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Chapter I

General introduction

Wheat (Triticum aestivum) has been a fundamental and essential crop in the
global food industry since the inception of human civilization. With its cultivation
covering a substantial land area, ranking third among grain crops after rice and maize
(FAO 2015). This crop is a valuable source of energy, protein, starch and minerals, and
is used in a variety of food products for human consumption (Sparks et al. 2004). It is
also used as animal feed, industrial raw materials and biofuels. Wheat consumption is a
significant part of the global diet, with approximately 630 million tons produced annually
(Mehta 2014). Global wheat production has been steadily increasing, with 723 million
tons produced in 2014/2015 (Purnell 2016). The global wheat area is 221.7 million
hectares, with an average yield of 2977 kg per hectare and a production of 660 million
tonnes (He et al. 2013). This is expected to rise to 840 million tons by 2050 (Sharma et
al. 2015). It is projected that the demand for wheat will continue to increase, particularly
in developing countries (He et al. 2013). Despite these increases, the industry faces
challenges such as disease threats and the need for sustainable production (Sharma et al.
2015, Guarin et al. 2022). The primary goal of crop domestication and breeding programs

is to improve grain yield, which depends on inflorescence architecture (Wang et al. 2017).

However, wheat production can be hampered by diseases like Fusarium head
blight (FHB) or scab which is mainly caused by Fusarium graminearum and is one of

the most destructive fungal diseases of wheat (Beccari et al. 2019). FHB has a



considerable influence on winter wheat production and quality (Cosic et al. 2008). The
pathogen infects spikes and higher infection levels lead to reduced wheat yield, test
weight, thousand kernel weight and grain quality with the severity of the impact varying
among cultivars (Cosic et al. 2008, Salgado et al. 2011). The disease affects the number
of grains per spike, leading to a decrease in yield (Kadar et al. 2012). FHB is a significant
threat to wheat production, causing economic losses and health risks (Salgado et al. 2015,
Wegulo et al. 2015). The disease also affects grain characteristics, including
deoxynivalenol (DON) content, which varies based on location, harvest year and cultivar
(Polisenska et al. 2020). Fusarium-infected wheat kernels accumulate DON and
nilvalenol (NIV) throughout grain development stages, posing a risk to both human and
animal health (Yoshida and Nakajima 2010). Although the disease can occur anytime
during flowering time and kennel development, it is more frequent during flowering time
because anthers provide stimulants for spore germination and pathogen growth (Alisaac
et al. 2021). Protection measures such as fungicide application and selection of less
susceptible cultivars are crucial in mitigating the negative effects of FHB on yield and
grain quality (Cosi¢ et al. 2008, Bekele et al. 2018). However, the frequent use of
agricultural chemicals for prevention has negative environmental and health impacts
(Hollingsworth et al. 2008). In addition, the influence of tillage and fertilization practices
on FHB infection and mycotoxin production in wheat grains is less clear, with some
studies showing no significant impact (Suproniene et al. 2012). The use of seed treatment
fungicides and higher seedling rates can reduce FHB symptoms and DON accumulation,
but the relationship between these factors and the disease is complex (Schaafsma et al.
2005). One of the most important approaches to achieving stable yield production while
reducing costs for fungicide application is the development of FHB resistant or tolerant

cultivars.



Cleistogamy, the trait of non-opening flowers, is a type of sexual reproduction
system where pollination and fertilization process take place in an unopened (closed)
flower, whereas chasmogamy occurs in opened flowers (Fig. I-1a). Cleistogamy offers
advantages such as adaptability in adverse conditions, reduction of pollen-mediated gene
flow in genetically modified (GM) crops and lowering FHB causal fungi infection in
barley and wheat, making it valuable for disease control ( Yoshida et al. 2007, Ni et al.
2014). These properties make cleistogamy an important and useful agronomic trait for

grass species, especially wheat.

Barley (Hordeum vulgare) exhibits both cleistogamous and chasmogamous
flowering. In cleistogamous barley, the flower sheds its pollen without opening and
therefore self-fertilized. Cleistogamous barley exhibits greater FHB causal fungi
resistance than chasmogamous barley (Yoshida et al. 2007, Kubo et al. 2010). The
identification and utilization of cleistogamy genes in rice have also been explored, with
the potential to improve agronomic traits and prevent transgene propagation (Ni et al.
2014). Cleistogamous rice lines have been shown to effectively inhibit natural crossing
without significant loss of commercial benefits (Ohmori et al. 2012). In oilseed rape,
cleistogamy has been found to limit pollen dispersal and reduce gene flow, making it a

potential tool for gene containment in GM crops (Pierre et al. 2007, Leflon et al. 2011).

Barley's cleistogamy is controlled by a single recessive gene, cleistogamy 1
(clyl), which is mapped to the long arm of chromosome 2H (Turuspekov et al. 2004).
The Clyl gene was isolated by map-based cloning, and was found to encode an AP2
transcription factor, HvAP2 (Nair et al. 2010). The down-regulation of Cly/ by
microRNA172 (miR172) allows normal lodicule development in wild-type
(chasmogamous) barley. The cleistogamous c/yl allele contains a single nucleotide

polymorphism (SNP) which lies within a 21-nucleotide sequence in the miR172 target
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site (Fig. I-1b). The point mutation inhibits the binding of miR172 with its mRNA and
this leads to the expression of HvAP2, which is assumed to negatively regulate lodicule
development and causing closed flowering during anthesis. The lodicule size and auxin
response are key factors in this process, with the cleistogamy gene playing a role in auxin
response or metabolism (Honda et al. 2005). Morphologically, cleistogamous flowers

have smaller lodicules than chasmogamous flowers (Nair et al. 2010).

