T, plants) per line. Tissue was flash-frozen in liquid nitrogen

and stored at -80 °C before proceeding.

Dr Yunchuan Liu extracted total RNA from all glumes and rachis samples. The tissue was
ground using a mortar and pestle with liquid nitrogen. Total RNA was extracted from the
ground samples using the Spectrum Plant Total RNA kit (Sigma) according to the
manufacturer’s protocol 2° (Protocol A, 750 uL binding solution). Dr Yunchuan Liu DNase

treated the samples using RQ1 RNase-free DNase (Promega) according to manufacturer’s
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instructions 2!, 300 uL of RNase-free water were added to each sample and then purified
using the Spectrum Plant Total RNA kit (Sigma) according to the manufacturer’s protocol 2%
starting at step 4 (Protocol A, 750 uL binding solution). Dr Yunchuan Liu synthesised cDNA
from 1 pg total RNA per sample using the SuperScript™ IV Reverse Transcriptase

(Invitrogen) according to manufacturer’s instructions 7.

Dr Yunchuan Liu set up RT-qPCR reactions using LightCycler 480 SYBR Green I Master
(Roche) according to manufacturer’s instructions 22 for all samples and a no template control
using TaVRT-A2 primers with ACTIN as a reference gene (Section A.l, Table A-1). All
reactions were performed with three technical replicates per sample. Reactions were run in a
LightCycler 480 Instrument II (Roche) as described in Section 4.3.5.5 with an annealing
temperature of 62 °C. I calculated relative expression values using the 222 method % as

described in Section 4.3.5.5.

I used log-transformed 2 24 values for the statistical analysis of glume and rachis expression
data. I used a one-way ANOVA with a Tukey post-hoc test in R v4.3.2 1?3 to test for differences

in VRT-A2 expression between lines.

4.3.6.6 Western blot

Dr Yunchuan Liu carried out a Western blot on W5.0 spikes from 08.04, R1.01.02 and 01.01
Ti VRT-A2b::FLAG plants. Spikes were dissected as described in section 2.3.1. A 3 mm
tungsten carbide beads was placed in each tube. Samples were ground using a Genogrinder
2000 with liquid nitrogen, 28 RPM, 1 min. 300 pL extraction buffer (125 mM Tris-HCl
pH 6.8, 4% w/v SDS, 20% v/v glycerol, 2% v/v B-mercaptoethanol, 0.001% v/v bromophenol
blue) was added to each tube and incubated on ice for 20 min. The samples were centrifuged

at4 °C, 12,000 RPM for 10 min.

An SDS-PAGE gel was prepared first by pouring an 8% separating gel (8% acrylamide/bis-
acrylamide, 380 mM Tris-HCI pH 8.8, 0.1% v/v SDS, 0.1% v/v ammonium persulfate,
0.06% v/v TEMED) which was covered in absolute ethanol until solidified. The ethanol was
poured off and stacking gel solution was poured over the top (4.98%
acrylamide/bis-acrylamide, 126 mM Tris-HCI pH 6.8, 0.1% v/v SDS, 0.1% v/v ammonium
persulfate, 0.1% v/v TEMED) and allowed to set.

40 pL supernatant was combined with 10 pL 5X SDS-loading buffer (0.1% v/v bromophenol
blue, 60 mM Tris-HCI pH 6.8, 25% v/v glycerin, 5% v/v B-mercaptoethanol, 2% v/v SDS)
and boiled for 10 min. 15 pL of each sample was run on an SDS-PAGE gel at 200 V for 1 h.
While the gel was running, a nitrocellulose membrane and filter paper was placed in transfer

buffer (0.084% w/v NaHCOs3, 0.032% w/v Na,COs, 20% v/v methanol) for 20 min. Protein
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bands were transferred onto the nitrocellulose membrane at 4 °C or on ice from 2 h (200 mA)
or overnight (100 mA). The membrane was blocked using blocking buffer (0.8% w/v NaCl,
20 mM Tris-HCl pH 7.6, 0.1% v/v Tween 20, 5% w/v skim milk powder) for 30 min at RT or
4 °C overnight. Monoclonal actin (mAbGEa) (Invitrogen #MA1-744) and ANTI-FLAG® M2
(Merck #F1804) primary antibodies were diluted to a 1:5,000 in blocking buffer. The
membrane was probed with the diluted primary antibodies at 4 °C overnight or at RT for 2 h.
The membrane was washed five to six times with TBST buffer (0.8% w/v NaCl, 20 mM Tris-
HCI pH 7.6, 0.1% v/v Tween 20) at room temperature for 10 min per wash. Goat anti-mouse
IgG H&L (HRP) secondary antibody (abcam # ab6789) was diluted 1:10,000 in blocking
buffer. The membrane was incubated with the diluted secondary antibody at 4 °C overnight or
at RT for 1 h. The membrane was washed five to six times with TBST buffer at room
temperature for 10 min per wash. The Clarity and Clarity Max ECL Western Blotting
Substrates kit (Bio-Rad) was used for detection according to the manufacturer’s

instructions 2%, Blots were imaged using an ImageQuant 8000 (Amersham).

4.4 Results

4.4.1 AP2-5 expression is significantly higher in a NIL with ectopic
VRT-A2 expression

As changes to VRT-A2 and AP2-5A expression affect some of the same phenotypes, I used the
Paragon RNA-Seq dataset generated by Dr Nikolai Adamski, Dr Anna Backhaus and Max
Jones (see Section 3.4.2) to test for differences in AP2-54 expression in germplasm with

different levels of VRT-42 expression.

RNA-Seq was carried out on spikes from P1"" and P1"°" NILs at timepoints from W2.0 to
W5.0 (Figure 4-4).
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Figure 4-4: Expression of A) VEGETATIVE TO REPRODUCTIVE TRANSITION 2 (VRT2)
and B) APETALA2-5 (AP2-5) homoeologues in developing spikes of P1"" and P1*°" near
isogenic lines (NILs) (both T. aestivum cv ‘Paragon’) carrying the VRT-A2a or VRT-A2b
allele, respectively. Expression values were quantified using RNA-Seq and shown here in
transcripts per million (TPM). Spike tissue was sampled at W2.0 (early double ridge), W2.5
(late double ridge), W3.25 (lemma primordia), W4.0 (terminal spikelet), and W5.0 (carpel
extending round three sides of ovule, approximately 6 d after terminal spikelet) timepoints
according to the Waddington scale *'. One-way ANOVAs were used to assess differences in
expression between NILs at each timepoint. Significance levels for the one-way ANOVAs are
indicated with asterisks at each timepoint: *p < 0.05, ** p < 0.01, *** p < 0.001. Mean
expression values are plotted and error bars represent standard errors of the mean. n = four

biological replicates per genotype.

As shown by Adamski, ef al. 3¢, VRT-A2 expression is significantly higher in NILs containing
the VRT-A2b ectopic expression allele (P17°") compared to the ancestral VRT-A2a allele
(P1"7) at all timepoints measured (one-way ANOVA: W2.0 F(1,6) = 26.16, p = 0.002; W2.5
F(1,6) = 65.91, p <0.001; W3.25 F(1,4) = 18.08, p = 0.01; W4.0 F(1,6) = 25.05, p = 0.002;
W5.0 F(1,6) = 2451, p < 0.001) (Figure 4-4A). VRT-42a expression decreased throughout
development from W2.0 to W5.0. VRT-A2b expression also decreased from W2.0 to W3.25.
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After this, while VRT-42a expression decreased, VRT-A2b expression increased once again.
The W5.0 stage is later than any stage sampled in Adamski, ef al. 3, so provides some insight
into how expression continues to increase after W4.0. VRT-B2 (one-way ANOVA: W2.0
F(1,6) =0.72, p = 0.43; W2.5 F(1,6) = 1.22, p = 0.31; W3.25 F(1,4) =4.24, p = 0.11; W4.0
F(1,6) = 0.002, p = 0.97; W5.0 F(1,6) = 2.56, p = 0.16) and VRT-D2 (W2.0 F(1,6) = 0.78,
p=0.41; W2.5 F(1,6) = 0.06, p = 0.81; W3.25 F(1,4) = 0.06, p = 0.82; W4.0 F(1,6) = 0.60,
p=0.47; W5.0 F(1,6) = 0.89, p = 0.38) expression was not significantly different at any stage
in the two NILs.

AP2-54 expression started at a high level of around 169 TPM at W2.0, which then decreased
to a still substantial level of expression of approximately 70 TPM from W3.25 onwards. There
was a significant difference in expression between the NILs at the W3.25 (one-way ANOVA:
F(1,4) =8.95, p = 0.04) and W5.0 (one-way ANOVA: F(1,6) = 14.94, p = 0.01) timepoints,
with AP2-54 expression being higher in the P17°* NIL. Expression of the pseudogene AP2-5B
remained consistent throughout time at approximately 25 TPM. AP2-5B expression was
higher at the W2.0 stage in the P1°°* NIL (one-way ANOVA: F(1,6)=7.45,p =0.03). AP2-5D
expression followed a similar pattern to the A-genome homoeologue, decreasing until the
W3.25 stage and remaining consistent after this point. AP2-5D expression was significantly
higher in the P1°?" NIL at the W2.5 (one-way ANOVA: F(1,6) = 51.24 , p <0.001) and W5.0
(one-way ANOVA: F(1,6) = 11.27, p = 0.015) stages. The general pattern of expression (high
expression during double ridge timepoints, decreasing over time) is similar to that of VRT-42a.
Liu, et al. "% detected no significant difference in AP2-54 or AP2-5B expression between
VRT-A2a and VRT-A2b NILs. However, this transcriptome analysis was carried out at a single

timepoint significantly later than the scope of this study; the spikes used by Liu, e al. '®

were
2.5-3.0 cm long once floral patterning is complete, while the spikes we used are at an earlier

stage of development (W5.0 stage, 0.5 cm < spike length < 1.5 cm).

These data show that 4P2-5 is more highly expressed in NILs with increased and extended
VRT-A2 expression. This suggests that VRT-A2 expression affects AP2-5 expression, directly

or indirectly.

4.4.2 ap2-5A VRT-A2b plants are a near phenocopy of ap2-5A ap2-2

mutants

To further investigate whether VRT-A2 acts in the same genetic pathways as AP2-54, Dr
Nikolai Adamski made a cross between a VRT-A2b NIL in a tetraploid background and the
ap2-54 loss-of-function TILLING lines K2726, K2992, and K3946. I genotyped and
phenotyped three F3 individuals per homozygous genotypic combination from these VR7-A42b

X ap2-54 crosses.
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The phenotypes of the four different mutant combinations were visibly different (Figure 4-5).
The wildtype (VRT-A2a/AP2-5A4), VRT-A2b/AP2-54 and VRT-A2a/ap2-54 spikes were awned,
while the VRT-A2b/ap2-54 spikes either had no awns or very short awns. Additionally, we
observed sham ramification (where there is an extended rachilla with a large number of often

sterile florets) in VRT-A2a/ap2-54 and VRT-A2b/ap2-54 spikes.

Plants with the VRT-A42b allele headed on average 2.12 d later (two-way ANOVA with pairwise
comparisons: #(76) = -2.14, p = 0.04, 95% CI [-4.09, -0.14]), their spikes were on average
25.7 mm longer (two-way ANOVA with pairwise comparisons: #9) = -3.30, p = 0.001, 95%
CI [-43.30, -8.05]), and the plants were on average 11.1 cm taller (two-way ANOVA with
pairwise comparisons: #(49) =-3.21, p = 0.002, 95% CI [-18.00, -4.13]) than wildtype plants.
Plants with the ap2-54 knockout allele headed 3.07 d earlier (two-way ANOVA with pairwise
comparisons: #(76) =3.10, p = 0.002, 95% CI [1.1, 5.04]) and were on average 14.4 cm shorter
(two-way ANOVA with pairwise comparisons: #(49.3) = 3.88, p <0.001, 95% CI [6.96, 21.9])
than wildtype plants. The phenotypes of VRT-A2a/ap2-54 and VRTA2b/AP2-5A4 plants were

consistent with those previously reported 3>,

4.4.2.1 Some ap2-5A/VRT-A2b phenotypes were simply combinations of single mutant
phenotypes

The VRT-A2b/ap2-54 phenotype showed some similarities to VRT-A2a/ap2-54 and
VRT-A2b/AP2-54 plants. ap2-54/VRT-A2b showed the sham ramification phenotype, as seen
in VRT-A2a/ap2-5A4. 1 used two-way ANOVAs to assess whether there was any statistically
significant interaction between VRT-A2 and AP2-54 in respect to the quantitative phenotypes
I observed. There was no significant interaction between VRT-A2 and AP2-5A4 for the number
of spikes per plant (two-way ANOVA: F(1,50) = 0.68, p = 0.41), the number of spikelets per
spike (two-way ANOVA: F(1,22) = 2.04, p = 0.17), the number of sterile basal spikelets
(F(1,8) = 0.00, p = 1.00), heading time (two-way ANOVA: F(1,75) = 1.51, p = 0.22), spike
length (two-way ANOVA: F(1,8) = 0.71, p = 0.42), or plant height (two-way ANOVA:
F(1,48.01) = 0.04, p = 0.85). Therefore, these phenotypes in VRT-42b/ap2-54 plants were
additive effects of the VRT-A2b/AP2-54 and VRT-A2a/ap2-54 single mutant phenotypes.

138



Chapter 4: Does VEGETATIVE TO REPRODUCTIVE TRANSITION-2 (VRT-A2) act via
microRNA172 to achieve its phenotypic effect?

A) VRT-A2a | AP2-5A B) VRT-A2b [ AP2-5A

Figure 4-5: Primary F3 wheat spikes from the VEGETATIVE TO REPRODUCTIVE
TRANSITION-A2b x apetala2-5A (VRT-A2b x ap2-5A4) cross at physiological maturity. The
primary spike was the first spike which completely emerged from the flag leaf. The VRT-A2
and AP2-54 genotypes are indicated at the top of each image. Each line contains either the
ancestral VRT-A2a allele, or the VRT-A2b increased and extended expression allele. The lines
contain either the wildtype AP2-54 ‘Q’ allele, or an ap2-54 knockout allele which confers a

premature stop codon.
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4.4.2.2  There is a significant interaction between AP2-5A and VRT-A2 for glume width and
length and grain width

There were some phenotypes for which the VRT-42b/ap2-5A4 phenotype was not simply an
additive effect of the mutant phenotypes, providing evidence for a genetic interaction between
VRT-A2 and AP2-5A. The VRT-A2 allele had a significant effect on glume length (two-way
ANOVA: F(1, 7.92) = 15.38, p = 0.004), while knocking out AP2-54 had no significant effect
on glume length compared to the wildtype AP2-54 ‘Q’ allele (two-way ANOVA:
F(1,7.92)=2.49, p = 0.15) (Figure 4-6A). VRT-A2b/ap2-54 glumes were closer to the
wildtype glume length, so the effect of the VRT-42b allele was greater in an AP2-54
background than in an ap2-54 background (Figure 4-6C). This was supported by a statistically
significant interaction between VRT-42 and AP2-5A genotypes in respect to glume length
(two-way ANOVA: F(1,7.92) = 5.69, p = 0.045). Glumes were significantly narrower in
ap2-54 spikes (two-way ANOVA: F(1, 7.93) = 22.95), p = 0.001), while VRT-A2b/AP2-54
glumes were the same width as wildtype glumes (two-way ANOVA: F(1, 7.93) = 1.28,
p =0.29) (Figure 4-6B). VRT-A2b/ap2-54 glumes were even narrower than VRT-42a/ap2-54
glumes, so the 4P2-54 genotype had a greater effect on glume width in a VR7-42b background
compared to in a VRT-A2a background (Figure 4-6D), consistent with the significant
interaction between genotypes for glume width (two-way ANOVA: F(1, 7.93) = 8.83,
p =0.02).

Both VRT-A2 (two-way ANOVA: F(1, 8.24) = 28.66, p < 0.001) and AP2-54
(F(1,8.24)=30.14, p < 0.001) have a significant effect on grain length (Figure 4-7A).
However, there is no significant interaction between VRT-A2 and AP2-5A4 in respect to grain
length (two-way ANOVA: F(1, 15.80) =4.35, p = 0.054), with the marginal p-value reflecting
the magnitude of the effect rather than directionality. Grains were significantly narrower in
spikes with the ap2-54 knockout allele compared to the wildtype AP2-54 ‘Q’ allele (two-way
ANOVA: F(1, 12.74) = 18.25, p < 0.001), and significantly wider in spikes with the VRT-42b
allele compared to VRT-42a (two-way ANOVA: F(1, 12.74) = 7.48, p = 0.02) (Figure 4-7B).
VRT-A2b/ap2-54 grains were narrower than VRT-42a/ap2-5A grains so, as with glume width,
the AP2-54 genotype had a greater effect on glume width in a VR7-42b background compared
to in a VRT-A2a background (Figure 4-7C). There was a statistically significant interaction
between VRT-A2 and AP2-5A4 genotypes in respect to grain width (two-way ANOVA:
F(1,12.74)=8.27, p=0.01). However, the grain morphology data should be interpreted with
caution, as the three VRT-42b/ap2-5A spikes produced only five grains in total (compared to
77-100 for the other three genotypes). Therefore, a much larger number of spikes would need
to be dissected and analysed to draw firm conclusions on the interaction between VRT-42 and

AP2-54 in respect to grain width and length.
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Figure 4-6: Glume size phenotypes of F3 primary wheat spikes from a VEGETATIVE TO
REPRODUCTIVE TRANSITION-A2b x apetala2-5A (VRT-A2b x ap2-5A4) cross. Each line
contains either the ancestral VRT-A2a allele, or the VRT-A2b increased and extended
expression allele (denoted by an ‘a’ or ‘b’ respectively). The lines contain either the wildtype
AP2-54 ‘Q’ allele, or an ap2-54 knockout allele which confers a premature stop codon
(denoted by a ‘WT’ or ‘KO’ respectively). n = three plants per genotype combination. (4, C)
Glume length in cm, (B, D) glume width in cm. In A) and B) values for individual plants are
plotted with coloured circles and the mean for n=3 plants is shown by a black horizontal bar.
C) and D) show the interaction between VRT-A2 and AP2-5A genotypes for glume length and
width, respectively. Shaded areas depict the 95% confidence interval. The p value for the

interaction term in a linear mixed model is shown in the corner of the interaction plots.
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Figure 4-7: Grain size phenotypes of F3 primary wheat spikes from a VEGETATIVE TO
REPRODUCTIVE TRANSITION-A2b x apetala2-5A (VRT-A2b x ap2-5A4) cross. Each line
contains either the ancestral VRT-A2a allele, or the VRT-A2b increased and extended
expression allele (denoted by an ‘a’ or ‘b’ respectively). The lines contain either the wildtype
AP2-54 ‘Q’ allele, or an ap2-54 knockout allele which confers a premature stop codon
(denoted by a ‘WT or ‘KO respectively). n = three plants per genotype combination. A) Grain
length in cm, B) grain width in cm. In A) and B) values for individual plants are plotted using
coloured circles and the mean for n = 3 plants is shown by a black horizontal bar. C) shows
the interaction between VRT-A2 and AP2-5A genotypes for grain width. There was no
significant interaction between VRT-A2 and AP2-5A for grain length. Shaded areas depict the
95% confidence interval. The p value for the interaction term in a linear mixed model is shown

in the corner of the interaction plot.