Wheat AP2 genes (TaAP2s) are categorized into three groups, euAP2, ecuANT
and basal ANT, where they all contain two highly conserved AP2 domains together with
other various motifs. However, euAP2 is the only group that contains motif 16, which is
responsible for the miR172 targeting site (Zhao et al. 2019). Common wheat (7.
aestivum) is hexaploid and consists of A, B and D subgenomes and is thus represented
as the genome symbol, AABBDD. Each subgenome contains 7 homoeologous
chromosomes where each orthologous gene generally exists in triplicate and known as
'homoeologs'. In hexaploid wheat, three homoeologous orthologs of the barley Cly 1 gene,
TaAP2-A, TaAP2-B and TaAP2-D have all been cloned by screening of BAC clones
(Ning et al. 2013a). The three homoeologs, hereafter referred to as AP2-A, AP2-B and
AP2-D, have a structure and transcription pattern similar to that of C/y/ in barley. The
miR 172 target site was conserved in each wheat 4 P2 homoeolog which is highly similar

in sequence to that of Clyl and phylogenetically related to one another.

The point mutation within the miR172 target site not only regulates lodicule
development but also has pleiotropic effects on other agronomic traits including spike
architecture, plant height, rachis internode length, biomass, tiller number and free
threshing grains, and grain related traits ( Houston et al. 2013, Debernardi et al. 2017,
2020, Xie et al. 2018). The Q gene in wheat, located on the long arm of chromosome 5A

(Faris et al. 2002) encodes an AP2-like transcription factor that influences spike
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morphology and threshability (Simons 2006) and has been found to be regulated by
miR172 (Debernardi et al. 2017). A nucleotide change in the miR172 target site of the O
gene can lead to compact spikes and a transition from glumes to florets in the apical
spikelets when miR 172 activity is inhibited, or to elongated spikes and non-free threshing
grains when miR172 is overexpressed (Debernardi et al. 2017). The O gene, a major
wheat domestication gene, controls threshability, rachis fragility and spike shape traits
(Sormacheva et al. 2014). According to Zhao et al (2018), a mutation within the miR172
target site of the O gene has been linked to increased transcript levels, resulting in

pleiotropic effects on spike compactness and plant dwarfness.

The wheat 4AP2 homoeologs are highly expressed in floral organs, particularly
lodicules. Lodicules are a pair of structures that are formed at the base of many grasses’
floret between the lemma, palea and stamens (Yoshida 2012). The expansion of the
lodicules pushes apart the palea and lemma and allows anthers to be extruded during
anthesis. While lodicules are considered whorl 2 organs, similar to petals, their
differences suggest that they may represent either a counterpart or a distinct type of organ
not found in eudicot flowers (Yoshida 2012). A wide range of germplasms of wheat and
its relatives, including diploid, tetraploid, and hexaploid species were investigated (Ning
et al. 2013b). These accessions displayed a common flowering characteristic similar to
barley, where lodicule swelling pushes open the lemma and palea, exposing the stigma
and style at anthesis. Sequence analysis confirmed that the miR172 targeting site of each
AP2 homoeolog was highly conserved even across different ploidy levels. However, no
natural variation was detected in each miR172 targeting site, despite screening a wide
range of wheat accessions. Complete cleistogamy, comparable to that in barley, has not
so far been found in any of the wheat accessions including hexaploid wheat. Assuming

that a hypothetical mechanism of cleistogamy based on c/y/ gene in barley would be



applicable to cleistogamy in wheat, a possible strategy for engineering cleistogamous
wheat is to accumulate point mutations within the miR172 target site from all three 4P2
homoeologs into one plant. According to Tang et al (2019), a wheat mutant, named
ZK001 was characterized as cleistogamy due to its inability to push apart the lemma and
palea during flowering due to thin lodicules. Another cultivar ‘U24’ was once described
as cleistogamous wheat (Ueno and Itoh 1997, Kubo et al. 2010). However, it has been
re-evaluated and found to have swollen lodicule and that the florets were able to open
partially. It is unlikely that mutations in ZK00!I and ‘U24’ are associated with the AP2

gene.

Based on the above research background, this dissertation was conducted with a
focus on the following two perspectives. Firstly, Chapter II focuses on the identification
of novel mutations that were induced within the miR172 target site in the wheat AP2
homoeologs using EMS mutagenesis. Three point mutations were identified in AP2-A
and AP2-D genes, resulting in one mutant allele in AP2-4 and two alleles in AP2-D,
although no point mutations were detected in AP2-B. Their effects on lodicule
development and spike architecture were evaluated. Next, in Chapter II1, the effects of
the mutations were evaluated in detail using near isogenic lines (NILs). In addition to
NIL lines of three single mutants, double mutants of 4P2-4 and AP2-D were generated
to test the accumulation effect of two mutated homoeologs in hexaploid wheat on
flowering, spike and culm development, and other agronomic traits under a near-isogenic

background.
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Chapter 11

Mutations within the miR172 target site of wheat 4P2 homoeologs

regulate lodicule size and rachis internode length

Introduction

Flowers in many grass species open as the swelling lodicules push apart the lemma
and palea at anthesis. Open flowering, called chasmogamy, is the primary type of
flowering in wheat (Triticum aestivum), barley (Hordeum vulgare), and other species.
Some cultivars of barley, however, flower by cleistogamy (closed flowering at
pollination/fertilization). In cleistogamous flowering, the lodicules are rudimentary and
do not swell, so the floret remains closed. Cleistogamy in barley is determined by a single
gene at the Cleistogamy 1 (clyl) locus on chromosome 2H (Turuspekov et al. 2004). The
Clyl gene encodes HvAP2, a barley ortholog of the Arabidopsis Apetala2 (AP2)
transcription factor protein, and Cly/ mRNA contains a microRNA172 (miR172) target
site in the region of the 10th exon (Nair et al. 2010). Cleistogamous barley is homozygous
for one of two recessive clyl alleles (clyl.b, clyl.c), which are natural variants each
carrying a synonymous single nucleotide polymorphism (SNP) within the miR172 target
site. The nucleotide change inhibits the binding of miR172 to the target site of Cly!
mRNA in the lodicule and leads to production of the HvAP2 protein, which is assumed
to negatively regulate lodicule development (Anwar et al. 2018).

Cleistogamous barley cultivars have been used in breeding programs, consciously
or unconsciously, as they offer the advantage of evading infection by the fungus causing
Fusarium head blight (FHB). The tests using spray inoculation of Fusarium
graminearum clearly showed a clear difference in FHB severity between cleistogamous
and chasmogamous barley lines, and revealed the contribution of cleistogamy toward
FHB resistance more than that of row type and the other tested spike characters (Yoshida
et al. 2005). Further survey on the effect of infection timing also indicated that
cleistogamous barley cultivars were resistant at anthesis but susceptible at 10 days after
anthesis, whereas chasmogamous cultivars were already susceptible at anthesis (Yoshida

et al. 2007). Based on these findings in barley, Ning et al. (2013a) have attempted to
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isolate wheat orthologs of the barley Clyl (HvAP2) gene as rational targets for
engineering cleistogamy in wheat and successfully cloned three AP2 homoeologs
(designated AP2-A, -B, and -D) from hexaploid wheat. Natural sequence variations
within their miR172 target site have been sought in a wide range of diploid, tetraploid,
and hexaploid wheat accessions. However, the sequences of wheat 4P2 homoeologs are
highly conserved across ploidy levels, and no sequence variant within the miR172 target
site has been detected in any homoeolog (Ning et al. 2013b). The aim of this study was
to isolate mutants carrying a novel point mutation within the miR172 target site in wheat
AP2 homoeologs. Here, we induced and identified such point mutations, and analyzed

the lodicule and other spike traits of the mutants.



Materials and methods

Plant materials

The AP2 mutants analyzed in this study were induced from the Japanese winter
wheat cultivar ‘Kitahonami’. Mutants carrying a point mutation within the miR172 target
site were screened among 2157 M individuals generated by single-seed descent from
M plants obtained from seeds treated with 0.5%, 0.7% or 0.75% ethyl methanesulfonate
(EMS) solution for 18 h. Mutant plants were isolated by high-resolution melt (HRM)
analysis, described next. In addition, null (deletion) mutants were screened from another
M2: population consisting of 1440 individuals that were generated by gamma-irradiation
at 250 Gy, as described in Komura et al. (2022). Gene-specific PCR was used for each
AP2 homoeolog. All mutant lines of interest were maintained by selfing and the selection
of good-fertility plants with no apparent growth defects. M4 and Ms plants were grown

in the field for trait and expression analysis.
Screening of mutants and molecular analysis with genomic DNA

Genomic DNA was extracted by the CTAB method from the leaves of M
individuals and the parental cultivar. Mutants were screened for a SNP within the
miR172 target site by HRM analysis using gene-specific primers for each AP2
homoeolog (Table II-1, Ning et al. 2013a) in a ViiA 7 system (Applied Biosystems,
Tokyo) with a MeltDoctor HRM Reagent Kit (Thermo Fisher Scientific, Tokyo)
according to the manufacturers’ instructions. Amplicons of HRM-positive mutants were
Sanger-sequenced to identify the positions of the SNPs. For genotyping of M3 plants
derived from heterozygous M> mutants and for confirming mutants from M4 onward,
genomic DNA was extracted by the SDS method (Komatsuda et al. 1998) and sequenced.
A complete DNA sequence (ca. 2.8 kbp) encompassing the coding region of the 4AP2-4
or AP2-D gene was determined according to Ning et al. (2013b). Null mutants were
screened by PCR amplification using the same gene-specific primers for each AP2
homoeolog as described above (Table II-1, Ning et al. 2013a), followed by agarose gel

electrophoresis.
RNA extraction and expression analysis

Total RNA was extracted from immature spikes harvested at the terminal spikelet
stage or the white anther stage (Kirby and Appleyard 1981) with an RNeasy Mini Kit
(Qiagen, Tokyo) according to Wang et al. (2021). Extracted RNA treated with RNase-
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free DNase I (Qiagen) was used for cDNA synthesis with a High-Capacity RNA-to-
cDNA Kit (Thermo Fisher Scientific). Quantitative real-time PCR (qQRT-PCR) analysis
was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems) with
Thunderbird SYBR qPCR Mix (Toyobo, Osaka) according to the manufacturers’
protocols. The analysis used the AACt method (Livak and Schmittgen 2001) with 3’-UTR
primers for each AP2 homoeolog and the wheat actin gene as an internal control (Table

II-1, Ning et al. 2013a). Each genotype was assayed as two biological replicates.
Measurement of lodicule size and spike density

On the day of anthesis, the culm below the flag leaf node was cut and held in water
in a test tube at room temperature. Just before anthesis, the first, second or both florets
were detached from a spikelet and the lemma was removed. The length, width and depth
of each lodicule were measured (Fig. II-1) under a stereomicroscope with a DFC300 FX
digital microscope camera system (Leica Microsystems, Tokyo). About 30 lodicules
from 15-27 spikes per genotype were measured.

Using mature (or close to mature) spikes, the rachis length (i.e., the length of the
central axis of a spike) was measured and the rachis nodes were counted, and the mean
rachis internode length was calculated as an indicator of spike density.

Lodicule size and rachis traits were analyzed by one-way ANOVA, followed by
Tukey’s honestly significant difference for multiple comparison (P < 0.05).

Prediction of interaction between miR172 and target mRNA using RNAhybrid

The interaction of miR172 to the target site in the wild-type and mutant alleles of
wheat AP2 homoeologs was predicted using an online tool RNAhybrid as described in
Rehmsmeier et al. (2004). RNAhybrid is an advanced algorithm that predicts the
secondary structure of two RNA sequences, miRNA and target mRNA, by optimizing
their hybridization in terms of minimum free energy (mfe). It extends the classical RNA
secondary structure prediction algorithm and utilizes Dynamic Programming technique
to calculate mfe. In the present analysis, the mature sequence of miR172a was used for
wheat (TamiR172a, Ning et al. 2013a) and barley (Hv-miR172a, Anwar et al. 2018),
based on the finding obtained in barley that miR172a is the most abundant in immature
spikes among the three isomers (miR172a, b and ¢) and act to reduce the abundance of
Clyl (HvAP2) protein (Anwar et al. 2018). mRNA sequences from wheat AP2 alleles
along with barley HvAP2 alleles were utilized as the targets.
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Results
Screening of mutants

Four M; plants carrying a SNP within the miR172 target site were isolated by HRM
analysis: 038E (carrying AP2-A1 as described next), 156E and 514E (4P2-D1), and 190E
(AP2-D2). Plants 038E, 156E, and 514E were heterozygous and 190E was homozygous
for the mutation. Although 156E and 514E shared the same SNP, only 514E was selected
for analysis because 156E and its progeny showed apparent growth defects. SNPs within
the miR172 target site of AP2-B were not detected. Gene-specific PCR for each 4P2
homoeolog identified three null mutants, namely 1131A (4P2-4), 169B (4P2-B), and
248D (4P2-D) (Fig. 11-2).