4.4.2.3 VRT-A2b/ap2-5A plants phenocopy ap2-2/ap2-5A mutants

The most striking phenotype in VRT-A2b/ap2-5A plants was the high number of sterile bracts
I observed in each spikelet (Figure 4-8). VRT-A2a/ap2-5A plants have been shown previously
to have one or two sterile bracts between the glumes and first lemma of basal spikelets *2.
These bracts have glume-like identities with pronounced keels and short awns *2. These sterile
bracts contain no floral structures (e.g. palea, lodicules, stamens or carpels) between them.
VRT-A2b/AP2-54 plants have not been reported to have sterile bracts and I did not observe
any in the VRT-A2b/AP2-5A plants in this study. However, in VRT-A2b/ap2-5A plants, the
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ap2-54 single mutant phenotype was exacerbated. There were on average 1.6 bracts per
VRT-A2a/ap2-5A spikelet whereas 1 found 6.9 bracts per VRT-A2b/ap2-5A4 spikelet. The
majority of VRT-A2b/ap2-54 spikelets consisted only of two glumes and numerous bracts (i.e.,
there was an absence of floral structures) (Figure 4-9). A very small number of florets were
observed within VRT-A2b/ap2-54 spikelets. While VRT-A2a/ap2-5A4 bracts were almost
always found immediately internal to glumes, VRT-42b/ap2-5A4 bracts could be found after
florets on the rachilla. VRT-A2b/ap2-54 produced very few grains; there were five grains total
in the three VRT-42b/ap2-5A4 spikes 1 dissected. In some instances, VRT-A2b/ap2-5A4 florets

contained two carpels within the same floret.

A) VRT-A2a | AP245A B) VRT-A2b | AP2-5A

C) VRT-A2a | ap2-5A

\\\‘w | /( g
S

/

Figure 4-8: Dissected central spikelets from Fs primary wheat spikes from the VEGETATIVE
TO REPRODUCTIVE TRANSITION-A2b x apetala2-5A (VRT-A2b x ap2-5A4) cross. The
primary spike was the first spike which completely emerged from the flag leaf. The VRT-A2
and AP2-54 genotypes are indicated at the top of each image. Each line contains either the
ancestral VRT-A2a allele, or the VRT-A2b increased and extended expression allele. The lines
contain either the wildtype AP2-54 ‘Q’ allele, or an ap2-54 knockout allele which confers a

premature stop codon.
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Figure 4-9: Spikelet-level phenotypes of Fs primary wheat spikes from the VEGETATIVE TO
REPRODUCTIVE TRANSITION-A2b x apetala2-54 (VRT-A2b x ap2-5A4) cross. A) Mean
number of empty bracts (i.e. containing no visible floral organs) per spikelet, B) mean sham
ramification score per spikelet (0 = none, 1 = moderate and 2 = extreme) and C) mean number
of fertile (defined as grain-bearing) and infertile florvets (defined as florets containing floral
organs which did not produce a grain) per spikelet. n = three plants per genotype combination.
Each line contains either the ancestral VRT-A2a allele, or the VRT-A2b increased and
extended expression allele (denoted by an ‘a’ or ‘b’respectively). The lines contain either the
wildtype AP2-54 ‘Q’ allele, or an ap2-5A knockout allele which confers a premature stop
codon (denoted by a ‘WT’ or ‘KO’ respectively).

The observations I made of VRT-4A2b x ap2-5A4 Fs plants suggest that VRT-42 genetically
interacts with 4P2-54, either directly or indirectly. The changes seen in VRT-A2b/ap2-54

spike architecture are more severe than those seen in either VRT-A2b or ap2-5A4 alone; the
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presence of the VRT-A2b allele increases the effect of the ap2-54 loss-of-function mutant.
This result supports the significant difference in 4P2-5 expression I observed in PI"" and
PI1"°F spikes. The RNA-Seq data shows that higher/ectopic VRT-A2 expression results in
higher AP2-5A expression.

Additionally, the presence of double carpels and the high number of bracts I observed in
VRT-A2b/ap2-54 spikes were phenotypes also observed by Debernardi, et al. * in ap2-5/ap2-2
spikes (Figure 4-10). This supports my hypothesis that the long glume and long grain
phenotype reported in VRT-A2b plants by Adamski, et al. °° (and confirmed here) are generated

via a direct or indirect interaction with 4P2-2.
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A ap2-2 ap2-5A

Figure 4-10: (A) apetala2-2 apetala2-5A4 wheat spike and dissected spike, containing knockout
alleles of APETALA2-24, APETALA2-2B, and APETALA2-5A. Reproduced from
Debernardi, et al. *. (B) VRT-A2b/ap2-5A (VEGETATIVE TO REPRODUCTIVE
TRANSITION-A2b / apetala2-54) wheat spike and dissected spike, containing the increased
and extended expression VRT-A2b allele and a knockout allele of AP2-5A. Glumes are labelled
G1 and G2, and the first two lemma are labelled L1 and L2. Glume-like sterile bracts are
highlighted with asterisks.
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4.4.3 ap2-2 ap2-5A VRT-A2b lines will provide further insight into the
interactions between these key genes

To further interrogate this genetic network, I crossed the ap2-2 ap2-54 line from
Debernardi, et al. ** with a NIL carrying the VRT-A2b ectopic expression allele. Using the F,
segregating population I generated, I aimed to understand the genetic interactions between

AP2-2, AP2-54 and VRT-A2.

When generating this population, I aimed to interrogate any possible interaction between
VRT-A2 and AP2-2 to test the hypothesis I described in Section 4.2.5; that VRT-42 negatively
regulates AP2-2 (either directly or indirectly). Unfortunately, no F» individuals were recovered
with the VRT-42b allele and functional copies of 4AP2-2 and AP2-5A. Therefore, I could not
test for any genetic interaction between VRT-A2 and AP2-2.

I did, however, use this phenotyping data to show that in wheat, an ap2-2 loss-of-function
mutant has longer grains (¢ test: #(3) = 1.70, p = 0.19) and narrower glumes (¢ test: #(3) =-2.44,
p = 0.09) than wildtype plants, although these differences were non-significant. This finding
that is consistent with studies in barley 3’. However, knocking out 4P2-2 had no effect on
grain width (¢ test: #(3) =-0.32, p = 0.77) or glume length ( test: #3) =-0.10, p = 0.92), which
is inconsistent with the evidence from barley *’. The sample size for each genotype was small
(n=3 for ap2-2 and n =2 for the wildtype). Therefore, this germplasm should be taken forward
to the next generation to recover all possible genotype combinations (including VRT-A2b
AP2-54 AP2-2). This would allow us to test for interactions between all three genes and would

increase the statistical power of any phenotypic analyses.
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Figure 4-11: Grain size phenotypes of F3 primary wheat spikes from a VEGETATIVE TO
REPRODUCTIVE TRANSITION-A2b x apetala2-54 x apetala2-2 (VRT-A2b x ap2-54 x
ap2-2) cross. n = three plants for ap2-2, two plants for the wildtype. A) Glume length in mm,
B) glume width in mm, C) grain length in mm, D) grain width in mm. Mean values for
individual plants are plotted and the mean for n = 2 or 3 plants is shown by a black horizontal
bar. Each line contains either the ancestral VRT-A2a allele, or the VRT-A2b increased and
extended expression allele (denoted by an ‘a’or ‘b’respectively). The lines contain either the
wildtype AP2-54 ‘Q’ allele, or an ap2-5A knockout allele which confers a premature stop
codon (denoted by a ‘WT or ‘KO ’respectively). The lines contain either wildtype AP2-24 and
AP2-2B alleles (denoted by a ‘WT’), or ap2-24 and ap2-2B alleles with splice site mutations
which introduce a frameshift or affect transcript stability respectively (denoted by a ‘KO’).
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4.4.4 AP2-2 expression is significantly lower in a NIL with ectopic VRT-

A2 expression

To further test the hypothesis that VR7-42 acts by reducing AP2-2 expression, | looked at the
Paragon RNA-Seq dataset I described in Section 4.4.1. I observed that AP2-24 expression is
lower in P17°" spikes at multiple timepoints (Figure 4-12). AP2-24 expression is significantly
lower in P17° spikes at W4.0 (one-way ANOVA: F(1, 6) = 13.53, p = 0.01) and W5.0 (one-
way ANOVA: F(1, 6) = 10.30, p = 0.018), AP2-2B expression is significantly lower at W2.0
(one-way ANOVA: F(1, 6) =7.69, p=0.032), and AP2-2D expression is significantly lower
at W2.0 (one-way ANOVA: F(1, 6) = 7.03, p = 0.038), W2.5 (one-way ANOVA:
F(1,6)=16.53, p = 0.007), W4.0 (one-way ANOVA: F(1, 6) = 64.34, p <0.001) and W5.0
(one-way ANOVA: F(1, 6) = 26.90, p = 0.002). This result supports my hypothesis that
VRT-A2 negatively regulates AP2-2 expression.

AP2-2A AP2-28 AP2-2D
Xk >k
>k >k

2.0 2.5 3.25 4.0 5.0 2.0 25 325 40 5.0 20 2.5 325 40 5.0
Timepoint {(Waddington Scale)

o pf7 = pyPOL

Figure 4-12: Expression of APETALA2-2 (AP2-2) homoeologues in developing wheat spikes
of P1"" and P17°" near isogenic lines (both T. aestivum cv ‘Paragon’, carrying the VRT-A2a
and VRT-A2b alleles, respectively). Tissue was sampled at W2.0 (early double ridge), W2.5
(late double ridge), W3.25 (lemma primordia), W4.0 (terminal spikelet), and W5.0 (carpel
extending round three sides of ovule, approximately 6 d after terminal spikelet) timepoints
according to the Waddington scale *'. One-way ANOVAs were used to assess differences in
expression between NILs at each timepoint. Significance levels are indicated with asterisks:
*p < 0.05, **p < 0.0, *** p < 0.001. Mean expression values are plotted, and error bars

represent standard errors of the mean. n = four biological replicates per genotype.

The fact that AP2-2 expression is lower in PI”?" spikes with higher/ectopic VRT-A2
expression is a surprising result, as expression of the closely related AP2-5 gene is higher in
P17°F spikes. However, as I showed in Chapter 3, 4P2-5 and AP2-2 have different expression
profiles, although they are both regulated by miR172.
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4.4.5 vrt2 spikes have higher miR172 abundance

As there is phenotypic and genetic evidence that VRT-A42 expression affects AP2-2 and AP2-5
expression, | hypothesized that this interaction may be via miR172, which regulates both
AP2-2 and AP2-5. To test this hypothesis, I used the SRNA-Seq dataset described in Chapter
2 to quantify miR172 expression in P1"" and P17°" spikes from W2.5 to W5.0 (Figure 4-13).
miR172a and miR172b expression was lower in P17°F spikes, however this difference was not
statistically ~significant (LMM followed by one-way ANOVA: miR172a W2.5
F(1,1.70)=17.50, p = 0.13; miR172a W4.0 F(1,4) = 1.34, p = 0.31; miR172a W5.0
F(1,4.03)=2.18, p = 0.21; miR172b W2.5 F(1,1.46) = 5.03, p = 0.20; miR172b W4.0
F(1,4)=3.76,p=0.13; miR172b W5.0 F(1,4.01) =5.81, p = 0.07).
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Figure 4-13: A) microRNA172a (miR172a) and B) microRNA172b (miR172b) expression in
PI"" and P1"°" near isogenic line (NIL) spikes at W2.5 (double ridge), W4.0 (terminal
spikelet) and W5.0 (carpel extending round three sides of ovule, approximately six days after
terminal spikelet) according to the Waddington scale *'. The P1"" and P1"°* NILs are both
Triticum aestivum cv ‘Paragon’, carrying the VRT-A2a and VRT-A2b alleles, respectively.
n = three biological replicates per genotype, except for P1"" at W5.0 where n = four
biological replicates. Mean expression values are plotted, and error bars represent standard

errors of the mean.
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As PI"°" NILs show a relatively subtle increase in VRT-42 expression compared to the
wildtype, I quantified miR172 expression in germplasm with greater variation in VRT-42
expression using stem-loop RT-qPCR (Figure 4-14). A high copy number (9-35 copies)
VRT-A2b transgenic line (described in Adamski, ef al. *®) did not have a significantly different
level of miR172 expression to a zero-copy line or wildtype Fielder (one-way ANOVA:
F(2,6)=1.44, p=0.31) (Figure 4-14A). Weak and intermediate VRT-A2 overexpression lines
(under the control of the maize UBIQUITIN promoter, described in Li, ef al. **) had slightly
lower miR172 levels than wildtype Kronos, although this difference was not significant (one-
way ANOVA followed by Tukey post-hoc test: p = 0.50, 95% CI [-1.70, 0.63] and p = 0.77,
CI [-1.52, 0.81], respectively) (Figure 4-14B). A vrt2 loss-of-function mutant (described in
Li, et al. **) had significantly higher miR172 expression than wildtype Kronos (Figure 4-14B)
(one-way ANOVA followed by Tukey post-hoc test: p =0.03, 95% CI [0.11, 2.44]). This result
is consistent with evidence from Arabidopsis that AtSVP negatively regulates miR172a and
that increasing A¢SVP expression produces a subtler effect than that observed in an svp loss-

of-function mutant 2%,

4.4.6 Development of VRT-A2b::FLAG transgenics

VRT-A2 is a MADS box transcription factor and therefore contains a DNA binding domain.
To establish whether VRT-A2 binds directly to 4P2-2, AP2-5 or MIRI72, 1 developed a
VRT-A2b construct with a C-terminus FLAG tag. This would allow me to use a technique
called CUT&RUN (cleavage under targets & release using nuclease) to pull-down and
sequence DNA which the VRT-A2::FLAG protein binds to in planta at different stages of

development.

The details of the VRT-A2b::FLAG construct are provided in Section 4.3.6. In brief, the full
genomic VRT-A2b allele sequence (from the pGGG-AH-VRT-A2 construct described in
Adamski, et al. 3°) was fused to a 3X FLAG tag sequence in frame before the stop codon in
order to produce a tagged fusion protein. 2,299 bp upstream of the VRT-42b start codon and
1,000 bp downstream of the VRT-42b stop codon was also included to capture any putative
cis-regulatory elements. By using the VRT-42b allele to transform plants carrying the VRT-42a
allele, the phenotype of the transgenic lines would provide a strong indication of whether the

fusion protein is functional.
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Figure 4-14: microRNAI172 (miR172) expression in wheat germplasm with differential
VEGETATIVE TO REPRODUCTIVE TRANSITION-A2 (VRT-A2) expression in a (A) Triticum
aestivum cv ‘Fielder’ (hexaploid) and (B) Triticum turgidum cv ‘Kronos’ (tetraploid)
background. The zero and high copy VRT-A2 lines are transgenic lines containing zero and
9-35 copies of the VRT-A2b allele, respectively. vrt2 contains loss-of-function mutations in
VRT-A2 and VRT-B2. The ‘OE’ VRT-A2 overexpression transgenic lines are independent lines
which contain VRT-A2 under the control of the constitutive Zea mays UBIQUITIN promoter.
n = three biological replicates per genotype. Error bars depict the standard error of the mean.
The asterisks denote that miR172a relative expression in vrt2 spikes is significantly higher
than for in Kronos wildtype spikes according to a one-way ANOVA (p = 0.03, 95% CI [0.11,
2.44]).

4.4.6.1 VRT-A2b:FLAG transgenics have expected phenotypes

The VRT-A2b::FLAG construct was transformed into hexaploid Fielder donor material by
Mark Smedley and Sadiye Hayta. We obtained 16 independent T lines with 0-8 copies of the
VRT-A2b::FLAG construct. To assess the phenotypic effect of differing copy numbers, I
measured the glumes of Ty spikes at maturity (Figure 4-15). The donor material (Fielder)
carries the VRT-A2a allele, therefore introducing the VRT-42b.:FLAG construct should lead
to an increase in glume length as observed by Adamski, et al. *° and in Section 4.4.2. Glume
length correlated with copy number (7(13) = 0.64, p = 0.01) in the Ty plants. This suggests that
the VRT-A2b::FLAG construct behaves in a similar way to the natural VRT-42b allele
described in Adamski, ef al. *° and that we can use this construct to draw relevant biological

conclusions.
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Figure 4-15: Mean glume length from T, primary wheat spikes (Triticum aestivum cv
‘Fielder’), plotted against VEGETATIVE TO REPRODUCTIVE TRANSITION-A2b::FLAG
copy number. n = 15 Ty plants. Regression (blue line) and 95% confidence interval (grey
shading) are shown. Ty individuals taken forward to the T; generation for further analysis are

coloured in dark blue (line 08.04), green (line 01.01) and pink (line R1.01.02), respectively. .

I selected three independent lines with zero (line 08.04), five (line 01.01) and eight (line
R1.01.02) copies for further study (Figure 4-16). I would use the 08.04 zero-copy line as a
control. The five-copy To plant had much longer glumes than expected for the copy number
(Figure 4-15), suggesting a high level of expression from the integrated constructs. The eight-
copy To plant had the highest copy number of the independent Ty lines. The primary spikes of
the five- and eight-copy lines had three rudimentary basal spikelets each, in contrast to the
zero-copy line which had none; this is consistent with evidence that increased and ectopic

expression of VRT-A2 causes an increase in the number of rudimentary basal spikelets 4.
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Figure 4-16: Primary spikes of Ty wheat plants (Triticum aestivum cv ‘Fielder’) containing
(A) zero, (B) five and (C) eight copies of the VEGETATIVE TO REPRODUCTIVE
TRANSITION-A2b::FLAG construct. The primary spike was the first spike which completely

emerged from the flag leaf. White arrows denote rudimentary basal spikelets.

To confirm the phenotypes I observed in the Ty plants, I phenotyped T, plants from the three
lines I selected (Figure 4-17). The five- and eight-copy VRT-A2b::FLAG lines had
significantly longer spikes than the zero-copy line (one-way ANOVA with Tukey post-hoc
test: p = 0.002, 95% CI [1.00, 3.92] and p = 0.001, 95% CI [1.16, 4.08], respectively) (Figure
4-17A) and significantly longer glumes than the zero-copy line (LMM: #(435) = -10.36,
p <0.001 and #427) =-8.16, p < 0.001, respectively) (Figure 4-17B). Dr Yunchuan Liu and I
also quantified VR7-A2 expression in glumes and rachis 14 dpa using RT-qPCR. The five- and
eight-copy lines had significantly higher VR7-A42 expression in glumes (one-way ANOVA with
Tukey post-hoc test: p < 0.001, 95% CI [5624.69, 17200.35] and p = 0.03, 95%
CI [805.58, 12381.24], respectively) (Figure 4-17D) and rachis (one-way ANOVA with Tukey
post-hoc test: p <0.001, 95% CI[3.12,4.74] and p < 0.001, 95% CI [2.29, 3.82], respectively)
(Figure 4-17C) with respect to wildtype.