Identification of novel SNPs within the miR172 target site of wheat AP2 homoeologs

Three independent novel SNPs within the miR172 target site were identified, and
were designated 4P2-A1, AP2-D1, and AP2-D2 (Fig. II-3). The position and nucleotide
change of AP2-Al and AP2-DI1 were identical within the miR172-targeted 21-nt
sequences, with a C-to-T change at the 7th nucleotide position. AP2-D2 had a G-to-A
nucleotide change at the 6th position. These SNPs are distinct from those identified in
the cleistogamous alleles c/y1.b and cly1.c, with respective mutations at the 8th and 14th
positions (Nair et al. 2010) of the orthologous barley gene Cly! (Fig. 1I-3). In contrast to
the two barley c/y! alleles each carrying a synonymous SNP, the wheat mutant alleles
identified here had non-synonymous SNPs. The translation products of AP2-41 and AP2-
D1 would have the Ala residue replaced with Val, while that of AP2-D2 would have it
replaced with Thr. Sequence comparison of PCR-amplified genomic DNA encompassing
the coding region (ca. 2.8 kbp) confirmed that all three mutant alleles had no other

nucleotide changes from the respective wild-type alleles.
Phenotypic assessment of mutants

Lines homozygous for the three point mutations grew comparably to the wild type
in the field. At anthesis, all mutants flowered with a fairly normal exposure of anthers
(Fig. 1I-4a). Lodicules of all mutants swelled at anthesis (Fig. 1I-4b), but their size
differed significantly from those of the wild type (Fig. 1I-5, Table 1I-2). Most notably,
lodicule depth was significantly reduced in all three mutants, being reduced most in 4AP2-
D2 (Fig. 1I-5¢). Length and width showed a similar tendency in AP2-D2, though not in
AP2-Al or AP2-D1 (Fig. II-5 a, b).
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AP2-D2 had much shorter spikes than the other mutants (see rachis length in Fig. II-
6¢; Table II-2) and showed a typical compact (dense) spike (Fig. II-4a). The shorter spike
of AP2-D2 was caused by a significant reduction in rachis internode length (Fig. II-6a;
Table I1-2), not in the number of rachis nodes (Fig. II-6b). The decrease in length was
also found in AP2-41 and AP2-DI mutants, although to a lesser extent (Fig. II-6a).

All three null mutants deleting individual 4P2 homoeologs flowered at anthesis with
lodicules swelled, 169B (4P2-4) and 248D (AP2-D) null mutants, exhibit a slight
decrease in both lodicule length and width compared to the wild type. However, in 1131A
(AP2-A4) null mutant, there was no significant reduction observed. Additionally, there
were no notable differences in rachis internode length when compared to the wild type.
Nevertheless, the null mutants exhibited a distinctive speltoid (sparse) spike phenotype
characterized by an elongated rachis, resembling a spear shape. No particular variations
that would be specific to individual deletion mutations were found. Therefore, further
trait analysis of them was considered inappropriate at this stage, because plants showing
more general mutational signatures, e.g., poor growth, low fertility, morphological
abnormality, etc. were segregated frequently in the progeny of null mutants. This is likely
due to deleterious mutations other than a single deletion of target AP2 homoeolog caused
by gamma-irradiation, and thus the use of near-isogenic lines would be preferred for

more precise trait evaluation of the null mutants.
Transcriptional profiling of mutant alleles

qPCR assay of immature spikes at the terminal spikelet stage and white anther stage
revealed that the abundance of the 4P2-D transcript was remarkably higher in AP2-D2,
followed by AP2-D1, than in the wild type and AP2-A1, notably so in the younger spikes
at the terminal spikelet stage (Fig. II-7). In contrast, the abundance of the AP2-4
transcript was slightly higher in AP2-A41 than in the others, especially at the white anther
stage, although the differences were not as high as those of the 4P2-D transcript.

Predicted interaction between miR172 and the target sites of mutant alleles

Relative to that in the wild type (—33.8 kcal/mol, mfe), the predicted interactions
between miR172 and the target sites were reduced in all three mutants, more so in AP2-
D2 (—27.2 kcal/mol) than in AP2-A1 and AP2-D1 (—31.8 kcal/mol; Fig. II-8a). The result
suggests that reduced interaction between mRNA and miR172 at the target site

suppresses lodicule development and leads to a compact spike, as the notion was
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supported by the similar results obtained in barley (Fig. II-8 b, c; described further in

Discussion).
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Discussion

Point mutations in the miR17?2 target site inhibit lodicule development

Lodicule swelling is the main factor that opens flowers at anthesis in wheat and other
cereals by pushing apart the lemma and palea (Yoshida et al. 2007, Nair et al. 2010, Ning
et al. 2013a, Ohmori et al. 2018). We found that lodicule size, particularly depth, was
significantly reduced in all three mutants carrying a point mutation of wheat AP2
homoeologs. However, none of the mutants flowered closed. This result indicates that
the lodicules of all mutants could swell and expand, though not fully, sufficient for floret
opening, despite a universal mechanical function of lodicule depth subject to SNPs in the
miR 172 target site in barley and wheat. The greatest reduction in lodicule depth was seen
in the AP2-D2 mutant, indicating that this mutation had larger functional effects than the
other two mutations. We presume that the larger effect was caused by the reduced

interaction between miR172 and the target mRNA sites of the mutants, described next.
Decreased interaction of miR172-mediated mRNA cleavage reduces lodicule size

Base pairing between miRNA and its target mRNA is crucial for mRNA cleavage
(Huntzinger and Izaurralde 2011). Differences in miR172-guided cleavage of Clyl
transcripts alter lodicule development and the consequent occurrence of cleistogamy
(Nair et al. 2010). Importantly, similar mutations replace a strong G:C pair in the wild
type with a G:U wobble pair in AP2-41 and AP2-D1 and an A:C mismatch in AP2-D2
(Varani and McClain 2000, Rehmsmeier et al. 2004) in the miR172 interactions, which
could maintain weak interactions. The interaction in miR172 is much more reduced in
AP2-D2 than in AP2-A1 and AP2-D1. The differences in interactions with miR172 could
also affect the amount of AP2 protein translated, which is necessary for suppressing the
development of lodicules.

The pronounced effect of the AP2-D2 allele on lodicule size can be attributed to its
significantly lower interaction with miR172 at the target site. This reduces the likelihood
of miR172-mediated mRNA cleavage, resulting in higher transcript levels than from the
AP2-Al, AP2-D1, and wild-type alleles. The results of qPCR analysis support this,
showing high AP2-D2 transcript levels at both spike development stages (Fig. II-7).
Moreover, all SNP mutants expressed the gene at both development stages, AP2-D2
particularly so. A previous expression analysis revealed that, while the expression

patterns of Clyl.a (AZ) and clyl.b (KNG) are similar from the awn primordium stage to
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the yellow anther stage, the transcript abundance of KNG is higher (Nair et al. 2010).
miR172a regulates the expression of Cly/ by inhibiting its translation, and the level of
Cly1 protein is reduced in AZ (Anwar et al. 2018). It can be inferred that the abundance
of translated protein in AP2-D2 was sufficient to inhibit the full expansion of lodicules,
although the difference in amino acid change between AP2-D2 and AP2-A1/D1 might

also contribute to the reduction in lodicule size.

Reduced interaction between miRNA and its target mRNA at the miR172 target site

results in compact spike morphology

Barley’s cleistogamy alleles (c/yl.b and clyl.c) derive from natural Hv4AP2 gene
variants (Nair et al. 2010). Induced Zeocriton (Zeo) gene mutants had interesting
mutations in Hv4AP2, with three different point mutations identified in the miR172 target
site (Houston et al. 2013, Fig. [I-8c). The Zeol mutant showed a very compact spike
morphology with a remarkable increase in spike density. The phenotype was caused by
significantly reduced elongation of rachis internodes. This dense-spike phenotype was
much more severe in Zeol than in Zeo2 (= clyl.b) and Zeo3 (= clyl.c). The degree of
interaction with miR172 was predicted to be reduced relative to that of the wild-type
allele (Clyl.a, —35.2 kcal/mol) to a much greater extent in Zeol alleles (—30.6 to —30.8
kcal/mol) than in Zeo2/clyl.b (—34.8 kcal/mol) or Zeo3/clyl.c (—32.6 kcal/mol; Fig. I1-8
b, ¢). Therefore, its severity in Zeo! may be due to the greater reduction in the miR172
binding affinity. Our result of wheat 4AP2 mRNA interaction with miR172 supports this,
where AP2-D2 had a lower interaction than AP2-41 and AP2-D1 (Fig. 1I-8a), resulting
in a dense-spike morphology. Higher transcript levels result in a compact spike and
reduced plant height, as found in another wheat AP2 gene, O (Simons et al. 2006). The
result shows that the effect of the SNP in the miR 172 target site on the reduction of rachis
internode length is common in barley and wheat. Furthermore, the Zeo/ mutants flower

cleistogamously and lack lodicule swelling at anthesis.
Concluding remarks

This study evaluated the potential for developing cleistogamous wheat by analyzing
three novel mutant alleles of 4P2 homoeologs. Lodicule depth was inhibited in the AP2-
Al, AP2-D1, and AP2-D2 mutants, although cleistogamy was not induced as observed in
barley mutants. Although the mechanism is not elucidated, chasmogamous phenotype is

expressed in barley genotypes heterozygous for clyl (Clyl.a/clyl.b or Clyl.a/clyl.c)
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(Wang et al. 2015). In analogy with this phenomenon, the two wild-type homoeologs
may act to compensate the effect of one mutated homoeolog in hexaploid wheat.
Consequently, it would be interesting to test the combination of two mutant homoeologs
along with the null mutants to investigate dosage effects of AP2 mutations for
cleistogamy. Targeted mutagenesis of 4P2-B homoeologs may also be needed to test the
initial hypothesis that combining miRNA-site mutations from all three 4P2 homoeologs
within a single plant would result in the production of cleistogamous wheat. In addition
to flowering traits, pleiotropy of AP2 mutations is of particular importance to investigate
as it would potentially influence a wide range of agronomic traits as well as spike density.
The necessity of trait evaluation under near-isogenic genetic background will be required
for more precise evaluation of those quantitative traits. All these issues need to be

addressed in the next step of this research.
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Table II-1 Primer sequences used in this study

Category Target gene Primer name  Primer sequence (5'-3") Primer name Primer sequence (5'-3")
Gene-specific amplification AP2-4 F-est1320 TGCACGGCTGGGGCAACGTC L3721A19 CGGTGGTGGAGCTGGCAAG
(HRM and null mutant screening)  AP2-B F-est1180 TCATGGGCAACGGTIGATCC L3801L18 GCGCTGGCTGCTCTCGAC
AP2-D F-est1320 TGCACGGCTGGGGCAACGTC L3897D22 GGTGGAGCTGGTCTTGATGGTC
3' UTR for qPCR AP2-4 A3718U19 AAGCTTGCCAGCTCCACCA A3794L19 CCCATGCTCCTCCGTGATC
(Real-time PCR) AP2-B B3960U19 GAGCTGAACTGAAACTTGA B4052L19 CCGCATTTACATGACTGCC
AP2-D D3897U20 GACCATCAAGACCAGCTCCA D4007L18 TGCATGCATGGTTGTGGT
Aerin DNI182500F425 AAGTACAGTGTCTGGATTGGAGGG — DN182500R533  TCGCAACTTAGAAGCACTICCG
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Fig. II-1 Measurement of lodicule length (LL), width (LW) and depth (LD). Bar: 1
mm.
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AP2-A  AP2-B | AP2-D