The phenotypes I observed in the VRT-A2b::FLAG To and T lines are consistent with those
observations made in VRT-42b transgenic lines in Adamski, ef al. 3. Therefore, I can conclude
that the c-terminus FLAG tag does not significantly interfere with the function of the VRT-A2

protein, which results in the same phenotypes as previously observed in plants with the
VRT-A2b allele.
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Figure  4-17:  Phenotypes of T;  VEGETATIVE TO  REPRODUCTIVE
TRANSITION-A2b::FLAG (VRT-A2b::FLAG) wheat plants (T. aestivum cv ‘Fielder’) at 14
days post anthesis (dpa). Lines consist of T; plants from independent Ty individuals with zero
(line 08.04), five (line 01.01) and eight (line R1.01.02) copies of the VRIT-A2b::FLAG
construct (n = five plants per line). Significance levels are indicated with asterisks: * p < 0.05,
*p <0.01, ***p < 0.001. (4) Spike length in cm from the base of the first spikelet (including
rudimentary basal spikelets) to the apex of the terminal spikelet (excluding awns). (B) Mean
glume length in mm for all glumes excluding rudimentary basal spikelets. (C) VRT-A2 relative
expression in the rachis and (D) glumes as quantified using gRT-PCR.
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4.4.6.2 VRT-A2:FLAG protein can be detected by an anti-FLAG antibody

To test whether the FLAG tag could be detected by an anti-FLAG antibody, Dr Yunchuan Liu
used a Western blot to detect VRT-A2::FLAG in whole protein samples from 08.04, 01.01 and
R1.01.02 T, spikes (Figure 4-18). There was signal for all samples when a positive control
anti-actin antibody was used (Figure 4-18A). There was a strong signal in lanes containing
protein samples from either R1.01.02 or 01.01 spikes (Figure 4-18B). There was very faint
signal in the lanes containing protein samples from either 08.04 spikes (the zero-copy control

line) or wildtype Fielder leaf tissue.
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Figure 4-18: Western blot of W4.0 (terminal spikelet according to the Waddington scale *')
spike samples (unless labelled as leaf tissue) of VEGETATIVE TO REPRODUCTIVE
TRANSITION-A2b::FLAG T; transgenic wheat (T. aestivum cv ‘Fielder’) lines. A) detection

using an anti-actin antibody, B) detection using an anti-FLAG antibody.

The Western blot shows that the VRT-A2::FLAG protein can be detected using an anti-FLAG
antibody. The VRT-A2::FLAG protein runs at a slightly higher molecular weight than
predicted at approximately 38 kDa; the predicted molecular weight is 28.3 kDa. However this
is not an unexpected result as in a previous study, an SVP::HA protein also ran on a protein
gel at approximately 38 kDa with a predicted molecular weight of 28.0 kDa ?*. Combined
with the fact that the five- and eight-copy VRT-A2b::FLAG lines produce this signal when
probed with an anti-FLAG antibody, but wildtype Fielder and the zero-copy line do not, I am
confident that the VRT-A2b::FLAG transgenic lines are producing VRT-A2::FLAG protein
which is detectable using an anti-FLAG antibody.

4.4.6.3 A CUT&RUN assay is being developed to identify DNA that VRT-A2 protein binds to

To identify DNA sequences that VRT-A2 binds to in planta, my aim was to use the VRT-A2b
transgenic lines I have described in this section as input for a CUT&RUN assay. CUT&RUN
is a relatively novel protocol first described in Skene and Henikoff 2%¢. The principles are
similar to the better-known ChIP-Seq (chromatin immunoprecipitation sequencing), however

the reaction is carried out in intact nuclei, which means that the input requirement is much
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lower; ChIP-Seq requires grams of input material per reaction while CUT&RUN requires as
little as 10,000 nuclei. This means that the assay can be carried out on nuclei from single
young wheat spikes. During the CUT&RUN protocol proteins are crosslinked to DNA they
are bound to in the nuclei. By using an anti-FLAG antibody, VRT-A2::FLAG protein is pulled-
down along with DNA it is bound to. This DNA is then sequenced using NGS.

Unfortunately, this experiment was not able to be completed before the preparation of this
thesis. In future, this technique will enable us to identify DNA that the VRT-A2 protein binds
to in planta. We can then test whether VRT-A2 binds to and regulates downstream genes such

as MIR172, AP2-2 and AP2-5 directly.

4.5 Discussion

In this chapter I have investigated genetic interactions between VRT2, AP2-2 and AP2-5 to
better understand how VRT-A2b confers its phenotypic effects. Using mutant crosses and
expression analysis I have tested hypotheses based on known networks in Arabidopsis and

begun to shed light on the connections between these key genes.

4.5.1 VRT-A2 downregulates miR172

3284 50 I tested whether

There is evidence for a direct SVP-miR 172 interaction in Arabidopsis
this interaction is conserved in wheat. First, I used the sSRNA-Seq dataset I generated in
Chapter 1 to look at differences in miR172 abundance between VR7-42a and VRT-A2b NILs.
The abundance of both miR172a and miR172b was lower in VRT-A2b spikes at two
developmental stages, however this difference was not significant. The strength of any effect
appeared to be equivalent between miR172a and miR172b. As the increase in VRT-A2
expression that the VRT-A2b allele confers is relatively subtle, I further tested this hypothesis

using germplasm with greater variation in VR7-42 expression.

I used RT-qPCR to quantify changes in miR172 abundance in spikes from wheat germplasm
with different levels of VRT2 expression and found that vrt2 loss-of-function spikes had a
significantly higher level of miR172 compared to wildtype spikes. There appeared to be a
small effect in the opposite direction, i.e., increasing VRT2 expression led to a decrease in
miR172 abundance, however these differences were not statistically significant. This is
consistent with evidence from Arabidopsis where Cho, et al. ** showed that decreasing AtSVP
expression had a greater effect on miR172 abundance than increasing AtSVP expression 2%,
These results suggest that VRT-42 negatively regulates miR172 (either directly or indirectly)
in wheat. Unfortunately, the RT-qPCR assay is unlikely to be capable of distinguishing
between miR172a and miR172b. Therefore, it would be useful to use SRNA-Seq, as I did to
initially test for differences in miR172 abundance in the P/"" and P17°* NILs, to test for
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differences in miR172 abundance between vr¢2 and wildtype spikes. This would allow me to
fully test whether there is any difference. Our data and a previous study show that decreasing
VRT-A2 expression has a greater effect on miR172 abundance **. Therefore, it would be
important to quantify the effect of reducing VRT7-A2 expression on miR172a and miR172b

abundance.

I have provided strong evidence that VR7-A42 directly or indirectly downregulates miR172 in

284 and in future |

wheat. In Arabidopsis, AtSVP directly binds to and downregulates miR172a
would test whether this interaction is also direct in wheat using the VRT-A2b::FLAG

transgenic lines we have developed and validated.

4.5.2 Increased and extended VRT-A2 expression leads to higher AP2-5
expression

A VRT-A2b x ap2-5A4 cross revealed a genetic interaction between VRT-42 and AP2-5 in
respect to glume width, glume length, grain width and the number of bracts per spikelet. This
provides evidence that there is a direct or indirect interaction between VRT-A2 and AP2-5.
Furthermore, in young P1"°* NIL spikes with high VRT-42 expression, AP2-5 expression was
statistically significantly higher than in PI"7 spikes. This suggests that, consistent with

evidence from Arabidopsis 2%

, increased and extended VRT-A2 expression leads to higher
AP2-5 expression (either directly or indirectly). This result is somewhat contradictory to
evidence from Liu, ef al. ', who identified differentially expressed genes in tetraploid NILs
carrying the VRT-A2a or VRT-A2b allele. They did not identify AP2-5 as differentially
expressed between the NILs, however the samples used were from 2.5-3.0 cm spikes, which
are older than any of the timepoints we measured (up to 1.5 cm spikes). Also, the NILs were

108

in a tetraploid background '*°, while our data is from a hexaploid background.

In Arabidopsis this interaction is direct as AtSVP protein has been shown to bind to the
promoter of AtRAP27 3, the AP2-5 orthologue. I would in future test whether this interaction
is direct or indirect using the VRT-A2b.:FLAG transgenic lines. Higher AP2-5 mRNA levels
in P17°" spikes may simply be the result of lower miR172 levels. The fact that VRT-A2
negatively regulates miR 172 abundance and positively regulates AP2-5 abundance is logically
consistent. If VRT-A2 expression increases, this will lead to a decrease in miR172 abundance
which would release some repression of 4AP2-5. Of course, an indirect and direct interaction
are not mutually exclusive; VRT-42 may regulate AP2-5 expression directly and indirectly, via

miR172.
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4.5.3 Increased and extended VRT-A2 expression leads to lower AP2-2
expression

In P17°" spikes AP2-2 expression was significantly lower at multiple timepoints compared to
PI1"" spikes suggesting that VRT-42 downregulates AP2-2 (either directly or indirectly). This
is consistent with data from Liu, et al. '%, who found that in slightly older spikes from
tetraploid NILs carrying the VRT-A2b allele, AP2-2A4 was significantly downregulated when
compared to the wildtype VRT-42a allele.

This result is consistent with the model I developed in the introduction to this chapter (Figure
4-2), suggesting that the long floral organs in VR7-4A2b may be the outcome of a decrease in
AP2-2 expression. It is also consistent with the fact that VRT-A2b ap2-54 plants are a close
phenocopy of ap2-2 ap2-54 plants with numerous empty glume-like bracts at each node
instead of spikelets. This result suggests that increasing and extending VR7-42 expression has

a similar effect on wheat spike development to downregulating AP2-2.

This result is, however, contradictory to evidence in Arabidopsis. The Arabidopsis AP2-2
orthologue, AtAP2, was found to be bound and upregulated by AtSVP in a ChIP-chip
experiment > and AtAP2 expression is lower in svp plants 24, The decrease in AP2-2 expression
in response to increased and extended VRT-A2 expression observed in both this and previous

studies in wheat '% is difficult to reconcile with the negative regulation of miR172 by VRT2.

In my general discussion (Chapter 5), I will propose two alternative hypotheses which could
explain this unexpected observation. I will also recommend experiments which could be used

to test these hypotheses.

4.5.4 The tagged transgenics will reveal direct targets of the VRT-A2
protein

To confirm the interactions which have been suggested by the results in this chapter, I
developed transgenic lines containing a FLAG-tagged version of VR7-42b and confirmed that
these lines have higher VRT-A2 expression, have VRT-A2::FLAG protein detectable with a
FLAG antibody, and phenotypes consistent with the VRT-A2b allele *. In the future, we will
use spikes from these lines for CUT&RUN assays to identify direct targets of the VRT-A2
transcription factor. Potential targets would include cis-regulatory regions of AP2-2, AP2-5,

and MIR172 genes.
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4.5.5 Conclusions and future perspectives

In this chapter I have begun to test whether the downstream network of A£SVP in Arabidopsis
is conserved in wheat to attempt to elucidate the mechanism by which VRT-42b confers its
phenotypic effect. In the experiments I have described here I have shown that some
interactions in Arabidopsis are also present in wheat, for instance increased VRT-A2 expression
results in higher AP2-5 expression and lower VRT2 expression leads to a decrease in miR172
abundance. However, the result that increased VRT-A2 expression results in lower AP2-2
expression is inconsistent with studies in Arabidopsis and with the effect on miR172, although
they are consistent with independent RNA-seq data. In Chapter 5, I will bring the data
presented here together with data from Chapters 2 and 3 to propose mechanisms which could

explain this unexpected observation.

To fully characterise this genetic network, I would also wish to disentangle the effect of
VRT-A2 on individual miR 172 family members and use the VRT-A2b::FLAG spikes to identify
direct DNA targets of the VRT-A2 protein. By doing the above, and expanding our
understanding of the VRT-42 downstream network, we can implement targeted mutations to
modify VRT2 expression patterns in a way that is most beneficial for plant breeding, as

suggested in the paper which first cloned VRT-A2 *°.
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5.1 Thesis summary

The overall aim of this thesis was to develop our understanding of how miRNAs affect wheat
spike development. I aimed to achieve this in a broad sense, by expanding our knowledge of
the miRNAs that are expressed, when they are expressed, and the genes they target. I also
tackled this aim by interrogating the interactions between miR172 and 4P2-2, AP2-5 and
VRT2 which are all key players during early wheat spike development. I aimed to develop a
nuanced understanding of these connections. Specifically, I have used spatial and non-spatial
transcriptomics, transgenics, phenotypic characterisation, and luciferase-based assays to

answer the following questions:

4. What is the role of miRNAs during key developmental transitions in the wheat
inflorescence?

5. How do the expression patterns of AP2-2 and AP2-5 differ in developing spikes when
they are both regulated by miR172?

6. Does VRT-A2 act via miR172 to achieve its phenotypic effect?

5.2 | have developed novel resources for the wheat
community

I first sought to develop a coherent and comprehensive list of miRNAs which are present in
early developing wheat spikes and the MIRNA loci which produce them (Chapter 2). I
generated a high-quality, high-depth sSRNA-Seq dataset from young wheat spikes and used
three independent pipelines to predict candidate miRNAs from the data. I used TargetFinder
to identify putative target transcripts of these miRNAs. To gain maximum benefit from the
dataset, I looked for variation in miRNA binding sites in the A. E. Watkins landrace
collection ** and EMS-mutagenised TILLING populations *'. I identified TILLING lines with
variation in the miRNA binding sites of genes we know play vital roles in wheat spike
development; these lines are currently being grown for further characterisation. I have
identified 187 promising SNPs in the Watkins collection which correlate with phenotypic

differences between lines.

This work opens new avenues of research and opportunities for introducing novel variation
into wheat breeding pipelines. This dataset also provided key insight into the expression of

miR172, a miRNA family I focused on in Chapters 3 and 4 of this thesis.
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5.3 | have developed a more nuanced understanding of
miR 172-mediated repression of AP2-like genes

To begin to understand in more detail the role individual miRNAs play in developing wheat
spike, I took advantage of recently generated genetic resources, including the dataset described
in Chapter 2, to unpick a known interaction between miR172 and AP2-like genes *#*%, Until
now, studies into miRNA function in wheat have treated miRNA families as single molecules
or taken a single family member as a proxy for the entire family **%°. I took a more time-
consuming but nuanced approach to understand how individual miR172 family members

regulate the AP2-like genes AP2-2 and AP2-5 (Chapter 3).

The SNP which differentiates the miR172a and miR172b mature sequences is at the far 5’ end
of the miRNA. Therefore, using stem-loop RT-qPCR is unlikely to reliably distinguish
between miR172a and miR172b '%°. To understand the expression profile of these family
members, which are processed from distinct MIRI72 loci with potentially different
transcription rates and tissue -specificity, [ used SRNA-Seq. By using this approach, [ was able
to discover that miR172a and miR172b in fact have unique expression profiles during wheat

spike development.

I compared the capacity of miR172a and miR172b to reduce the abundance of a luciferase
protein containing binding sites from AP2-2 and AP2-5. This assay showed that miR172a and
miR172b repress AP2-2 and AP2-5 binding sites equally. This assay is, however, limited by
the fact that the binding sites are not within their endogenous mRNA context, which has been
shown to be important for miRNA binding and miRNA-mediated cleavage ***. Hence, to
test whether miR172 binding is affected by the mRNA context, I have developed constructs
containing an AP2-5 gene with either the endogenous AP2-5 miR172 binding site, or the
AP2-2 miR172 binding site. [ have taken advantage of recent improvements in the efficacy of
wheat transformation to start the process of transforming these constructs into ap2-54 loss-of-
function mutants. Complementing a mutant line with constructs with different miRNA binding
sites is an ambitious experimental design; few studies in wheat have used transgenic constructs
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to complement a mutant, such as in Hyde, et al. °’. The phenotypes of these plants will provide

insight into the repression of different AP2-like genes in planta.

Finally, I was also able to take advantage of MERFISH technology to compare the spatial
expression range of the miR172 targets AP2-2 and AP2-5. 1 found that AP2-2 and AP2-5
transcripts partially overlap, however there are a significant number of cells in the wheat spike

where AP2-2 transcripts are present while AP2-5 transcripts are absent, or vice versa. This
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provides the opportunity for miR172 to regulate AP2-2 and AP2-5 in a cell-type specific

manner due to different amounts of overlap between miR172 and 4AP2-like transcripts.

102,163,164 tice 185 and tomato '®¢, the functions of different members of the same

In Arabidopsis
miRNA family have been studied separately. This is the first study in wheat I am aware of
which disentangles the distinct functions of miRNA family members. By doing so, I was able
to generate evidence against my hypothesis that based on sequence complementarity, different
miR172 family members repress different AP2-like genes. Modern resources and protocols
allow us to look at miRNA function to a high level of detail and this will be critical to fully

understanding the nuance of these key interactions and leveraging them for crop improvement.

5.4 VRT-A2 promotes AP2-5 abundance and represses miR172

In Chapter 4, I expanded the AP2-2, AP2-5, miR172 network to include VRT-42. I used mutant
crosses to attempt to unravel the role of each of these four players and how they interact with

one another.

5.4.1 VRT-A2 represses miR172 abundance

Using the SRNA-Seq data I described in Chapter 2, I found that P17° spikes had lower levels
of miR172 (although the difference was not significant). The effect appeared to be similar

between miR172 family members.

I showed using RT-qPCR that lower VRT-42 abundance results in higher miR172 abundance
in W5.0 spikes, while higher levels of VRT-A2 led to a non-significant decrease in miR172
abundance. This result was consistent with evidence from Arabidopsis 2**. While RT-qPCR is
not always family member-specific, | was able to use this method given as I had previously
established using sSRNA-Seq that the effect of increasing and extending VRT-A2 expression

was similar on miR172a and miR172b.

5.4.2 VRT-A2 promotes AP2-5 abundance

I described the evidence of an interaction between VRT-42 and AP2-5 in Chapter 4. In brief,
a cross between a VRT-A2b NIL and an ap2-54 loss-of-function mutant showed that VRT-A42
and AP2-54 interact (either directly or indirectly). I found that in RNA-Seq data, VRT-42b
NILs have higher AP2-5 expression compared to VRT-A2a NILs. This is logically consistent
with the fact that lower VRT-42 expression leads to an increase in miR172; if VRT-A2
downregulates miR172, this would lead to an increase in the abundance of miR172 targets

such as AP2-5.
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5.5 Patterns of AP2-2 mRNA abundance cannot be explained

using current data

5.5.1 AP2-2 mRNA abundance increases through developmental time

As I discussed in Chapter 3, AP2-5 and AP2-2 have opposite expression profiles during early
wheat spike development. AP2-5 expression decreases while AP2-2 expression increases. The
sRNA-Seq dataset I generated showed that miR172 abundance increases, which is a pattern
observed across grass species 285289, Therefore, it is logically consistent that abundance of the
AP2-5 mRNA targeted by miR172 decreases during the same period. However, AP2-2 mRNA
abundance increases during this time. This expression profile was observed in two
independent RNA-Seq datasets (cv Paragon and Chinese Spring). We know from
Debernardi, et al. ** and the dual luciferase assay in Chapter 3 of this thesis that the abundance
of a protein with an AP2-2 binding site are lower in the presence of miR172. The dual
luciferase assay also showed that AP2-2 and AP2-5 binding sites are targeted with the same
efficiency by both miR172 family members, so the increase in AP2-2 mRNA abundance
cannot be attributed to the decrease in miR172b abundance seen from W4.0 to W5.0.