WABDWABDWABD

ca.
230 bp =

W : WT (‘Kitahonami’)

A : null mutant for AP2-4 (1131A)
B : null mutant for AP2-B (169B)
D : null mutant for AP2-D (248D)

Fig. II-2 Gene-specific PCR showing the null (deletion) mutation in each AP2
homoeolog. AP2-4, AP2-B, and AP2-D genes are deleted in the null mutants 1131A,
169B, and 248D, respectively. An arrow indicates the amplified product of target gene.
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B 3"
Barley Clyl.a (WT) CAGCAGCATCATCACGATTCC
HvAp2 clyl.b CAGCAGCGTCATCACGATTCC
elyl.c CCGCAGCATCATCCCGATTCC

Wheat AP2-A (WT) CTGCAGCATCATCACGATTCC
AP2 AP2-A1 CTGCAGTATCATCACGATTCC
AP2-B (WT) CCGCAGCATCATCACGATTCC

AP2-D (WT) CTGCAGCATCATCACGATTCC

AP2-D1 CTGCAGTATCATCACGATTCC

AP2-D2 CTGCAACATCATCACGATTCC

miR172 TamiR17Z2Za UACGUCGUAGUAGUUCUAAGA
3 §*

Fig. II-3 Sequence variation in the miR172 target sites of barley HvAP2 and wheat
AP2homoeologs. AP2-A1, D1, and D2 are SNP mutant alleles identified among EMS-
induced mutants of wild-type (WT) ‘Kitahonami’. The miR172 sequence from wheat
miR172a is indicated at the bottom.
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Fig. I1-4 Spikes and floral organs of wild-type (WT) and AP2 mutants (47, D1, D2).
Spike at anthesis (a), floret at anthesis (b) (upper panel) and side view of the lodicule

(lower panel). Bar: 1 mm.
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Fig. I1-5 Comparison of lodicule size among wild-type (WT) and 4P2 mutants (41,
D1, D2). Length (a), width (b), depth (¢). Thick horizontal lines indicate median
(50% quartile), bullets indicate mean, and whiskers represent maximum and

minimum values excluding outliers. Mean values with the same letter do not differ

significantly (P > 0.05) by Tukey—Kramer HSD test.
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Table II-2 Comparison of lodicule size and spike traits among the wild type and three 4P2
mutants (mean £+ SE)

Lodicule size

Spike traits

Genotype

. Rachis nternode Rachis node Rachis length
n Length (mm) Width (mm) Depth (mm) n

length (mm) number (cm)
WT 32 1.69x0.02 0.90+£0.02 1.15+£0.02 30 4.15£0.03 20.0x0.17 8.300.08
Al 32 1.62+0.02 0.90£0.01 1.02+0.01 63 4.00=0.05 19.7+0.13 7.77+£0.17
DI 30 1.67+0.02 0.94£0.02 1.05+£0.02 69 4.07=0.02 19.7x£0.09 7.98x0.06
D2 26 1.49+0.02 0.86 +0.02 0.92+0.01 75 2.91+0.02 19.5+£0.11 5.69+0.06
ANOVA e ok sk * #e ok sk ek 1.s. ek

n: number of lodicules and spikes used.
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Fig. II-6 Comparison of spike rachis traits among wild-type (WT) and 4AP2
mutants (41, D1, D2). Rachis internode length (a), number of rachis nodes (b),
rachis length (¢). Thick horizontal lines indicate median (50% quartile), bullets
indicate mean, and whiskers represent maximum and minimum values excluding
outliers. Mean values with the same letter do not differ significantly (P > 0.05) by
Tukey—Kramer HSD test.
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Fig. I1-7 Transcript abundance of AP2 homoeologs (4P2-A, -B, -D) in immature spikes
at terminal spikelet and white anther stages by qPCR assay. Transcript abundances

were normalized against that of actin and that of the WT at the terminal spikelet stage.
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AP2-A and AP2-D (WT: Kitahonami) Clyi.a (WT: AZ) Ciy1.a (WT: Bowman)
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Fig. II-8 Predicted interactions between mMRNA and miR172. Wheat AP2
homoeologs (a) (this study), barley clyl (b) (Nair et al. 2010), barley Zeol (c)

(Houston et al. 2013). *mfe: minimum free energy (Rehmsmeier et al. 2004).
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Chapter II1

Accumulation of mutations in the 4AP2 homoeologs causes suppression
of anther extrusion with altered spike and culm development in

hexaploid wheat

Introduction

Cleistogamy is the fertilization of closed flowers and is adapted to ensure
reproduction under unfavorable conditions. Minimizing the gene flow in open-field
cultivation is useful for practical breeding applications, particularly for genetically
modified (GM) crops (Daniell 2002, Ni et al. 2014, Lombardo et al. 2016, Ohmori et al.
2012). Cleistogamy reduces the risk of fungal infection of the floret at anthesis, which is
important for disease control, especially of Fusarium head blight (FHB) in Triticeae
(Kubo et al. 2010, 2013 Yoshida et al. 2005, 2007). Cleistogamous barley cultivars (H.
vulgare) are more resistant to Fusarium infection than wild-type chasmogamous (open-
flowering) cultivars (Yoshida et al. 2007). Because of its practical importance, genetic
analyses of cleistogamy in barley have shown that it is determined by a recessive gene at
the Cleistogamy 1 (clyl) locus on chromosome 2H (Turuspekov et al. 2004, 2005).
Molecular studies have also led to the cloning of the Cly/ gene, which encodes a barley
ortholog of the Arabidopsis Apetala2 (AP2) transcription factor (Nair et al. 2010). The
wild-type Cly1 allele (Cly1.a) contains an miR172 target site, whereas the natural variant
clyl allele (clyl.b or clyl.c) contains a single nucleotide polymorphism (SNP) within the
miR 172 target site. A point mutation in the cleistogamous cly/ allele inhibits the binding
of miR172 to the target site of the mRNA, resulting in the production of the Cly1 protein
(HvAP2). This protein negatively regulates the development of lodicules through which
full swelling allows florets to open, thereby keeping them closed during anthesis (Anwar
et al. 2018).

Bread wheat (7. aestivum) is a hexaploid consisting of three subgenomes (A,
B and D), each containing seven chromosomes. Three wheat orthologs of barley Clyl

(HvAP2), including A4P2-A (gene ID: 123190780), AP2-B (gene ID: 123047120) and
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AP2-D (gene ID: 123054929) (these are also collectively referred to as AP2L2,
Debernardi et al. 2020), show structures and transcriptional patterns similar to those of
barley Clyl (Ning et al. 2013a). These genes contain a conserved miR172 target site.
However, no natural sequence variation within the site has been detected in the three 4P2
homoeologs despite an extensive sequence survey of diverse wheat germplasms and wild
relatives (Ning et al. 2013b). Complete cleistogamy, comparable to that of barley, has not
yet been demonstrated in wheat cultivars. In a previous study, we induced and isolated
novel mutations within the miR172 target site in wheat 4P2 homoeologs using ethyl
methanesulfonate (EMS) mutagenesis and high-resolution melt (HRM) analysis (Chapter
II). Three independent point mutations were identified at the miR172 target sites of 4P2-
A and AP2-D genes, although no miR172 target site mutations were detected in AP2-B.
These point mutations were different from those present in the barley c/y/ alleles. The
two mutant alleles, AP2-A1 and AP2-D1, shared the same SNP in terms of position and
nucleotide substitution, whereas the other mutant allele, 4P2-D2, had a distinct SNP (Fig.
II-1). These mutants showed reduced lodicule size, although they showed visually
normal open flowering during anthesis. In addition, the 4P2-D2 mutant had a reduced
rachis internode length, resulting in a compact spike.

Our initial hypothesis that the mechanism of barley c/y/ could be applied to
wheat cleistogamy suggested a possible strategy for engineering cleistogamous wheat by
accumulating point mutations at the miR 172 target site of all three AP2 homoeologs in a
single plant (Ning et al. 2013a). Here, we investigated whether the accumulation of
mutant AP2 alleles suppressed open flowering in wheat without a point mutation in 4AP2-
B. Near-isogenic lines (NILs) were developed from single 4P2 mutants and crossed to
obtain double mutants. The anther extrusion rate was used to assess the level of flowering,
and its correlation with lodicule size was investigated. We investigated the pleiotropy of

miR 172 target site mutations during spike and culm development.
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Materials and methods
Plant materials

The NILs of three single 4P2 mutants previously induced by EMS
mutagenesis (Chapter II) were generated (Fig. III-2 a-c). The original mutants
carrying AP2-A1, DI and D2 alleles (selfed progeny of 038E, 514E and 190E,
respectively) were crossed with the parental cultivar ‘Kitahonami.” F; plants
were backcrossed three times with ‘Kitahonami’ as the recurrent parent, and
PCR-based genotyping was performed as described below. Three BCs3F:
populations were obtained, each segregating the AP2-41, DI and D2 alleles
(designated 038BC3F2, 514BCsF»2, and 190BCsF», respectively). Homozygous
BC;F; plants for each mutant allele were then selfed to produce three single
mutants, and BC3F> to BC3F4 plants were used for trait analysis. Two double
mutants were obtained by crossing the NILs of two single mutants, as shown in
Fig. III-3 a, b. The F» and F3 progeny of the BC2FixBCyF; plants and the F3
progeny of the BC3FixBCs3F; plants were used to select double mutants
homozygous for AP2-A1 and AP2-D1 (AP2-A1/AP2-D1),and AP2-A1 and AP2-
D2 (AP2-A1/AP2-D2).

Three null mutants lacking each AP2 homoeolog that were previously
induced by gamma irradiation (Chapter II) were used to generate the NIL of
each null mutant (Fig. I1I-4 a-c). Single-null mutants were obtained from the
BCsF2 progeny (designated ap2-A4, ap2-B and ap2-D), and the BC3F4 progeny
plants were used for trait analysis. The BC3F3 progeny of the single-null mutants
were crossed to generate double-null mutants. Two double-null mutants
(designated ap2-A/ap2-B and ap2-A/ap2-D) were obtained, although another
possible double mutant (ap2-B/ap2-D) was not obtained from any of the F»
progenies of the ap2-Bxap2-D cross. Finally, the double mutant AP2-41/AP2-
D2 was crossed with the null mutant ap2-B to generate the mutant genotype
AP2-Al/ap2-B/AP2-D2. Plants homozygous for each of the three alleles were
screened in the F» progeny and the F3 progeny plants were used for trait and
expression analyses.

The plants used for phenotypic evaluation were grown in a field at Mie
University. Seeds were sown in mid-November, and the seedlings were

maintained in a cell tray in a greenhouse until they were transplanted into the field
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in early to mid-December. Plants were spaced 10 cm apart in two rows that were 30 cm
apart. Each row was separated from the adjacent rows by 50 cm. Most plants begin to
flower in late April or early May. The survey was conducted over three years in the spring
0f 2020-2022.
Genotyping

Genomic DNA extracted from young leaves was used for PCR to determine 4P2-
A, AP2-D and null ap2-A, ap2-B and ap2-D genotypes in the cross-progeny. The primers
and PCR conditions used for 4P2 allele-specific amplification are listed in Table III-1.
The presence or absence of the resulting amplicons was visualized by electrophoresis on
a 3% agarose gel stained with ethidium bromide (Fig. III-5).
Calculation of anther extrusion rate

The anther extrusion rate from the florets was calculated as follows: The number
of anthers remaining in each floret (0—3) was first counted in the first and second florets
of a spike collected 7-10 d after anthesis, when the kernels were approximately half or
two-thirds of their mature size, excluding the top two and bottom four spikelets
(including the incomplete ones). The total number of extruded anthers per spike was then
calculated and divided by the number of florets examined. The average number of
extruded anthers per spike was calculated and expressed as percentage. Seed fertility (%
seed set) was also assessed per spike, using the same spikes as those examined for the
anther extrusion rate. About 10-20 spikes (one spike per plant) were used for each
genotype.
Measurement of lodicule and other floral organ size