It is important to note that this data shows only that AP2-2 mRNA levels increase from W2.5
to W5.0. We do not currently have data that would enable us to see whether AP2-2 protein
levels also increase during this time. The dual luciferase assay, on the other hand, only showed
that a protein with an 4P2-2 binding site decreases in the presence of miR172. Any change in

the abundance of the corresponding mRNA was not quantified.

5.5.2 Increased and extended VRT-A2 expression leads to lower AP2-2
mRNA abundance

Given the evidence that VRT-42 represses miR172, we would expect A P2-like gene expression
to be higher in VRT-42b NILs (which have increased and extended VR7-A2 expression). We
see this pattern in AP2-5 as described in Section 5.4.2. The fact that VRT-42 negatively
regulates miR 172 abundance and positively regulates 4P2-5 abundance is logically consistent.
We would also expect to observe this pattern for 4P2-2, but yet again AP2-2 behaves
unexpectedly. I showed in Chapter 4 that in P1°°* NIL spikes (increased and extended VRT-A42
expression), AP2-2 is higher than in P1"” spikes. This finding is consistent with a previous
study in wheat '%. As before, this pattern cannot be explained by AP2-2 not being targeted by
miR172 (Section 5.5.1).
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5.6 Generating hypotheses to explain the unexpected

patterns of AP2-2 mRNA abundance

Above I have laid out ways in which observed patterns of 4P2-2 mRNA abundance are not
logically consistent with our gene networks. Therefore, there must be an element missing from
the model. Below, I have generated two hypotheses capable of explaining these unexpected

observations. I will also describe ways in which these hypotheses could be tested in the future.

5.6.1 Variation in the dominant mechanism of miR172-mediated
repression (miR172 mechanism hypothesis)

There are two mechanisms by which miRNAs repress genes. The first is DICER-mediated
mRNA cleavage, which reduces the abundance of the target mRNA and so the abundance of
the target protein. The second is translational inhibition, where the miRNA inhibits translation
of the target mRNA into protein. The effects of mRNA cleavage can be observed in RNA-Seq
and spatial transcriptomics data, while the effects of translational inhibition cannot as it does
not affect mRNA, only protein abundance. My first hypothesis is that there are differences in
the mechanisms by which miR172 represses AP2-2 and AP2-5, referred to from here as the

miR 172 mechanism hypothesis.

We know from previous literature that AP2-5 is at least partially repressed via mRNA cleavage
in wheat 2. However, we do not know the mechanism by which miR172 represses AP2-2. As
hypothesised by Houston, et al. **°, the mechanism of miR172-mediated repression may
change according to target (Figure 5-1A), tissue (Figure 5-1B), or developmental stage (Figure
5-1C).
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Figure 5-1: Models of the microRNAI72 (miR172) mechanism hypothesis to explain
unexpected observations. Positive interactions are represented with arrows, while inhibitory
interactions are represented with blunt arrows. (A) The mechanism of miR172-mediated
repression is target-dependent. miR172 represses APETALA2-5 (AP2-5) via mRNA cleavage
and APETALA2-2 (AP2-2) via translational inhibition. (B) The mechanism of miR172-
mediated repression is tissue-dependent. miR172 repression is via translational inhibition in
lodicules (where AP2-2 expression is dominant), while miR172 repression is via mRNA
cleavage in other tissues (where AP2-5 expression is dominant, but AP2-2 is co-expressed).
(C) The mechanism of miR172-mediated repression is dependent on the developmental stage.

miR172-mediated repression is via mRNA cleavage during very early spike development
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before W4.0 (terminal spikelet according to the Waddington scale *', when AP2-2 is very lowly
expressed), and via translational inhibition during later spike development (after W4.0, when

AP2-5 expression is lower).

There is precedent for closely related miR 172 targets being repressed by miR172 via different
mechanisms in other species. In Arabidopsis, 4¢4 P2 (the AP2-2 orthologue) and AtRAP27 (the
AP2-5 orthologue) are regulated by miR172-mediated translational inhibition, modifying
miR172 abundance results in changes to AtAP2 and AtRAP27 protein but not mRNA
levels °13!1. However, this has been shown to not be completely conserved in grasses. For
instance, in maize, the two orthologues of AtRAP27 are regulated by miR172 using different
mechanisms 2. ZmIDS] is repressed via translational inhibition **! while ZmSID] is at least
partially repressed via mRNA cleavage *°. This shows that very closely related genes (both
ZmIDS1 and ZmSID1 are orthologues of AP2-5) can be regulated via different mechanisms %2,
Although there may be subtle differences, broadly ZmIDS1 and ZmSID1 are expressed in the
same tissues at the same developmental stage (spikelet meristems during early tassel
development) 2°%*! showing that the difference in the mechanism of miR172-mediated
repression in this case is likely to be target-specific. Our model may be further complicated
by the fact that 4¢4 P2 has been shown to form a negative feedback loop in Arabidopsis; AtAP2

protein represses AtAP2 transcription '

The miR172 mechanism hypothesis predicts that AP2-5 is predominantly regulated by
miR172 via mRNA cleavage, while AP2-2 is mostly regulated by translational repression.
This may be due to differences in the mechanism of repression according to target, timepoint,
or tissue, however the result would be that AP2-2 is regulated by translational repression. This
would mean that the increase in 4P2-2 mRNA abundance over developmental time and in
P17 NILs compared to PI"" do not account for miR172-mediated repression and are not

reflective of protein abundance.

To establish the mechanism of miR172-mediated repression of AP2-2, | would quantify AP2-2
and AP2-5 protein in developing wheat spikes with low (MIM172 32), wildtype and high
(Ubi::miR172 32) levels of miR172. This would capture the effect of any repression by
miR 172, irrespective of the mechanism. By taking mRNA levels into account, this experiment
may also shed some light on whether the repressive mechanism changes over time. [ would
use a dual luciferase assay to compare the abundance of AP2-2 mRNA and protein in the
presence and absence of miR172. This would indicate whether the mechanism of miR172-
mediated repression is target-dependent. This experiment would be in a heterologous system,
and we know that the mechanism by which a particular miRNA represses its targets can vary

between plant species ¢:181:290.291 therefore any conclusions would be preliminary. One would
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need to quantify mRNA and protein levels in the presence and absence of a miRNA in planta
to conclusively determine the dominant mechanism of miRNA-mediated repression. AP2-2
and AP2-5 mRNA levels cannot be reliably quantified using the spatially resolved MERFISH
technology described in Chapter 3. Single cell RNA-Seq or RNA-Seq of laser-dissected cells
could be used in the future to quantify changes in AP2-2 and AP2-5 transcript levels in the
presence of low, wildtype, and high levels of miR172. Unfortunately, current technology does
not allow spatial protein quantification which would enable us to fully test whether the
mechanism of miR172-mediated repression is tissue-dependent. The pace of progress,
including the use of ONT for directly sequencing proteins 2%, make this a possibility in the

near future.

5.6.1.1  The miRNA mechanism hypothesis relies on independent changes to the rate of AP2

transcription over time

As AP2-2 mRNA abundance increases over time, the rate of 4P2-2 transcription must also
increase. I could use smFISH to quantify nascent and mature 4AP2-2 mRNA transcripts over
developmental time and in P1”?* and P1"" NIL spikes to quantify the change in transcription
rates with spatial resolution. To investigate how this is achieved, VRT-A2b::FLAG transgenics
could be used to test whether VRT-A2 protein binds directly to 4P2-2, lending weight to a
direct interaction as well as one mediated by miR172. This negative interaction could also be

via another pathway or with a co-regulator.

5.6.1.2  The miRI72 mechanism hypothesis relies on changes to the rate of AP2 transcription in

the presence of increased and extended VRT-A2 expression

If the miR172 mechanism hypothesis is correct, the rate of 4P2-2 transcription must also
decrease in the presence of increased and extended VRT-A2 expression. This is supported by
my observation that VRT-42b/ap2-5A spikes are a phenocopy of ap2-2 ap2-54 spikes with
numerous glume-like bracts per spikelet and double carpels. I used this observation to
hypothesise that the increased and ectopic VRT-42 expression conferred by the VRT-42b allele

results in lower AP2-2 expression.

To uncover this additional element of the genetic network, I would use the spatial
transcriptomics data described in Chapter 3 to identify genes which are differentially
expressed in VRT-A2a and VRT-A2b NILs. I would use this data to identify candidate genes
which VRT-42 may act via to repress AP2-2. I would identify or generate (using CRISPR-
Cas9) mutants of these candidate genes and quantify expression of AP2-2 to narrow the list of
candidates. I would test any promising candidates using yeast-two-hybrid or yeast-one-hybrid
techniques to see if the candidates bind to AP2-2 DNA or AP2-2 protein. I would use also
make use of existing yeast-two-hybrid data published by Liu, et al. ' to identify any proteins
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that VRT-A2 may interact with to downregulate AP2-2. I could again use the spatial

transcriptomics data to exclude candidates which are expressed in the lodicules.

5.6.1.3  Changes to the rate of AP2 transcription in the presence of increased and extended

VRT-A2 expression may also be the result of AP2 protein repressing AP2-2 transcription

The decrease in 4P2-2 mRNA levels observed in P17°* NIL spikes may be the result of AP2
protein negatively regulating AP2-2 transcription, as in Arabidopsis '¥. In P17 spikes,
miR172 abundance is lower. This would lead to a higher level of AP2 protein in the system,
which would in turn repress 4P2-2 transcription, leading to a decrease in AP2-2 mRNA levels
which we observed in the RNA-Seq data described in Chapters 3 and 4. This hypothesis is
only logically consistent if the main mechanism of miR172-mediated repression of 4P2-2 is

translational inhibition.

5.6.2 miR172 is absent from lodicules (miR 172 absent from lodicules
hypothesis)

I showed using MERFISH technology that AP2-2 and AP2-5 transcripts overlap spatially in
most tissue types in developing wheat spikes, however in cell cluster 17 (lodicules) 4P2-2
was expressed in the absence of AP2-5 in 32.0% of cells. If miR172 is not expressed in the
lodicules, this pattern would allow 4P2-2 expression to increase in the lodicules while AP2-5
and AP2-2 transcripts in other tissues would be repressed by miR172, producing these
opposite expression profiles. This hypothesis is referred to from here as the miR172 absent

from lodicules hypothesis.

To test the miR172 absent from lodicules hypothesis, I would spatially resolve miR172
expression in the wheat spike and specifically look for expression in the lodicules. LNA probes
have been used in rice for miR172 in situ hybridisation '**. A more appropriate, although less
well-established technique, is SRNA-FISH which uses fluorescent labelling which allows for
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greater spatial resolution ~*. The LNA probes used in both methods are highly specific and

may be capable of distinguishing between miR172a and miR172b.

This putative specificity of miR172 abundance may be the result of differences in the
transcriptional control of MIRI72 loci between lodicules and other tissues. MIRI72
transcription may be regulated by a factor which is specifically present or absent from
lodicules, or the epigenetic landscape surrounding the MIRI72 loci may differ between
lodicules and other tissues. If a low level of miR172 was observed in lodicules compared to
other tissues, an interesting future avenue of research would be uncovering the genetic and

epigenetic factors which control this high level of spatial specificity of miR172 expression.
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If the miR172 absent from lodicules hypothesis is true, there would be no miR172-mediated
increase in AP2-2 levels in P17°F lodicules. As lower miR172 abundance in the rest of the
spike would result in higher AP2-2 expression, there must again be some other regulatory
interaction present in the wheat spike which we are not currently aware of, as described in
Section 5.6.1.2. VRT-A2 may downregulate AP2-2 via another pathway. This repression would
need to offset the increase in AP2-2 abundance conferred by an increase in miR172. I believe
this hypothesis is unlikely, due to the relatively small area of the lodicules compared to the
rest of the spike; a lack of miR172 regulation here would be unlikely to result in the increase
we observe in AP2-2 expression across the spike. Also, plants carrying a miR172-resistent
allele of AP2-2 had smaller lodicules compared to the wildtype **. On balance, I believe that
the miR172 mechanism hypothesis is likely to better reflect the biological processes behind
the unexpected changes observed in 4P2-2 mRNA abundance.

5.7 Generating models to summarise how AP2-2, AP2-5, VRT-
A2 and miR 172 work together to control phytomer
differentiation

The double mutant phenotypes of VRT-42b ap2-54 and ap2-2 ap2-5A are striking, with
multiple empty glume-like bracts at almost every node on the rachilla. I have created models
describing how VRT-42, miR172, AP2-2 and AP2-5 could form a wildtype wheat spike using

these mutant lines and our new knowledge of how these genes work together (Chapter 4).

As described in Section 1.3, the wheat spike is a highly branched structure which consists of
repeating phytomers. When the spike begins to develop it elongates along the vertical axis and
generates alternating phytomers. In brief, each phytomer consists of a lower vegetative
meristem, which can differentiate into vegetative structures (such as leaves), and an upper
axillary meristem which can form lateral branches known as spikelets. This developmental
programme is repeated along the rachillas of each spikelet. The vegetative meristem of each
spikelet phytomer can form glumes (where the axillary meristem is repressed) or lemma

(where de-repressed axillary meristems which differentiate into florets).

5.7.1 Previous studies have hypothesised that VRT-A2 expression
affects the balance of leaf and axillary meristem repression

Previous studies have proposed that the downregulation of VRT-A2 at W2.5 (double ridge
stage) leads to de-repression of the axillary meristem *. The proposed model is that, as a
vegetative signal, VRT-A42 represses SEPALLATA genes, which act as floral growth signals

and promote the development of the axillary meristem into a spikelet **. Higher VRT-A2 levels
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Chapter 5: General Discussion

in spikes with the VRT-A2b allele may lead to continued repression of spikelet growth, leading

to the formation of rudimentary basal spikelets +.

A study on the orthologue of 4AP2-5 in barley showed that a reduction in HvAP2L-HS5
expression produced a terminal spikelet (usually absent in the indeterminate barley spike) and
multiple florets per spikelet (where there are none in the wildtype) . The authors
hypothesised that 4P2-5 promotes spike indeterminacy and spikelet determinacy *°. This is
consistent with observations made in loss-of-function ap2-54 spikes, which display a sham
ramification phenotype with a very high number of florets per spikelet (i.e., a lower level of

spikelet meristem determinacy) 2.

5.7.2 AP2-like genes promote a lemma-like identity, which correlates
with differentiation of the axillary meristem into a floret

Knocking out AP2-2 and AP2-5 generates a spike with numerous glume-like organs in each
spikelet which do not contain a floret, i.e., the axillary meristem is repressed. Increasing AP2-2
or AP2-5 expression through mutations in the miR172 binding site generates a spike with
lemma-like glumes ** and increased AP2-5 expression has been shown to lead to florets
forming at the first phytomer of apical spikelets *2. These results suggest that 4P2-like genes
promote a lemma-like identity, and that a lemma-like identity is correlated with differentiation

of the axillary meristem into florets (Figure 5-2).

Combining the VRT-A2b allele with a loss-of-function ap2-54 mutant also generates this
striking phenotype of numerous empty bracts. The bracts, as for ap2-2 ap2-54, appear to have
a glume-like identity with very short awns. This phenotype may be conferred by VRT-42b
negatively regulating AP2-2 expression, promoting a glume-like identity. VRT-42b also
positively regulates 4P2-5 (likely via miR172), which would promote a lemma-like identity.
The absence of full length, functional AP2-54 transcripts in VRT-A2b/ap2-5A plants means
that any promotion of a lemma-like identity via an increase in AP2-5 expression is absent in

this double mutant.
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Spikelet

Phytomer

P Floret

Axillary meristem

Leaf

VRT-AZ2

Figure 5-2: A model summarising the putative roles of APETALA2-like (AP2-like) genes and
VEGETATIVE TO REPRODUCTIVE TRANSITION-A2 (VRT-A2) during wheat spikelet
phytomer differentiation. Positive interactions are represented with arrows, while inhibitory
interactions are represented with blunt arrows. Phytomers are represented using pink and
green circles for axillary and leaf meristems respectively. The putative genetic interactions
between VRT-A2, AP2-5, AP2-2, and microRNA172 (miR172) affecting the development of

phytomers within a wheat spikelet are shown.

5.8 Concluding statement

In summary, in this thesis I have begun to unravel the key role that miRNAs play during wheat
spike development. The miRNA candidates and target transcripts identified here will provide
a useful resource for the wheat community, particularly as fundamental researchers and wheat
breeders alike can take advantage of the often dominant variation to be found in miRNA
binding sites. This step can help us overcome the issue of functional redundancy in this
hexaploid crop. By leveraging this dataset, as [ have done in Chapters 3 and 4, I show that we
can cultivate a highly nuanced understanding of miRNA interactions at the family member
level. The pace of change in wheat research means that we have been able to test complex
hypotheses directly in wheat by using approaches such as spatial transcriptomics,
complementing loss-of-function lines with unique transgenic constructs, and tagging proteins
of interest. This presents a step-change for developmental biology in wheat; we can be more
ambitious than ever in our quest to understand how a structure as critical to human society as

the wheat spike is formed.
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Appendix

A.l Primer list

Table A-1: List of primers used in this thesis

Primer name Primer sequence (5° = 3°) Purpose
AP2-5A CDS LO TTCCCTACCGCCGCCGCC Site directed
MIRI172 F mutagenesis
AP2-5A CDS LO TCGTGATGATGCTGCAGCGTAA Site directed
MIR172 R AGC mutagenesis
MI3R CAGGAAACAGCTATGACCATG Sequencing
M13F(-21) TGTAAAACGACGGCCAGT Sequencing
AP2-5A3'UTRLOF  GATGGTCTCACTGAAGCTGGCC Site directed
GTTG mutagenesis
AP2-5A 3'UTR LO R CCAATACGCGTCAATTC Site directed

K3946 AP2-5A FAM  GAAGGTGACCAAGTTCATGCT
GCACGAACTCCTCCTTGGTT
K3946 AP2-5A HEX GAAGGTCGGAGTCAACGGATT
GCACGAACTCCTCCTTGGTC
K3946 AP2-5A COM  TTGTCCGATGGTTGATATCTG
K2726 AP2-5A FAM GAAGGTGACCAAGTTCATGCTT
GGGAGTCGCACATCTGA
K2726 AP2-5A HEX  GAAGGTCGGAGTCAACGGATT
TGGGAGTCGCACATCTGG
K2726 AP2-5A COM GCGATTGATTAGTGATTTGGGT
K2992 AP2-5A FAM GAAGGTGACCAAGTTCATGCTT
AGACCTGCTTCCCGCAATCT
K2992 AP2-5A HEX GAAGGTCGGAGTCAACGGATT
TAGACCTGCTTCCCGCAATCC
K2992 AP2-5A COM  AATCGCTGGCCTTTGTCCGTCT
G
VRT-A2B_FAM GAAGGTGACCAAGTTCATGCTT
CCTACTCCAGATCCTACTCCAG

mutagenesis

PACE genotyping

PACE genotyping

PACE genotyping
PACE genotyping

PACE genotyping

PACE genotyping
PACE genotyping

PACE genotyping

PACE genotyping

PACE genotyping
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VRT-A2B VIC

VRT-A2B _COM

K2233_AP2-2A_FAM

K2233 AP2-2A_HEX

K2233_AP2-2A_ COM
K3634_AP2-2B_FAM

K3634 AP2-2B_HEX

K3634 AP2-2B_COM
VRT-A2 F qPCR

VRT-A2 R qPCR
Actin-Fwd

Actin-Rev

Debernardi_Uni_ MIRs
Debernardi RTmiR172a

Debernardi SLOmiR17
2

Debernardi_snoR101_F

Debernardi_snoR101_R

GAAGGTCGGAGTCAACGGATT
ATGCCTGCGTGCAAAGAGCTC
TGTAACCCAATAGCAACAACCT
AG
GAAGGTGACCAAGTTCATGCTC
CAGTTCCTCGGCAAGAAG
GAAGGTCGGAGTCAACGGATT
CCAGTTCCTCGGCAAGAAA
AGAAGGGAGCTAGGAGGAGAG
GAAGGTCGGAGTCAACGGATT
AGACCTGTGTGCAACGCAG
GAAGGTGACCAAGTTCATGCT
AGACCTGTGTGCAACGCAA
CGAAGCTAAAGCTATGCGGTG
CCGGCAATTCATGCAACAAATT

GAACCGTCATCATTGTCCTGT

ACCTTCAGTTGCCCAGCAAT

CAGAGTCGAGCACAATACCAG
TTG

TGGTGCAGGGTCCGAGGTATT
GGCGGAGAATCTTGATGATG

GTCTCCTCTGGTGCAGGGTCCG
AGGTATTCGCACCAGAGGAGA
CATGCAG
GATGTCTTACACTTGATCTCTG
AACTT

TGCATCAGGATTGATATAGTGT
CC

PACE genotyping

PACE genotyping

PACE genotyping

PACE genotyping

PACE genotyping
PACE genotyping

PACE genotyping

PACE genotyping
RT-qPCR

RT-qPCR
RT-qPCR

RT-qPCR

Stem-loop RT-qPCR

Stem-loop RT-qPCR

Stem-loop RT-qPCR

Stem-loop RT-qPCR

Stem-loop RT-qPCR
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A.2 miR172 precursor sequences used in dual luciferase assay
Mature microRNA sequences highlighted in pink.
miR172a

>6A dna:chromosome chromosome:IWGSC:6A:607452271:607452782:-1
CTCGAGTCCCCTTTATTAATTTCTCTCCATCTACCTCTCTTTGTCTTCATCCATTGCATGAG
AGACTAGTAGTATATTTTTCCTATTTTTCTTCTTCTTCTTCCGCTTCCTCTTTGTTCTTCTC
CACGTACCACAATAATCTCGCCATGGAAATACATGGGAGGAATTTCATGGCCGGAGCAGAGG
GAAGATATCAGATCACAGTCGGTTCTTGCAGGTGCAGCACCACCAAGATTCACATCGGATCC
GTCGTCGTAAATTAAATTTATGCGACGCGCCAGGTGATCHENNICIICATCATCONEEMT C »
GCAGGCACTCGACTCGACTCACATCCTGCCGGAAATCACTGTGARACTGCGAATCAGCTGCT
GACCGAGGTATGTACTTTGAGCTTTCGATCCATCTTAGTATTCTGGCTTTAATTCCATATAT
CTCAAATATTCCGCTGCTGGATTTCAGTGAAGATCAATTTGACCCAGCCCAAATTGGCAAGT
GCACCGACCAATGCTTTAATTCGAATTC

miR172b

>3A dna:chromosome chromosome:IWGSC:3A:741660143:741660535:-1
CTCGAGATCATCATCATCTTCTAGCTAGATTTGTGAGAGAGTACACATATATGCCACATAGG
CTAGCGTCGATGTCGGAAATCTGCTTGCTGCAGCCAGCCAGCCGGTGATTTCTGGTGTGGCA
TCATCAAGATTCACACAATGTATGGCATGCATGCGATGCTCTCATCCTTCCCCATCCATACA
TGCATGTGAACTGGAGTTCCGTTCATGCATGGGAGATGGATAGATTGATGAGCTTTGCTAGC
TAGCCAGCGTACTATGTGTCECANICICANCANCONGORE C GGCGATCAATGGCTAATTAG
TGATCAATGAACCAACCTACCTTGACGCCGCTCGCTCCTCACAAACTCTCTCCCCCATTTGT
ACACTAACTCTCTCAGATCTAGTCCGGGAATTC

A.3 Synthesised AP2-5A sequences

Golden gate overhangs highlighted in green. Untranslated regions highlighted in blue. Exons
highlighted in pink.

AP2-54 PROM+5’ UTR

EETCTCACEAGGCAATACTAGAACAGAACCATGTGCTCCAGTACGCAACAAGCGAAGCCATC
GCGACAAAAACAAAATGAAGAAARAGAACGGTGCGCTCCACCTCCCCCTCCGAGGCTCCGAC
CCGCCCGCCCGCAGCTCAGCTCAAGGCGCGCACACAGACACAGGCCGGAGGGGGCGTTCGGE
CCGGCACGTACCCCCGCCCCACGTCCCGATCACCGGGTCGCCTCACCCTCACGGGCTCGCTC
TCAACCGGTCAACGTACTGTACCGCACCGGTGCAGCCCATTTACGGCGCTGTCGCGGTGTCG
CCGTCCTCCCTCCGTCCGTCCATTCCATCGGGTCCTCCCGTGGCCGTGCCGAGCCCCCACGE
GGTGCCGTGACCGCGACCGTACGCGAGCCCGCCCGCCCGGCCGGCCCGTGACCACGAGCGTA
AGGTTACGAGGATGCTACATACATGCGCGTACGGCTTACGTAGACAGAGCGAGTATACATGG
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CAGACTTTGGCGCGGGTGGGCGTCTCTCGGGTGGTGGGGGATGCATTTGTCGAAAGGAACAA
CGTTTCCGATGGGGCGAGCGGGGGCGTGACCGGTCGACCGGAACGGCACAGTGGCCCGGACA
GGTACGCCTGTGGCTGCGTACCCGCCCTCGCGTGGGTCTACGTCGAATAATTGCACCCATCC
CATTACACCCGGGCCCCGGCGAGCAAAACAGTACCCGGACCTAGCCTGCAACCCCCAAGCCC
CCGACGCGGTACATGCACGCATACACACACACGAAAGAGAGCGGTGCACGCAGTACGTACAC
ACCGGCAGGCGGACGCGGTACGTGCTAGGCTAGGCCAGGCTAGATTGGTCCAGCTGCCGGCT
CCCCCCGTGCTCTCGTCGGCACGGCGCGACATGCCGTCACGTACCTGCTCCGCCTGTGGCCC
TTGGCGCTTGCGCCCGGCCGGCCGCGGTCGGGTCAACACACGAGGCCTCCCAGATCGGGCGL
GGCATGCATGCATGCATGCATGCATGTGCCGCCGGTACGTATGTACGTATACCGGCGCGGAT
TAATTTAGAGTTCGATTTGATTAGAGGGAGGGAGGGGGGCGTGCGGTGCACTTGGGCAATGT
AATGCGGTCCTGCGAGGAGGGATCTCATCTAACCTAGCAGCACAGGGCGTACGGCCGGGGGL
TTATCTTACTCTCGCTAGGTGCCTAAGATAACCAGCATGAGTTGATGGTGCCGGCCGTTAAC
AATTCCAACCAAAAGCTAATCGTCTGGTGCACACGCAATGGTGGACACTATCATACCATGGA
TCACGTGGGTGGTTCTTTGTCCATGCCACTGGTTTTTCCTCTTTCGCTAGAGTTAATTAAGC
GAATGGCTTTTGAATCCGTGTTTGTTCATGTCGGTCAAATCAAATCTCATGAATATGTTGTA
CCGTTTGTCCTAGATGGAGCTGGATTAAATAATTTCGGCATTTGTGGGTGCCCCTCCATACG
ATGTACTGGAGAGGGTTTTAAAACATTTTGTTGCTTAGCGTTTGGCTAGCGATGTAATAACA
AAATAGTGTCATGACATCTGCCACAAAGGTGCGTCGACATCCATACTTTACTCTTCGTTGCA
CTACAAACATATTTTGTGATGTACGCTCCGTGTGATATATATACTTGTATCTTTAGAAAGGC
CTAGAGTCTTAGGTGTAAGACCTTTCTAGCTGCAGGCCTGATTCGCACAAGGTGCTACTTGG
TTGTTGCATATAAAAAACGGTAATACTATAATACTCTGTCCCTCCGGGACTAAATTACTTAG
CAAGTTGACATTTGTTTATATTTAGCTTCGGGAACGTCCAACGTCTCCGGTGTAAGACCTTT
CTAGTCGCATTCCTGATTCAAACAAGATGCTACTTGGTTGTATATAAAATGATTGGGCTATA
ATACTCCTCTTCGCAACAATTAAATTACTCAGTAGGTGAACATTTTATATATTCAACTCTAG
CATATAATACAAATTTGTTGTCGGCATAGAAATGAGTTGCAATCATTTCATAAATAGGAAGA
ACACATGGCTTATACCAAACTAGCAGCCTAAAAAGGTTTTTTTTTCTTCTTTCTGAGAGGAG
GCATTTAGCTTGTGGAGCAAAATGTTGAAGCGGCTGGGCGAAAAAACCCTCGGCTGATCCGC
GTGAGGGCACGACACGTGGCGTCCCGGTCCACGGGGTGTGTGGCCGTAGCGATTAGCGAGGC
TCCGCTGCACAAAAATAGTTTACCTCTGATGCCCTTGGCCTCCCCGACGTCCCATCTCGCTT
TCTCTCTTTCTCTTTCTCCCACTGGCCTGGCCCCCTCTCCTCGTCGTCCTCCAGTCCTCATC
CCCCGCCCCATGGCCACCACCACCACGGCCGCCTCCCCCCCTCCCCCCACCACTACTTCTAC
TCCCCCCGCCCCGCCCTCGCAGCCCGCGGCCACCGCGCTCCCATGCCATAGACGCGACCCCA
CTCATCGGTCCAGGTCGGTCGCTCGGAGCCGAGCGGCGGCGGGCGGGCGAGGAGTGCGTTTT
ATTCGGTCCCGGCGGGCCTCGGATCGGAGAGACC
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AP2-54 CDS

GTACAGGGECGTCACCTTCTACCGCAGGACCER0CEOTERGAGTCRCACATCTG T

TCCTCTCGTCTCCCTACTCCTCCTCCATGACTATAGTTATTACCCAAATCACTAATCAATCG

CTGGCCTTTGTCCGTCTGATTCCACCACHENICOCECNACONCCICACIIEE c TGAGCTC

AAACAAATCCCAGCTCGAGCTCCGATCTCCTCGGTGTCTAATTTCGATTATCTTAGCTGTAT

GGGCTCGTGATTAACACTGGATAATTTCTTCAGEICCIIICCACACTCOCCACEOEEO0EON

.GTGAAC TAATTAATTAACCAGGCCTCGTTTGAATTCCTTTTGCCCCGATTTGGCCACGAA

CTGTGTACTGAGATGAGACGGTGTGGCGTGGCGCACH RO e ECE A

GTAATCTTATCCAAGCCTAGTTGATTGCTGTACTACCAAGTAGTGCGCCGGATACATATGTA
TCGGTGGTTTGTCCGATGGTTGATATCTGGTGGGTGGTGGTGGTGTTTTTTGCCAGHICHEE

BECIEEISEEERAEAA T2 AGCAGGCACACACACAGCTCACGCACTAAAATTAATTCACTTC
GCCCACATTATCATAGTAGTAGTTTCTTTTATCAAATGCCATTGACAAGATTCAGTTGAAAT
GAAATTTCACAGACTGCTCATGAACTTGACACTAATTAGTAGTAGATGTGACAGGGCAGCTG
TTCATGCTGTGGACGTTTAATTAGCCTGTCGCAGGTAATCATCTTAGATTACCCCTTTTGAA
ACATAATCTTAGCTGGTTTAGGGTAGGGTCATCAAGTTAATCCATGTTGTTAGTTGTTGGCG
CGTCCTGTGTTGGTGCTGGTGAGACGTCCACTTCCCCCGACACGACACTCGATTGCAGACAT
CTATTTGGAGCAACTGTTAGGCTCCACATAAGTATATGATCGAGTCGTCCAGACAAAATTAG
TCTAATCCAATCCGTGCACATTATGGTCCAGACCCAGAATTGTCACCCTACACCTTCACACC
CCTATCTCCGTTGAGCTGTAGTCTCATCTCATATACCTGATACCCACATTATCATCACACGC
17 GTACATATATCTGGGCCTCTTTGACAGCGAAGT TGAAGCTGCARG ITA T TTCATTTE
CGCTGATCATTAACATTTGGGCTCACAAAACTTCCTTAATCTTTGCTCACTCACTCTAGTGT
CRTATT AT T TN ACGGCGTACGACAGGGCGGCGATTCGCT ICARTGGGAGGGAAGCTGT
GACTAACTTTGAGAGCAGCTCCTACAATGGGGATGCTCCACCCGACGCCGARRATGAGGS '

CTACTACAATCAGTCTCACCTGTCGAATTTCTCCAATCACACCCAAGTCTTATCTCATCGAT

ATCGTTGTTGITTTCTTASCARTTGTTGATGCTGATGCTCTTGACTTGGATCTGCGGATGTC

A TCCCEHEARTEEE . ACCACAATGATCTCTTCTCAGGTAAAGAAACAAAATTATGTTTAG
CACTAGCTAATTCAGTGGTTAGATTTGCTCAAATAGAARATTTGCTGTTGGCCCAGTTGTGT
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CGGTGGATGAGATATTATTGATCCAGGTCGTATGGCATATACTCTGTCCTAAACTTACGATA

TTTGTGCCTTTTGATATCGCTGTACHCNCOICNICICGICOCACIEECONGIGONIC

G ACCEEARSEASAE T2 TCATCATCACTACGAGAACGACCACCTCCTCCTCCTCCTCC
TCCTCTGCTTGGTGCGCTGCTCCACCAGCTTACTGAAACTGTTGCTACCACTGAATAATGTT
TCTGAAGAAACTGCTAATAACATTTTCAGTTTTCGACAAGTTCGTTCCTGAAATTAAGGTTT
CCATGCTTCTTTCCTAAAACTAATCACGCCTGCTCTCCTAAAACATCTACAGGTGCAAGAAT
TTTGGGTGTAGTGATGTGTCTGTTGACTGAGCATCTCGTCTCATGGACAGACAGAGCATGCT
GTGTGGTAGTACCAGAGTACTTACTAGATGTGGGCACTACTGTTTGCCCTGTGAGCTCGCAC
CACCTTTCGAAAAARACTGCAGTGCGCCCTCCGGTTCTTGCAGTTCCATCCGTCCCCCATGG
CACAGCTTTAGATGCAGCAGCAGCTTGCTTAGTTGTAGTACCCTGATCACATGGCGCAGCTT
TATTCTTGGTAGCCACTGTGCATTCACATGAAAGCAAAGCTTTGGTGCATGCACGGCCATGA

CTTGACGCTCTATCTCACTGCTGGTGCT NN CICONCCNGNECOCCRNGEAE

AP2-54 3’UTR

BETCTCAGCTTAGCTGGCCGTTGTGACCAGACGGCGGTGGGTGCGCGCGGTCGAGGTGTTCG
CTCCTCGTCGTCGGTAACGCTTGTTGTGAAACTATAATCGGAGAGAGATGACATTGCCAGGC
CATGTGTGGTGACACTACTGGCTAGTCTCTCGCCGCCTCGCCATGATCGGGATCACGCGGAT
CATGGCTGTTCATTAGATTCTCATGTATCCAATGTTCAAGTTTCCCAAACGGTTGAAAAAAC
TTTGAAATTTGTGATGGCAAATTCATGCATGGGTCGCACGGTGCGCCCTTGCACAAGCGCGG
GEAAGCACTCTETTCTTTTACAGCAGTCCGCCATTGTTGCGTTAACCGTTGGGCCTTCTGGC
CGAGGGCGAGCGGCGATTGACAGGCGGGCCCTCCCCGGACGCGACTGGTGGGCGACTAGGTG
AGGTGAGGTGAGGTGAGTAGGCTAGGCGGTGGGTCAGTGATTGTTCGTTGCCATCCTCCATT
CTGGGAGGGGAGCAAGCTGTGATTGATGGGCCGTAAACCGCAGCAGGCATCACCTTTTTCTC
CTCGCTTCCTATTCAATCCCGCACAGTGAAGTGAAAGCCTTTGTGGGTGCCCCGGCCTTGTG
GCGCTAGCGATAGCTAATAAGCCAGCTACCCATGTTTGCCACCCCACCCACACACCCATCCA
TCCATCCACAATAGCAAAGCTACCCGTAGTACTATACCAGCGCCACTGTGCCATGCCAGTAG
TACTACGCTGTAGCCTGTAGCTGAGCGTGGGGCTCGCTCTCGCTCTCGCTCTGGCTGGCCTG
GCCGTGCAGAGTGCGCTAGAGCGGGCACTGGAGCGGCACAGTGCGGCCCGGCCGGAGCGGCT
TCTCGTCCGCTGCGCCCAATGGCGCCGCGCCGTGTGTGCAGCGCCAGAGCATGCATGCGTCG
CGCCCGCCCTCCCTCCGCGGCGCCGCTGCAGAATCCCCACCCTGTTTTGGCGATTCGTGCGC
CTCGGTCGCCGCGAACTGCACTGCAGCTACCTCTGCGGCGCGCGACGTAGGTGGCGCCGGCG
CTGGAGTAGATAGATAGACGGCTGGGAAGGGAAGCCCATTGGGGGCCATGGCGTTGGCATGG
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CACAGCTGTCCCTTTCCGGGTGGCTCCGTGGGGCGCTGTTCCAACTGCAGTCCCGGGGGACC
CCCTGCTGCGTTTGACCGGACCTCTTTTTCTTTTTACTACTCCGTCCGCTGCGTGGTGGTTG
GTCCGTTGGGGCTTCCTCCCTGTTTGTTTCCTTGCGACGCCCCCACTGGGCGGTGGGCTGLCC
ACGCCCACGCACGCACGCTTGCACGGGACCGGGCTCAAATGCTCGCACTTCTTGGTGCCCGA
CTTTTTCATTTCTAGGTGTTGGTGTTGGTGTTGGTTTTGAACTTGTGGTGAATGGTCCGGGG
GCTAGATGATGATGCTGCTGCTGCTGCGTGTTGCTCTGCCCGAAACAGCTGCTAGTACACTG
TGCACCGCTCACTCCTCGCCGTGCATCTCTATCCATTGCCCAAACTTAGTTTTCGATAGTTT

TGGTAAAGTTTAGCCTGTEACAACGAGACT
A.4 Synthesised 3x FLAG tag sequence

Exons highlighted in pink. 3x FLAG tag highlighted in yellow.

CAATTGTTTCACATGATATATGTGACTGCAG NGO RGO NG HGAEE

EECRAGAEEAE T GAGGAATGATCTCTATTGTTTATTTAGGCTTTTGGCAGCAGATTGCGCA
GTTCCTTTTTTGGATCATGTATGTCAGGCAAATTATCAAACTACTTACACATGTATATTTCT
TTACAGAGGGAGTATTAGATATACATGTATGTAATGGAGTCGAATGGGTTTTATGGCAATTA
CCTGAATTGTTGCAGGCATGTAGGAAATTAATTGTTTGAACTGGTTCAAAAAAAATTGTTTG
AAAATGTTGCATGCTAAGAACCTTAATTTATAGTGAATAATATTGTGTATTACATATGTTGC
TGATTGCTGAACTCTCAAGTGACCTTAATTTATATGGACTATTGCTAATAGAGCCCATTAGT
AGGGAAATTAAATTGTTAATTCCAATTCTCATAGATTCATAGGGAATGCCCTTGCAGTATGC
ACAGAGATGGAGAATGATATGAATATACATGTGGAAGTAGTAGATATGTGCATGTCATGTAC
AACAAGTCAATACCTAAAATTGGCACAGTACATGTTAAACAAGAGGCAAATCGACAAGTGGA
CTCTTTTTTCTTTCCCATATTGATAATGTCAAGAGAGGTTGGGGTAGACCGAACTTGACATG
GGAGGAGTTCATAAAGAGAGATCTGAAGGACTGGAGTATCACCAAAGAACTAGCCATGGACA
GGGGCATGTGGAAGCTTACTATCCATGTGCCAGAACTATGAGTTGGTTGCGAGATCTTGTGG
GTTTCACCTCTAGCCTACCCCAACTTGTTTGGGACTAAAGGCTTTGTTGTTGTTGTTGTTGT
ATATTGAATGAAATGTTATCAGCAATATATCCCTTTATGTGTGGTTTTAAAATTTTATTATT
TATTTAAGTGGAAGAAATTATTCTTTTACCACCAACACAGTCAATGGAGTTGCTCCCTGATT
GCATTATTTTTATTATAAACTATTCAGCAACACAAAATTGACTAGATTAAGTTTATTGGTTT
TGAGAATATTTTTGGTGTACTTCTACAAGGTGAACATTTGATAATGTAATTTCTCTTTTCCT
T2 OO SRAOR GT T2.ACA T T TTAG
ATGCATTCGTAGTCCTGCACTTAATCAATCTTTATAAGAAGTGCAGCTTGAACAAAAGTCCA
ATARAAGTTGAGGTGGCAGAGCACACATTTACATCATGTTCGTGTGCTTGGATGTACHIGEN

G CCC T EARAGIAGE c TGAGTTTCGTCCAGAAACCCTTGCTCATCATCTTT

ATCCTGATCATATGCTAGTCTCAAAATGCCTTCATAGAATCTGCGACATGAGAAAAAATATA
TATAGTAGTTACTCCCTCCGTTCCCAAATTGTATATTTTGTACTCCCTCTGTACTTATACTT
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TTGGGACGGAGGGAGTACTATTATGGGACGGAGGGAGTAGT TAGCTCTGATAACCGGAGATG
AGTCTGACAGCTCTAATTTCAATGTGTGTTTGTCGGTTTTTATTTTTGAGGGAACCAATGTG
TGTTTGTCACCTGACTGAGTTACCAACAGTTTCTATCATCAATTCTGAAATGTGGCAGATTC
TTATTCACTGAACAGEINOOINGEIAE GA T TATAAGGACCATGACGGAGACTATAAGGACC
ATGACCTCGACGCTGCAGCAGCGGATTATAAGGACGATGACGATAAGTGAGGACCGTGGGGA
GGCCACCATGAGTTGCCTTGGTAGAGAGAAGATGTGAAATGCTATGGGGAATCACTCCAAGA
TAGGCTGGCTGGAATGATCCCATAGTAGAAGCCAGATCAGTTTAACCCGATCGAGTTGTCGT
TTTATGTCTCCGTTTGCACGGCGCAGTTGTCCACCTTTGTG

180



A.5 Candidate miRNAs

Table A-2: Candidate miRNAs generated by miRDeep-P2, miRador and ShortStack from an early wheat spike development sRNA-Seq timecourse referenced in
this thesis. The MIRNA loci and strands listed are locations within the INGSC v1.0 assembly °. The known miRNA names listed are predicted by either miRador
or ShortStack. The closest miRBase hit is the result with the lowest E-value (below 1.0) from a BLASTn search of the miRBase database. The full dataset can

be found in Supplementary Table S1.
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mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chr7A + 8252405 8252522
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chriID  + 418305991 418306183
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chr6D - 460873276 460873362
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chrlA  + 515766449 515766583
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chriIB  + 566097624 566097802
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chr6A - 607452479 607452567
mirna_candidate-30 AGAAUCUUGAUGAUGCUGCAU mirdp2 aof-miR172 chr6B - 702433189 702433275
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mirna_candidate-120

mirna_candidate-120

mirna_candidate-120

mirna_candidate-125
mirna_candidate-125
mirna_candidate-125
mirna_candidate-125
mirna_candidate-125
mirna_candidate-125
mirna_candidate-125
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147

mirna_candidate-147

CGAAUGUAUUUUUUAUGGCUUG

CGAAUGUAUUUUUUAUGGCUUG

CGAAUGUAUUUUUUAUGGCUUG

CGCCGGluacacauuccccucy
CGCCGGluacacauuccccucy
CGCCGGluacacauuccceccucy
CGCCGGluacacauuccccucy
CGCCGGluacacauuccccucy
CGCCaGluacacauuccccucy
CGCCaaluacacauuccccucy
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC

mirador,
mirdp2,
shortstack
mirador,
mirdp2
mirador,
mirdp2,
shortstack
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2

tae-miR531
tae-miR531
tae-miR531
tae-miR531
tae-miR531
tae-miR531

chr1D

chrl A

chr1B

chr7D
chr4D
chr5D
chr7D
chr5D
chr3D
chr7D
chr2B
chr4B
chr2B
chr7A
chr7A
chrlA

325491958

419025397

437834545

8968232
10922263
29594820
208677267
275557436
453160517
467426664
9690118
14040702
26516118
62272024
86118711
417390284

325492077

419025631

437834664

8968276
10922307
29594864
208677311
275557480
453160561
467426708
9690169
14040753
26516169
62272075
86118763
417390335
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mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-153
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190

mirna_candidate-289

mirna_candidate-289

CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGCCGGAGCAGCGUGCAAC
CUCGUCGGAGCAGCGUGCAGC
GCAGCACCACCAAGAUUCACA
GCAGCACCACCAAGAUUCACA
GCAGCACCACCAAGAUUCACA
GGAAUCUUGAUGAUGCUGCAU
GGAAUCUUGAUGAUGCUGCAU
GGAAUCUUGAUGAUGCUGCAU
UCGGACCAGGCUUCAAUCCCU

UCGGACCAGGCUUCAAUCCCU

mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirador,
mirdp2,
shortstack
mirador,
mirdp2,
shortstack

miR165

miR165

tae-miR531
tae-miR531
tae-miR531
tae-miR531
tae-miR531
tae-miR531
tae-miR531
ata-miR172b-5p
ata-miR172b-5p
ata-miR172b-5p
ata-miR172¢c-3p
ata-miR172¢c-3p
ata-miR172¢c-3p
ata-miR5168-3p

ata-miR5168-3p

chr5A
chr5B
chr5B
chr5A
chr4B
chr4B
chr6B
chr6D
chr6A
chr6B
chr3D
chr3A
chr3B
chr5D

chr5B

437164867
464176870
507633368
616555279
646961073
658524819
683210485
460873276
607452479
702433189
608542525
741660251
818985888
350379778

411091726

437164918
464176921
507633420
616555330
646961124
658524871
683210538
460873362
607452567
702433275
608542698
741660421
818986057
350379918

411091864
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mirna_candidate-289

mirna_candidate-290

mirna_candidate-290

mirna_candidate-290

mirna_candidate-291

mirna_candidate-291

mirna_candidate-291

mirna_candidate-291

mirna_candidate-291

mirna_candidate-291

mirna_candidate-291

UCGGACCAGGCUUCAAUCCCU

UCGGACCAGGCUUCAUUCCC

UCGGACCAGGCUUCAUUCCC

UCGGACCAGGCUUCAUUCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC
UCGGACCAGGCUUCAUUCCCC

mirador,
mirdp2,
shortstack
mirdp2
mirdp2
mirdp2
mirador,
mirdp2,
shortstack
mirdp2,
shortstack
mirdp2,
shortstack
mirdp2,
shortstack
mirador,
mirdp2,
shortstack
mirdp2
mirdp2,
shortstack

miR165

miR165

miR165

ata-miR5168-3p

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d

aof-miR166d
aof-miR166d

chr5A

chr6D

chr6 A

chr6B

chrd4A

chr1D

chrlA

chr1B

chrdD

chr5D
chr7D

_|_

450881167

418216637

560691819

630041200

16475386

254662220

326329184

357916215

450196289

458932220
495321574

450881305

418216753

560691919

630041318

16475524

254662355

326329319

357916352

450196418

458932295
495321769
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mirna_candidate-291

mirna_candidate-291

mirna_candidate-291
mirna_candidate-291

mirna_candidate-292

mirna_candidate-292

mirna_candidate-292

mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351

mirna_candidate-351

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC

UCGGACCAGGCUUCAUUCCCC
UCGGACCAGGCUUCAUUCCCC
UCGGACCAGGCUUCAUUCCCU

UCGGACCAGGCUUCAUUCCCU

UCGGACCAGGCUUCAUUCCCU

UCGGACCAGGCUUCAUUCCUU

UCGGACCAGGCUUCAUUCCUU

UCGGACCAGGCUUCAUUCCUU
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC

mirdp2,
shortstack
mirdp2,
shortstack
mirdp2
mirdp2
mirdp2,
shortstack
mirdp2,
shortstack
mirdp2,
shortstack
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2

aof-miR166d

aof-miR166d

aof-miR166d
aof-miR166d
csi-miR166f-3p

csi-miR166f-3p

csi-miR166f-3p

ata-miR 166¢-3p

ata-miR 166¢-3p

ata-miR166¢-3p
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a

chr7B

chr7A

chr5B
chr5A
chr6D

chr6A

chr6B

chr6D
chr6A
chr6B
chr3D
chr3A
chr6D
chr3B
chr6A
chr6B

523239718

561152157

562984082
578021262
418216615

560691797

630041178

418216460
560691661
630041050
65610096
76564341
104978825
109363642
127182602
191531744

523239915

561152352

562984157
578021333
418216773

560691939

630041338

418216530
560691731
630041120
65610183
76564428
104978909
109363729
127182686
191531828
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mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351

mirna_candidate-367

mirna_candidate-367

mirna_candidate-367

mirna_candidate-397
mirna_candidate-397
mirna_candidate-397
mirna_candidate-397
mirna_candidate-397

mirna_candidate-397

UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGACAGAAGAGAGUGAGCAC
UGCAGUCCUCGAUGUCGUAG

UGCAGUCCUCGAUGUCGUAG

UGCAGUCCUCGAUGUCGUAG

UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU

mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2

mirdp2,
shortstack

mirdp2,
shortstack
mirdp2,
shortstack
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2

aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
aof-miR156a
tae-miR9664-3p

tae-miR9664-3p

tae-miR9664-3p

ata-miR5200-3p
ata-miR5200-3p
ata-miR5200-3p
ata-miR5200-3p
ata-miR5200-3p
ata-miR5200-3p

chr6D
chr5D
chr5B
chr6A
chr5A
chr6B
chr2D
chr2B
chr2A
chr1D

chrlA

chr1B

chr7B
chr7B
chr7B
chr7D
chr7D
chr7D

+ 4+ 4+ o+ o+ o+

287888861
339371558
398367422
437636987
440504305
448349739
456504546
537835523
599784388
236440928

309399470

341933715

9129757

9130350

9131092
67104716
67105308
68403784

287888949
339371671
398367533
437637075
440504418
448349827
456504635
537835611
599784477
236441043

309399588

341933830

9129833

9130428

9131168
67104792
67105385
68403863
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mirna_candidate-397
mirna_candidate-397
mirna_candidate-397
mirna_candidate-403
mirna_candidate-403
mirna_candidate-403

mirna_candidate-403

UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUAGAUACUCCCUAAGGCUU
UGUGCUCUUUCCUUCUUACCC
UGUGCUCUUUCCUUCUUACCC
UGUGCUCUUUCCUUCUUACCC
UGUGCUCUUUCCUUCUUACCC

mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2
mirdp2

ata-miR5200-3p
ata-miR5200-3p
ata-miR5200-3p
aly-miR156h-3p
aly-miR156h-3p
aly-miR156h-3p
aly-miR156h-3p

chr7A
chr7A
chrUn
chr7B
chr7D
chr7A
chr3A

+ 4+ o+

J’_

72697128
72700595
84099175
41539403
90623055
91921006

72697204
72700671
84099254
41539474
90623153
91921103

275849880 275849947
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A.5 Predicted miRNA targets

Table A-3: Predicted targets of candidate miRNAs referenced in this thesis. The TargetFinder score indicates confidence in the prediction. A lower score denotes

higher confidence, the cutoff used here was 4. Transcripts and target sequences given are from the INGSC v1.0 annotation. The full dataset can be found in
Supplementary Table S2.

: E

= 3 E g B _ 2B _ o

E £ 3 S S §EE S £ s g
mirna_candidate-30 TraesCS5B01G486900.1 2 677 697 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS5D01G486600.1 2 1235 1255 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS5D01G486600.2 2 1241 1261 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS1A01G058400.2 2 1355 1375 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS1B01G076300.3 2 1364 1384 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS1A01G058400.1 2 1795 1815 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS1B01G076300.1 2 1784 1804 CUGCAGCAUCAUCAGGAUUCU
mirna_candidate-30 TraesCS7D01G536300.1 3 709 728 AAGCAG-AUCAUCGAGAUUCU
mirna_candidate-30 TraesCS7B01G473200.2 3 709 728 AAGCAG-AUCAUCGAGAUUCU
mirna_candidate-30 TraesCS7B01G473200.1 3 825 844 AAGCAG-AUCAUCGAGAUUCU
mirna_candidate-30 TraesCS7D01G447300.1 3.5 5131 5151 AUGCAGUCUUGUCAAGAUUCU
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mirna_candidate-30

mirna_candidate-30

mirna_candidate-30

mirna_candidate-30

mirna_candidate-120
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-147
mirna_candidate-153
mirna_candidate-153

mirna_candidate-153

TraesCS7B01G359800.1
TraesCS7D01G447300.2
TraesCS7B01G440400.1
TraesCS7D01G512600.1
TraesCS7D01G059400.1
TraesCS7A01G225000.1
TraesCS1B01G481000.1
TraesCS6A01G006000.1
TraesCS5A01G331200.1
TraesCSU01G218800.1

TraesCS1A01G059600.1
TraesCS7D01G518600.1
TraesCS7B01G448300.1
TraesCS5B01G487800.1
TraesCS5D01G487300.1
TraesCS7D01G424700.1
TraesCS5D01G216900.1
TraesCS7B01G265300.1
TraesCS1D01G449800.1
TraesCS1B01G290200.1
TraesCS1D01G280300.1

3.5
3.5
4
4
4
2.5
3.5
3.5
3.5

N

w W W ks~ A B B~ DB~ Bd

5140
5137
1121
1249
571
276
26
45
50
45
34
503
503
50
50
438
581
73
112
525
513

5160
5157
1141
1269
592
295
46
65
69
65
53
524
524
71
71
459
600
92
132
546
534

AUGCAGUCUUGUCAAGAUUCU
AUGCAGUCUUGUCAAGAUUCU
CAGCAGCAUCAUCAGGAUUCC
CAGCAGCAUCAUCAGGAUUCC
CAGGAUCUAAAAAAUACAUUCA
GUUGC-UGCUGCUCCGGCGGG
GUGGCGCUUUGCUCCGGCGAG
UCUCCGCGCUGCUCCGGCGAG
GCUGC-UGCUGCUCCGGCGAC
UAUCCGUGCUGCUCCGGCGAG
UCUGCACGCU-CUCCGGCGAG
AUGGUAUGGCUGCUCCGGCGAG
AUGGUAUGGCUGCUCCGGCGAG
GUGGCUACCCUGCUCCGGCGGG
GUGGCUACCCUGCUCCGGCGGG
CUUGCAGGACUGCUCCGGCGAU
GCUGCA-GCUGCUGCGGCGAG
GCCGC-CGCUGCUCCGGCGAC
GUCGCAUGCUGCUCCGACGAA
GCUGGACCGCUGCUCCGACGAC
GCUGGACCGCUGCUCCGACGAC

189



mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153

mirna_candidate-153

TraesCS6A01G006000.1
TraesCS5A01G331200.1
TraesCS4A01G280700.1
TraesCS1D01G252600.1
TraesCS1B01G418800.1
TraesCS1D01G398700.1
TraesCS7A01G225000.1
TraesCS1A01G059600.1
TraesCS3A01G306200.1
TraesCS6B01G098400.1
TraesCS7A01G047200.1
TraesCS5D01G513100.1
TraesCS5D01G216900.1
TraesCS1D01G095600.1
TraesCS7D01G209900.1
TraesCS1A01G103200.1
TraesCS7A01G113800.1
TraesCS7A01G115300.1
TraesCS7D01G111800.1
TraesCS7A01G113600.1
TraesCS7D01G108900.1

3.5
3.5
3.5
3.5

L T = T - T = S T T N -~ S N~ N S S

45
50
653
1658
162
162
276
34
428
1049
466
848
581
1292
510
1008
242
224
218
197
197

65
69
672
1677
183
183
295
53
447
1068
485
867
600
1313
529
1029
261
243
237
216
216

UCUCCGCGCUGCUCCGGCGAG
GCUGC-UGCUGCUCCGGCGAC
GCUG-GCGCCGCUCCGACGAG
UCUGCAU-CUGCUCCGACGAC

GCUGUGCGACUGCUUCGACGAC
GCUGUGCGACUGCUUCGACGAC

GUUGC-UGCUGCUCCGGCGGG
UCUGCACGCU-CUCCGGCGAG
GCUGCACGCUGCGC-GACGAG
GCAGCACGCUGCUCUG-CGAG
GCUGCAC-CUGCUUCGCCGAG
UCUGCACGCUGCUC-GACGAC
GCUGCA-GCUGCUGCGGCGAG

GCUCUGCGUCUGCUCCGACGAC

GCUGGA-GCUGCUCCGAUGGG

GCUCUGCGUCUGCUCCGACGAC

CCUGC-CGCUGCUCCGACGGC
CCUGC-CGCUGCUCCGACGGC
CCUGC-CGCUGCUCCGACGGC
CCUGC-CGCUGCUCCGACGGC
CCUGC-CGCUGCUCCGACGGC
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mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-153
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180

mirna_candidate-180

TraesCSU01G095400.1

TraesCS6A01G033400.1
TraesCS6B01G047900.1
TraesCS6B01G046900.1
TraesCS5A01G339800.1
TraesCS5B01G338900.1
TraesCS1D01G381800.1
TraesCS1B01G394900.1
TraesCS7B01G265300.1
TraesCS7B01G344900.1
TraesCS7D01G434000.1
TraesCS6B01G046800.1
TraesCS6A01G033300.1
TraesCS6D01G401200.1
TraesCS4A01G299500.1
TraesCS6D01G295000.1
TraesCS4A01G104100.1
TraesCS4A01G104100.2
TraesCS4A01G218900.1
TraesCS6A01G195500.4
TraesCS6A01G195500.3

O O R - T T S e S N e T T - N

3.5
3.5
3.5

197
777
774
483
509
485
806
794
73
30
30
303
303
650
80
22
1916
2471
3075
561
969

216
798
795
504
528
504
825
813
92
49
49
324
324
669
101
43
1937
2492
3095
581
989

CCUGC-CGCUGCUCCGACGGC
GCUGCUCGUCUGCUCCGCCGAG
GCUGCUCGUCUGCUCCGCCGAG
GCUGCUCGUCUGCUCCGCCGAG
GCUGC-CGCUGCCCCGACGAC
GCUGC-CGCUGCCCCGACGAC
GCUGC-CUCUGCUCCGACGGC
GCUGC-CUCUGCUCCGACGGC
GCCGC-CGCUGCUCCGGCGAC
GCUGCUC-CUGCUCCGUCGAG
GCUGCUC-CUGCUCCGUCGAG
GCUGCCCUACUGCUCCGACGAC
GCUGCCCUACUGCUCCGACGAC
GCGGCAAGC-GCUCCGACGAG
GCGGCCUCGCUGCUCCGACGAC
UGCUGGGCCUUGGUGGUGCUGC
UGCUGUAUGUUGGUGGUGCUGC
UGCUGUAUGUUGGUGGUGCUGC
UAUGGAUCUUGGUGGUGUUGA
UGAGAAUUUGGGUGGUGCUGC
UGAGAAUUUGGGUGGUGCUGC
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mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-180
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190

mirna_candidate-190

TraesCS6A01G195500.1
TraesCS6A01G195500.2
TraesCS5D01G090100.4
TraesCS5D01G090100.1
TraesCS5D01G090100.2
TraesCS5D01G090100.3
TraesCS5B01G406800.4
TraesCS5B01G406800.3
TraesCS5B01G406800.5
TraesCS5B01G406800.2
TraesCS5B01G406800.1
TraesCS7B01G501900.1
TraesCS5D01G030200.1
TraesCS5D01G030700.1
TraesCS6A01G375400.1
TraesCS6D01G359900.1
TraesCS7B01G260800.1
TraesCS5B01G486900.1
TraesCS5D01G486600.1
TraesCS5D01G486600.2
TraesCS1A01G058400.2

3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5
3.5

~ b~ B~ b

2.5
2.5
2.5

996
996
1608
1674
1698
1752
882
882
882
882
882
411
200
1544
2433
2439
2344
677
1235
1241
1355

1016
1016
1628
1694
1718
1772
902
902
902
902
902
431
220
1564
2453
2459
2364
697
1255
1261
1375

UGAGAAUUUGGGUGGUGCUGC
UGAGAAUUUGGGUGGUGCUGC
UGUGGUUGUUGGUGGUGCUGG
UGUGGUUGUUGGUGGUGCUGG
UGUGGUUGUUGGUGGUGCUGG
UGUGGUUGUUGGUGGUGCUGG
UGCUGCUCUUGGUGGUGCUGC
UGCUGCUCUUGGUGGUGCUGC
UGCUGCUCUUGGUGGUGCUGC
UGCUGCUCUUGGUGGUGCUGC
UGCUGCUCUUGGUGGUGCUGC
UGUGGAUAUUGGUGCUGCUGU
CGUGGGCGUUGGUGGUGCUGC
CGUGGGCGUUGGUGGUGCUGC
UGUCGGUAUUGGUGGUGCUGG
UGUCGGUAUUGGUGGUGCUGG
UUUACUUCUUGGUGGUGCUGC
CUGCAGCAUCAUCAGGAUUCU
CUGCAGCAUCAUCAGGAUUCU
CUGCAGCAUCAUCAGGAUUCU
CUGCAGCAUCAUCAGGAUUCU
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mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-190
mirna_candidate-289
mirna_candidate-289
mirna_candidate-289
mirna_candidate-289
mirna_candidate-289
mirna_candidate-289
mirna_candidate-289

mirna_candidate-289

TraesCS1B01G076300.3
TraesCS1A01G058400.1
TraesCS1B01G076300.1
TraesCS7B01G440400.1
TraesCS7D01G512600.1
TraesCS7D01G536300.1
TraesCS7B01G473200.2
TraesCS7B01G473200.1
TraesCS7D01G447300.1
TraesCS7B01G359800.1
TraesCS7D01G447300.2
TraesCS5D01G125500.1
TraesCS4A01G320300.1
TraesCS5D01G052300.1
TraesCS1D01G155200.1
TraesCS1D01G155200.2
TraesCS1D01G155200.3
TraesCS1B01G173900.1
TraesCS1A01G157500.1
TraesCS3A01G312800.2
TraesCS5B01G378000.1

2.5
2.5
2.5

3.5
3.5
3.5

4
4

2.5
2.5
2.5
2.5
2.5
2.5
2.5
2.5

1364
1795
1784
1121
1249
709
709
825
5131
5140
5137
476
59
677
573
573
573
579
579
570
624

1384
1815
1804
1141
1269
728
728
844
5151
5160
5157
496
80
697
592
592
592
598
598
589
643

CUGCAGCAUCAUCAGGAUUCU
CUGCAGCAUCAUCAGGAUUCU
CUGCAGCAUCAUCAGGAUUCU
CAGCAGCAUCAUCAGGAUUCC
CAGCAGCAUCAUCAGGAUUCC
AAGCAG-AUCAUCGAGAUUCU
AAGCAG-AUCAUCGAGAUUCU
AAGCAG-AUCAUCGAGAUUCU
AUGCAGUCUUGUCAAGAUUCU
AUGCAGUCUUGUCAAGAUUCU
AUGCAGUCUUGUCAAGAUUCU
AUGCACCAUCACCAAGAUUUC
AUGAUGGCAUCAUCAAGCUUCC
UGGGAAUGAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
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mirna_candidate-289
mirna_candidate-289
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290
mirna_candidate-290

mirna_candidate-290

TraesCS5D01G385300.1
TraesCS3A01G312800.1
TraesCS5D01G052300.1
TraesCS1D01G155200.1
TraesCS1D01G155200.2
TraesCS1D01G155200.3
TraesCS1A01G157500.1
TraesCS1B01G173900.1
TraesCS3A01G312800.2
TraesCS5D01G385300.1
TraesCS5B01G378000.1
TraesCS3A01G312800.1
TraesCS6D01G237600.1
TraesCS6A01G256400.1
TraesCS7D01G501400.1
TraesCS4A01G158900.1
TraesCS6A01G078100.1
TraesCSU01G142400.2

TraesCSU01G142400.3

TraesCS6A01G077700.1
TraesCSU01G142400.1

2.5
2.5
0.5

A N N N N S W N VS B US S \© R (O R O R (S R (SR SR S S

624
645
678
573
573
573
579
579
570
624
624
645
166
166
756
383
363
906
996
973
986

643
664
697
592
592
592
598
598
589
643
643
664
185
185
775
402
381
924
1014
991
1004

UGGGAU-GAAGCCUGGUCCGG
UGGGAU-GAAGCCUGGUCCGG
GGGAAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
UGGGAUGAAGCCUGGUCCGG
GUGAAGGAAGCCUGGUCCGU
GUGAAGGAAGCCUGGUCCGU
GGAGAUGAAGCCUGGCCCGG
GUGGAUGAAGCCUGCUCCGG
GGGAAU-AAGCCUGGUCAGC
GGGAAU-AAGCCUGGUCAGC
GGGAAU-AAGCCUGGUCAGC
GGGAAU-AAGCCUGGUCAGC
GGGAAU-AAGCCUGGUCAGC

194



mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-291
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292

mirna_candidate-292

TraesCS5D01G052300.1
TraesCS1D01G155200.1
TraesCS1D01G155200.2
TraesCS1D01G155200.3
TraesCS1A01G157500.1
TraesCS1B01G173900.1
TraesCS3A01G312800.2
TraesCS5B01G378000.1
TraesCS5D01G385300.1
TraesCS3A01G312800.1
TraesCS6D01G237600.1
TraesCS6A01G256400.1
TraesCS4A01G158900.1
TraesCS5D01G052300.1
TraesCS1D01G155200.1
TraesCS1D01G155200.2
TraesCS1D01G155200.3
TraesCS1B01G173900.1
TraesCS1A01G157500.1
TraesCS3A01G312800.2
TraesCS5B01G378000.1

AW W W W W W W W W W W -
WD

—_
W

W W W W W W Ww

677
572
572
572
578
578
569
623
623
644
165
165
382
677
572
572
572
578
578
569
623

697
592
592
592
598
598
589
643
643
664
185
185
402
697
592
592
592
598
598
589
643

UGGGAAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
UUGGGAUGAAGCCUGGUCCGG
UUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
GGUGAAGGAAGCCUGGUCCGU
GGUGAAGGAAGCCUGGUCCGU
GGUGGAUGAAGCCUGCUCCGG
UGGGAAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
UUGGGAUGAAGCCUGGUCCGG
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mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-292
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293
mirna_candidate-293

mirna_candidate-293

TraesCS5D01G385300.1
TraesCS3A01G312800.1
TraesCS6D01G237600.1
TraesCS6A01G256400.1
TraesCS6A01G078100.1
TraesCSU01G142400.2

TraesCSU01G142400.3

TraesCS6A01G077700.1
TraesCSU01G142400.1

TraesCS5D01G052300.1
TraesCS1D01G155200.1
TraesCS1D01G155200.2
TraesCS1D01G155200.3
TraesCS1B01G173900.1
TraesCS1A01G157500.1
TraesCS3A01G312800.2
TraesCS5D01G385300.1
TraesCS5B01G378000.1
TraesCS3A01G312800.1
TraesCS6D01G237600.1
TraesCS6A01G256400.1

3
3
3.5
3.5

AN

A b W W W W W W W W W N N & B B

623
644
165
165
362
905
995
972
985
677
572
572
572
578
578
569
623
623
644
165
165

643
664
185
185
381
924
1014
991
1004
697
592
592
592
598
598
589
643
643
664
185
185

UUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
GGUGAAGGAAGCCUGGUCCGU
GGUGAAGGAAGCCUGGUCCGU
AGGGAAU-AAGCCUGGUCAGC

AGGGAAU-AAGCCUGGUCAGC

AGGGAAU-AAGCCUGGUCAGC

AGGGAAU-AAGCCUGGUCAGC

AGGGAAU-AAGCCUGGUCAGC

UGGGAAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
UUGGGAUGAAGCCUGGUCCGG
UUGGGAUGAAGCCUGGUCCGG
CUGGGAUGAAGCCUGGUCCGG
GGUGAAGGAAGCCUGGUCCGU
GGUGAAGGAAGCCUGGUCCGU
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mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-351
mirna_candidate-397
mirna_candidate-397

mirna_candidate-397

TraesCS7D01G245200.1
TraesCS7D01G245200.2
TraesCS5D01G273900.1
TraesCS7A01G260500.1
TraesCS5D01G273900.2
TraesCS7D01G261500.1
TraesCS5D01G294400.2
TraesCS5D01G294400.1
TraesCS6A01G155300.1
TraesCS7A01G246500.1
TraesCS5B01G286000.1
TraesCS6A01G110100.2
TraesCS2B01G029900.1
TraesCS4A01G341400.1
TraesCS5D01G072900.1
TraesCS7A01G115400.1
TraesCS7D01G111600.1

—

A~ b

35
4
4

767
770
824
902
827
923
959
977
802
813
1335
1157
703
958
1319
240
240

786
789
843
921
846
942
978
996
821
832
1354
1176
721
976
1339
260
260

GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
GUGCUCUCUCUCUUCUGUCA
AUGCUCUCUCUCUUCUGUCA
GUGCUCAUUCUCUUUU-UCA

GAGC-CACUCUcCuUuUUGUCC

AAGUCUUAGGGAGUAUAUACC

CAACCUUAGGGAGUAUCUCCA
CAACCUUAGGGAGUAUCUCCA
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A.6 transcript_to_genomic_loci code

01_Extracting_exon_information_for_loci_transcripts.sh

#!/bin/bash

data dir="path/to/working/directory"

##4 Extracting loci transcript IDs ###

AR

input file="$data dir/loci file"
output file="Sinput file.2"

id counter=1

# Check if input file exists

if [ ! -f "Sinput file.gff3" ]; then
echo "Input file not found: $input file.gff3"
exit 1

fi

# Read the input file line by line, skip lines starting with

"No results for",

# add IDs to the rest, and write to output file

while IFS= read -r line; do
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# Skip lines starting with "No results for". This 1is a

feature of TargetFinder output.
if [[ $line == "No results for"* ]]; then
continue

fi

# Skip comment lines and empty lines

if [[ $line == \#* || -z $line ]]; then
echo "$line" >> "Soutput file.gff3"

else
echo "$id counter $line" >> "Soutput file.gff3"
((id _counter++))

fi

done < "Sinput file.gff3"

echo "Modified GFF3 file with IDs written to: Soutput file.gff3"

input file="Soutput file"

output file="Sinput file.3"

# Calculating the length of the loci

awk -F'\t' 'BEGIN {OFS = FS} {difference = $6 - $5 + 1; print

$0, difference}' "Sinput file.gff3" > "Soutput file.gff3"

echo "Modified GFF3 file with calculated values written to:

$output file.gff3"
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input file="Soutput file"

output file="Sinput file.4"

# Extracting transcript IDs from the GFF3 file descriptions
field

awk -F '"\t' '{split($2, arr, " "); print $0 "\t" arr[l]}'
$input file.gff3 > Soutput file.gff3

echo "Modified GFF3 file with transcript IDs written to:

$output file.gff3"

input file="Soutput file"

loci id file="S$input file.non-redundant transcript ids.txt"

# Extracting transcript IDs into a non-redundant list

awk -F "\t '"{split ($2, arr, " "y, print arr[1]}"

$input file.gff3 | sort | unig > Sloci id file

echo "Transcript IDs extracted into non-redundant 1list of

transcripts $loci id file"

### Extracting list of exon positions for transcripts ###

igsddssasdsssdssddiaaadaaadisasisaad it iaadaaRdtdi

input file="$data dir/annotation file"

output file="Sinput file.exons"

# Extracting exons from genome annotation GFF3 file
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awk -F '"\t' '$3 == "exon"' Sinput file.gff3 > Soutput file.gff3

echo "Exons extracted from genome annotation file into

Soutput file.gff3"

# Extracting only the relevant exons from the bigger GFF3 file

input file="Soutput file"

output file="Soutput file.targets"

grep -F -f S$loci id file Sinput file.gff3 > Soutput file.gff3

echo "Transcript features extracted from genome annotation file

into Soutput file.gff3"

# Separating positive and negative strand genes

input file="Soutput file"

output file negative="Sinput file.negative"

output file positive="Sinput file.positive"

awk -F '\t' '{ 1f($7=="-") print $0}' Sinput file.gff3 | tr -d

"\r' > Soutput file negative.gff3

echo "Negative strand features extracted"

awk -F '\t' '{ 1f($7=="+4") print $0}' Sinput file.gff3 | tr -d

"\r' > Soutput file positive.gff3
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echo "Positive strand features extracted"”

# Ordering negative strand exons by exon start location
input file="Soutput file negative"

output file="Sinput file.2"

sort -k9,9 -k4,4nr "Sinput file.gff3" > "Soutput file.gff3"

#sorting exons by start location, then transcript ID

# Numbering negative strand exons according to their order in

this sorted file
input file="Soutput file"

output file="Sinput file.3"

awk -F'\t' '{
split (89, a, ";");
for (i in a) {
if (ali] ~ /“rank=/) {
gsub (/rank=/, "", alil);
print $0 "\texon " ali];

next;

print $0 "\t-";

}' "S$input file.gff3" > "Soutput file.gff3"

# Calculating negative strand exon lengths
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input file="Soutput file"

output file="Sinput file.4"

awk -F'\t' '{ diff = $5 - $4 + 1; print $0 "\t" diff }'
"S$input file.gff3" > "Soutput file.gff3"

# Ordering positive strand exons by exon start location
input file="Soutput file positive"

output file="Sinput file.2"

sort -k9,9 -k4,4n "Sinput file.gff3" > "Soutput file.gff3"

#sorting exons by start location, then transcript ID

# Numbering positive strand exons according to their order in

this sorted file
input file="Soutput file"

output file="Sinput file.3"

awk -F'\t' '({
split (89, a, ";");
for (i in a) {
if (ali] ~ /*rank=/) {
gsub (/rank=/, "', al[il]);
print $0 "\texon " al[il;

next;
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print $0 "\t-";

}' "Sinput file.gff3" > "Soutput file.gff3"

# Calculating positive strand exon lengths
input file="Soutput file"

output file="Sinput file.4"

awk -F'\t' '{ diff = $5 - $4 + 1; print $0 "\t"
"Sinput file.gff3" > "Soutput file.gff3"

02_Translating_the_loci.r
S i i ik ki i
### Loading necessary libraries ###

igsddssasiaasdsaaddaaad i iRt

library(tidyr)
library(plyr)
library(dplyr)

library(stringr)

G

### Setting working directory ###

iggddssasisasdsdd s s taadditi

setwd ("path/to/working/directory")

igsddssadssasdiaaddsaddiaaadaasd s iaadditi

diff

} v
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### Loading the output from script 01 ###

iggddssassaasdaaddsada iR R nnddid

positive exon info <- read.table(
"annotation file.exons.targets.positive.2.3.4.9ff3",
sep="\t", header=FALSE)

negative exon info <- read.table(
"annotation file.exons.targets.negative.2.3.4.gff3",
sep="\t", header=FALSE)

target loci<-

read.table("loci file.2.3.4.gff3",sep="\t",header=FALSE)

FHEHHH RS A
### Translating loci on the positive strand ###

G

# Tidying up the data #

FRAFERFAA A AT A SRS

colnames (positive exon info) [colnames (positive exon info)

"vl"] <_ "chr"

positive exon info <- subset(positive exon info, select

c(V2,V3,V6,V7,V8) )

colnames (positive exon info) [colnames (positive exon info)

"V4"] <- "start"

colnames (positive exon info) [colnames (positive exon info)

I'VSH] <_ "end"
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colnames (positive exon info) [colnames (positive exon info) ==

"V9"] <- "transcript id"

colnames (positive exon info) [colnames (positive exon info)

"V:I_O"] <_ "id"

colnames (positive exon info) [colnames (positive exon info)

"V11l"] <- "length"

# The code below 1is specific to TargetFinder output. Please
edit this code so that transcript loci is a dataframe with 5

columns:

# (1) TS, (2) TE, (3) locus id, (4) Tlength, and (5)

transcript id. These correspond to

# (1) Transcript-relative locus start site, (2) transcript-
relative locus end site, (3) locus ID, (4) locus length, and

(5) transctipt ID.

transcript loci  <- subset (transcript loci, select = -

c(V1l,V2,V3,V4,V7,V8,V9) )

colnames (transcript loci) [colnames (transcript loci) == "V12"]

<- "transcript id"

transcript loci <-
separate (transcript loci,col=V10,into=c('coll', '"locus id', 'col

2','col3"','cold") ,sep="=")

transcript loci  <- subset (transcript loci, select = -

c(coll,col2,co0l3,cold) )

transcript loci <-

separate (transcript loci,col=locus id,into=c('locus id', 'coll'

), sep=";")

transcript loci <- subset (transcript loci, select = -c(coll) )
colnames (transcript loci) [colnames (transcript loci) == "V5"]
<- "TSH

206



colnames (transcript loci) [colnames (transcript loci) == "Vo"]

<— "TE"

colnames (transcript loci) [colnames (transcript loci) == "VI11"]

<- "Tlength"

# Converting the exon information into wide format #

FHAHEHF AR AR F AR R R R

positive exon info$transcript id <-
str extract (positive exon infoStranscript id,

"TraesCS\\w+\\.\\d+") # This line extracts the Traes ID from
the longer notes field. This will need to be edited depending

on the format of the notes field.
positive exon info <- positive exon info %>%

mutate (chr transcript id = pasteO(chr, ",", transcript id))

o°

positive exon info wide <- positive exon info %>
pivot wider (
id cols = chr transcript id,
names from = id,

values from = c(start, end, length)

positive exon info wide <-
separate (positive exon info wide,col=chr transcript id, into=c(

'chr', "transcript id'),sep="',")

# Merging transcript and target info #

iggddssasdsasdsaddiaasdaaadiaaaaaddtsi
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transcript loci <- unique (transcript loci)

positive targetexon info <-
merge (transcript loci,positive exon info wide,by="transcript i

d", all.x = FALSE, all.y = FALSE)

# Translating the loci #

FHAFEHHAER AR S

positive translatingloci <- function(row) {

# Splitting the dataframe into rows, so each row is worked on

independently

row <- as.data.frame (row)

# Setting up the counter for unassigned target nucleotides.
The number refers to the number of unassigned nucleotides

remaining for the row.

unassigned nt <- row$Tlength

# Generating the numeric variables needed for the for the

function

exon no counter <- 1 # Variable for the exon number we are

currently looking at

next exon counter <- 2 # Variable for the next exon number

from the one we are currently looking at

region no counter <- 1 # Variable for the target region we

are currently assigning

current transcript loc counter <- row$STS - row$length exon 1

# Numeric variable for each TS-E1-E2 etc. value
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previous transcript loc counter <- row$TS # Numeric variable
for each TS-E1-E2 etc. value, but from the previous exon. I.e

if we are on exon 3, this will be TS-El1-E2.

while (unassigned nt != 0) { # The script will run until the

number of unassigned nucleotides is zero.

# Generating character variables I need for for loop 1

region start <- pasteO("R", region no counter, " start") #

Generating the text to label the region start variable.

region end <- pasteO("R", region no counter, " end") #

Generating the text to label the region end variable.

exon start var <- pasteO("start exon ", exon no counter) #
_ _ P _ _ _no_

Generating the text to label the exon start variable.

exon_end var <- pastel("end exon ", exon_no_counter) #

Generating the text to label the exon end variable.

exon length var <- paste0("length exon ",exon no counter)

# Generating the text to label the exon length variable.

next exon start var <- pastel ("start exon ",
next exon counter) # Generating the text to label the exon start

variable.

next exon length var <-
pastel("length exon ",next exon counter) # Generating the text

to label the next exon length variable.

if (current transcript loc counter <0){ # Does the target

start in this transcript? True if it does. Ifelse statement 1.

##OUTPUTH## Calculating target start site in this exon.

row[,ncol (row)+1] <- 0 # Make a new column
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names (row) [ncol (row)] <- region start # Rename this new

column

row[,ncol (row) ] <- ((row[ [exon start var]] +
previous transcript loc counter) - 1) # Insert the wvalue for

this new column

if (current transcript loc counter > ((rowSTlength -1)*-
1)){ # Is TS - E(n) > the negative miRNA length? This is true
if the target site extends beyond this exon. Ifelse statement

2.

##OUTPUT## Calculating the end of this region (the end

of the exon)
row[,ncol (row)+1l] <= 0 # Make a new column

names (row) [ncol (row)] <- region end # Rename this new

column

row[,ncol(row)] <- row[[exon end var]] # Insert the

value for this new column (just the end of the exon).

unassigned nt <- (unassigned nt - ( row[[region end]]
- row[[region start]] +1)) # Updating the counter to show how

many unassigned nucleotides are left.

while (unassigned nt != 0) { # While loop 2

# Updating numeric variables for this for loop

exon no counter <- exon no counter + 1 # Increasing

the counter by one so the next loop will look at the next exon.
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region no counter  <- region no_ counter + 1 #
Increasing the counter by one so the next loop will label the

region correctly.

# Update character variables for this for loop

region start <- pastel ("R", region no_counter,
" start") # Generating the text to label the region start
variable.

region _end <- pasteO("R", region no counter, " end")

# Generating the text to label the region end variable.

exon_start var <- pastel ("start exon ",
exon no counter) # Generating the text to label the exon start

variable.

exon_end var <- pasteO("end exon ", exon no_counter)

# Generating the text to label the exon end variable.

exon length var <=
pastel ("length exon ",exon no counter) # Generating the text to

label the exon length variable.

##OUTPUT## Calculating the start of this region (the

start of the exon).
row[,ncol (row)+1] <- 0 # Make a new column.

names (row) [ncol (row)] <- region start # Rename this

new column.

row[,ncol (row)] <- row|[[exon start var]] # Insert the

value for this new column (just the start of the exon).

if (unassigned nt > row|[[exon length var]]) { # Are
the remaining nulceotides to be assigned more than the length
of this exon? This is true if the target site extends beyond

this exon. Ifelse statement 3.
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##OUTPUT## Calculating the end of this region (the

end of the exon).
row[,ncol (row)+1l] <- 0 # Make a new column

names (row) [ncol (row)] <- region end # Rename this

new column

row[,ncol (row)] <- row[[exon end var]] # Insert the

value for this new column (just the end of the exon).

unassigned nt <- (unassigned nt - (
row[[region end]] - row[[region start]] +1)) # Updating the

counter to show how many unassigned nucleotides are left.

} else { # Else condition for ifelse statement 3 -

for if the region ends in this exon.

##OUTPUT## Finding the target end site if it's

within this exon.

row[,ncol (row)+1] <- 0 # Make a new column

names (row) [ncol (row)] <- region end # Rename this
new column

row[,ncol (row) ] <- ((row[ [exon start var]] +
unassigned nt) -1) # Insert the value for this new column

unassigned nt <- (unassigned nt - (
row[[region end]] - row[[region start]] +1)) # Updating the

counter to show how many unassigned nucleotides are left.

} # Closing bracket for ifelse statement 3
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} # Closing bracket for for while loop 2

} else { # Else condition for ifelse statement 2

##OUTPUT## Finding the target end site if it's within

this exon.
row[,ncol (row)+1] <- 0 # Make a new column

names (row) [ncol (row)] <- region end # Rename this new

column

row[,ncol (row)] <- ((row[[region start]] + row$Tlength)

-1) # Insert the value for this new column

unassigned nt <- (unassigned nt - ( row[[region end]]
- row[[region start]] +1)) # Updating the counter to show how

many unassigned nucleotides are left.

} # Closing bracket for ifelse statement 2

} else { # Else condition for ifelse statement 1

exon _no counter <- exon no_counter + 1 # Variable for the

exon number we are currently looking at

next exon counter <- next exon counter + 1 # Variable for

the next exon number from the one we are currently looking at

exon_ length var <-
pastel ("length exon ",exon no counter) # Generating the text to

label the exon length variable.
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previous transcript loc counter <-

current transcript loc counter

current transcript loc counter <-
current transcript loc counter - row[ [exon length var]] #

Numeric variable for each TS-E1-E2 etc. wvalue

} # Closing bracket for ifelse statement 1

} # Closing bracket for while statement

return (row)

} # Closing bracket for function

positive list total <- list()

for (i in l:nrow(positive targetexon info)) {

result <-

positive translatingloci (positive targetexon infol[i, ])

positive list total <- append (positive list total,

list (result))

positive loci <- bind rows (positive list total, .id = "source")

positive loci$strand <- "+"

igsddssadssasdssddssaddaaadasadsaadiaasdaaddttdi
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### Translating loci on the negative strand ###

igaddssadssasdaaddsaad i iaaa i naRnndREEd

# Tidying up the data #

igsadssasdaas s iaaddi

colnames (negative exon info) [colnames (negative exon info) ==

"Vl"] <_ "Chr"

negative exon info <- subset(negative exon info, select = -

c(V2,V3,V6,V7,V8) )

colnames (negative exon info) [colnames (negative exon info) ==

"V4"] <_ "Start"

colnames (negative exon info) [colnames (negative exon info) ==

"VS"] <_ "end"

colnames (negative exon info) [colnames (negative exon info) ==

"V9"] <- "transcript id"

colnames (negative exon info) [colnames (negative exon info)

"V:I_O"] <_ "id"

colnames (negative exon info) [colnames (negative exon info)

"V11"] <- "length"

# Converting the exon information into wide format #

G

negative exon info$transcript id <-
str extract (negative exon infoStranscript id,

"TraesCS\\w+\\.\\d+") # This line extracts the Traes ID from
the longer notes field. This will need to be edited depending

on the format of the notes field.
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negative exon info <- negative exon info %>%

mutate (chr transcript id = pasteO(chr, ",", transcript id))

o°

negative exon info wide <- negative exon info %>
pivot wider (
id cols = chr transcript id,
names from = id,

values from = c(start, end, length)

negative exon info wide <-
separate (negative exon info wide,col=chr transcript id, into=c(

'chr', "transcript id'),sep=',")

# Merging transcript and target info #

A

negative targetexon info <-
merge (transcript loci,negative exon info wide,by="transcript 1

d", all.x = FALSE, all.y = FALSE)

# Translating the loci #

FHAFHHFAARAA A A AR EASS

negative translatingloci <- function (row) {

# Splitting the dataframe into rows, so each row is worked on

independently

row <- as.data.frame (row)
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# Setting up the counter for unassigned target nucleotides.
The number refers to the number of unassigned nucleotides

remaining for the row.

unassigned nt <- rowS$Tlength

# Generating numeric variables I need for the for the function

exon no_counter <- 1 # Variable for the exon number we are

currently looking at

next exon counter <- 2 # Variable for the next exon number

from the one we are currently looking at

region no counter <- 1 # Variable for the target region we

are currently assigning

current transcript loc counter <- row$TS - row$length exon 1

# Numeric variable for each TS-E1-E2 etc. value

previous transcript loc counter <- row$TS # Numeric variable
for each TS-E1-E2 etc. value, but from the previous exon. I.e

if we are on exon 3, this will be TS-El1-E2.

while (unassigned nt != 0) { # The script will run until the

number of unassigned nucleotides is zero.

# Generating character variables I need for for loop 1

region start <- pasteO("R", region no counter, " start") #

Generating the text to label the region start variable.

region end <- pasteO("R", region no counter, " end") #

Generating the text to label the region end variable.

exon start var <- pasteO("start exon ", exon no counter) #

Generating the text to label the exon start variable.
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exon_end var <- pastel("end exon ", exon_no_counter) #

Generating the text to label the exon end variable.

exon length var <- paste0("length exon ",exon no counter)

# Generating the text to label the exon length variable.

next exon start var <= pastel ("start exon ",
next exon counter) # Generating the text to label the exon start

variable.

next exon length var <-
pastel ("length exon ",next exon counter) # Generating the text

to label the next exon length variable.

if (current transcript loc counter <0){ # Does the target

start in this transcript? True if it does. Ifelse statement 1.

##OUTPUT## Calculating target start site in this exon.
row[,ncol (row)+1] <- 0 # Make a new column

names (row) [ncol (row)] <- region end # Rename this new

column

row[,ncol (row) ] <- ((row[[exon end var]] -
previous transcript loc counter) + 1) # Insert the value for

this new column

if (current transcript loc counter > ((row$STlength -1)*-
1)){ # Is TS - E(n) > the negative miRNA length? This is true
if the target site extends beyond this exon. Ifelse statement

2.

##OUTPUT## Calculating the end of this region (the end

of the exon)

row[,ncol (row)+1] <- 0 # Make a new column

218



names (row) [ncol (row)] <- region start # Rename this new

column

row[,ncol(row)] <- row[[exon start var]] # Insert the

value for this new column (just the end of the exon).

unassigned nt <- (unassigned nt - ( row[[region end]]
- row[[region start]] +1)) # Updating the counter to show how

many unassigned nucleotides are left.

while (unassigned nt != 0) { # While loop 2

# Updating numeric variables for this for loop

exon no counter <- exon no counter + 1 # Increasing

the counter by one so the next loop will look at the next exon.

region no counter <- region no counter + 1 #
Increasing the counter by one so the next loop will label the

region correctly.

# Update character variables for this for loop

region start <= pasteO ("R", region no counter,
" start") # Generating the text to 1label the region start

variable.

region end <- pasteO("R", region no counter, " end")

# Generating the text to label the region end variable.

exon_start var <- pastel ("start exon ",
exon no_counter) # Generating the text to label the exon start

variable.

exon_end var <- paste(O("end exon ", exon no counter)

# Generating the text to label the exon end variable.
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exon_ length var <-
pastel("length exon ",exon no counter) # Generating the text to

label the exon length variable.

##OUTPUT## Calculating the start of this region (the

start of the exon).
row[,ncol (row)+1] <- 0 # Make a new column.

names (row) [ncol (row) ] <- region end # Rename this new

column.

row[,ncol (row)] <- rowl[[exon end var]] # Insert the

value for this new column (just the start of the exon).

if (unassigned nt > rowl[[exon length var]]) { # Are
the remaining nulceotides to be assigned more than the length
of this exon? This 1is true if the target site extends beyond

this exon. Ifelse statement 3.

##OUTPUT## Calculating the end of this region (the

end of the exon).
row[,ncol (row)+1] <- 0 # Make a new column

names (row) [ncol (row) ] <- region start # Rename this

new column

row[,ncol (row)] <- row[[exon start var]] # Insert

the value for this new column (just the end of the exon).

unassigned nt <- (unassigned nt - (
row[[region end]] - row[[region start]] +1)) # Updating the

counter to show how many unassigned nucleotides are left.
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} else { # Else condition for ifelse statement 3 -

for if the region ends in this exon.

##OUTPUT## Finding the target end site if it's

within this exon.
row[,ncol (row)+1l] <- 0 # Make a new column

names (row) [ncol (row) ] <- region start # Rename this

new column

row[,ncol (row) ] <- ((row[[exon end var]] -

unassigned nt) +1) # Insert the value for this new column

unassigned nt <- (unassigned nt - (
row[[region end]] - row[[region start]] +1)) # Updating the

counter to show how many unassigned nucleotides are left.

} # Closing bracket for ifelse statement 3

} # Closing bracket for for while loop 2

} else { # Else condition for ifelse statement 2

##OUTPUT## Finding the target end site if it's within

this exon.
row[,ncol (row)+1l] <- 0 # Make a new column

names (row) [ncol (row) ] <- region start # Rename this new

column

row[,ncol (row)] <- ((row[[region_end]] - rowSTlength)

+1) # Insert the value for this new column
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unassigned nt <- (unassigned nt - ( row[[region end]]

- row[[region start]] +1)) # Updating the counter to show how

many unassigned nucleotides are left.

} # Closing bracket for ifelse statement 2

} else { # Else condition for ifelse statement 1

exon _no_counter <- exon no_counter + 1 # Variable for the

exon number we are currently looking at

next exon counter <- next exon counter + 1 # Variable for

the next exon number from the one we are currently looking at

exon_length var

<_

pastel ("length exon ",exon no counter) # Generating the text to

label the exon length variable.

previous transcript loc counter

current transcript loc counter

current transcript loc counter
current transcript loc counter - row[ [exon length varl]]

Numeric variable for each TS-E1-E2 etc. value

} # Closing bracket for ifelse statement 1

} # Closing bracket for while statement

return (row)

} # Closing bracket for function
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negative list total <- list()

for (i in l:nrow(negative targetexon info)) {

result <-

negative translatingloci (negative targetexon infol[i, ])

negative list total <- append (negative list total,
list (result))

}

negative loci <- bind rows(negative list total, .id = "source")

negative loci$strand <- "-

FHHH AR R R 4
### Combining the loci from positive and negative strands ###

G

genomic loci <- rbind.fill (negative loci, positive loci)

df for export <- genomic loci[, c("locus id", "chr", "strand",

grep (""R", names (genomic loci), value = TRUE)) ]

write.table (df for export, file = "genomic loci.txt", row.names

= FALSE, col.names = TRUE,guote = FALSE)
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Glossary

EMS
TILLING
SNP
Indels
CNV
SAM
miRNA
Pol 1T
Pri-miRNA
Pre-miRNA
PARE-Seq
ELISA
sRNA-Seq
NGS
RRSV
CRISPR
IWGSC
RPM
tRNA
rRNA
snRNA
snoRNA
PCA
TGW

JIC

BLUE
ANOVA
BLAST
E-value
UTR
MITE
sPARTA
GM

GMO

Ethyl methanesulfonate

Targeting induced local lesions in genomes
Single nucleotide polymorphism
Insertion-deletions

Copy number variant

Shoot apical meristem

microRNA

RNA Polymerase 11

Primary miRNA

Precursor miRNA

Parallel analysis of RNA ends sequencing
Enzyme linked immunosorbent assay
smallRNA-Seq

Next generation sequencing

Rice ragged stunt virus

Clustered regularly interspaced short palindromic repeats
International wheat genome sequencing consortium
Reads per million

Transfer RNA

Ribosomal RNA

Small nuclear RNA

Small nucleolar RNA

Principal component analysis

Thousand grain weight

John Innes Centre

Best linear unbiased estimate

Analysis of variance

Basic Local Alignment Search Tool
Expectation value

Untranslated region

miniature inverted-repeat transposable element
small RNA-PARE target analyser
Genetically modified

Genetically modified organism
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PAM
ORF
MERFISH
JTT

TPM
PFA

PBS

OCT

LB

SOC
ONT
LMM
CLD
CDS
dsDNA
UMAP
RT-gPCR
CvV

LNA
smFISH
NIL

BiFC
DPA
CUT&RUN
ChIP-Seq

Protospacer adjacent motif

Open reading frame

Multiplexed error-robust fluorescence in situ hybridization

Jones-Taylor-Thornton

Transcripts per million
Paraformaldehyde

Phosphate-buffered saline

Optimal cutting temperature compound

Lennox broth

Super optimal broth with catabolite repression medium

Oxford nanopore technology

Linear mixed model

Compact letter display

Coding sequence

Double-stranded DNA

Uniform manifold approximation and projection
Real-Time Quantitative Reverse Transcription PCR
Coefficient of variation

Locked nucleic acid

Single molecule fluorescence in situ hybridization
Near isogenic line

Bimolecular fluorescence complementation

Days post anthesis

Cleavage under targets & release using nuclease

Chromatin immunoprecipitation sequencing
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