Lodicule size was measured as described in Chapter II. Briefly, the length, width
and depth of each lodicule were measured in the first and second florets at anthesis. About
30-90 lodicules were measured for each genotype. The lengths and widths of the palea
and anthers were measured in the same florets. Because the size of the lodicule relative
to the floret is critical for floret opening, the relative lodicule size was defined as the
length, width, and depth of the lodicule divided by the palea width of the same floret.
Measurement of spike, culm and other agronomic traits

Rachis internode length was measured as described in Chapter II. The mean
rachis internode length was calculated as an indicator of spike density by dividing the
rachis length by the number of rachis nodes per spike. Approximately 10-20 spikes were
used for each genotype. The present analysis compared rachis length at three positions

(basal, central and apical), equally divided based on the rachis node number, to examine
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positional differences in rachis internode elongation (using plants evaluated for
agronomic traits, as described next). In addition, the lengths of the immature spikes were
compared as spike development progressed from the floret primordia stage to the
yellow anther stage using ’Kitahonami’ and a single 4P2-D2 mutant. The
following spike development stages were determined based on Kirby and
Appleyard (1981), which also correspond to the wheat growth stage referred to
as the GS number (decimal code defined by Zadoks et al. 1974): Floret
primordium stage (GS22); Terminal spikelet stage (GS29); White anther stage
(GS32); Green anther stage (GS35-45); Yellow anther stage (GS47-59).

Culm internode length and other agronomic traits were evaluated in 2-
year field trials. A set of six genotypes (’Kitahonami’ (WT), three single and two
double mutants) was grown in three replicates with slight modifications to our
conventional planting pattern, as described in Plant materials. Plants were spaced
10 cm apart in four rows and 15 cm apart, with the five mutant genotypes tested
and the WT, in the two middle rows, and only the WT as a border plant in the two
outer rows. Five plants per replicate were selected from each genotype for
subsequent analysis.

A dried mature plant collected from the field with the roots cut off was
used to measure the dry plant weight, and the longest tiller was selected to
measure the culm length (from the base of the tiller to the neck of the spike).
Culm internode length was generally measured on five to six internodes, with the
length of the uppermost internode (just below the spike) designated as internode
length 1 (IL1) and subsequent internode lengths numbered accordingly (IL2 to
IL6). After counting the effective tillers, spikes were harvested from the five
longest tillers per plant to measure several spike characteristics (spike (rachis)
length and weight, number of rachis nodes, and fertile spikelets). Finally, all
grains were collected from each spike. The number of grains per spike was
counted and used to calculate the average number of grains per spikelet, based on
the number of fertile spikelets per spike. The total grain weight per spike was
measured. Grain size (length, width, and depth) was measured using a caliper
gauge with 15 grains per genotype (five grains per replicate).

All measured data were analyzed using one-way ANOVA followed by
Tukey’s honestly significant difference (HSD) test for multiple comparisons (P <

0.05) or Student’s t-test for two-sample comparisons.
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Expression analysis

Total RNA was extracted from immature spikes at the terminal spikelet or white
anther stage of ’Kitahonami’ (WT) and mutant genotypes (4P2-41, AP2-D1, AP2-D2,
AP2-A1/AP2-D2 and AP2-Al/ap2-B/AP2-D?2). Total RNA was also extracted from
several floral organs (lodicule, anther, pistil, lemma, palea and glume) and plant tissues
(rachis, culm internode, culm node and leaf) collected from the WT and AP2-D2 mutant
one day before anthesis. The procedures for RNA extraction, cDNA synthesis, and qPCR

assays were as described in Chapter II.
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RESULTS

Anther extrusion

Previous investigations of the original mutants showed that all three exhibited
open flowering with normal anther exposure during anthesis (Chapter II). Similarly, all
mutant homozygotes (M genotype) of the three BC3F2 NILs (Fig. 11I-2) flowered upon
anther exposure (Fig. III-6a). Both the wild-type homozygotes (W genotype) and
heterozygotes (H genotype) in the three NILs also flowered. However, no clear
differences in the degree of flower opening were detected among the three genotypes by
visual assessment. Therefore, the anther extrusion rate was examined as an index of the
flowering phenotype. The comparison between the three genotypes (W, H and M) in each
BCsF, showed that, specifically in AP2-D2, the level of anther extrusion was
significantly reduced in the M genotype than in the H and W genotypes (Fig. I1I-7a). The
anther extrusion rate was 53.5+2.6% (of 100%) in M, 67.7+1.6% in H and 80.2+1.1% in
W (Table III-2). This indicated that the level of anther extrusion in the AP2-D2 mutant
was approximately two-thirds of that in the wild type. The AP2-D2 allele had an additive
effect in reducing anther extrusion based on the mean value of H. In contrast, no
significant differences in anther extrusion were detected among the three genotypes of
either AP2-A1 or AP2-D1.

Next, two double mutants (4P2-A1/AP2-D1 and AP2-A1/AP2-DZ2) with three
single mutants (4P2-41, AP2-D1 and AP2-DZ2), homozygous for the respective mutant
allele(s) and selected from NILs, were used for genotypic comparison with the wild type
‘Kitahonami’ (WT). The three single mutants did not appear to flower differently from
the WT under visual inspection in the field, as observed in the original mutants (Chapter
IT). However, one of the double mutants, AP2-41/AP2-D2, appeared to differ in terms of
flowering suppression with poor anther exposure during anthesis, whereas another
double mutant, AP2-A1/AP2-D1, did not show any particular features in this respect (Fig.
[II-6a). Genotypic comparison of anther extrusion rates over a two-year period revealed
that the double mutant AP2-41/4P2-D2 had the lowest value (40.3% and 31.7% in 2020
and 2021, respectively) compared to the WT (85.7% and 77.7%, respectively) (Fig. III-
7b, Table I1I-3). The single mutant AP2-D2 also showed a significant decrease in anther
extrusion rate (53.5% and 51.0%), although this was not visually clear in the field. In the
other three mutants, the anther extrusion rate was not significantly different from that of

the WT, except in 2020 when only the AP2-41 mutant showed a significant decrease.
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Most importantly, the double mutant AP2-41/AP2-D2 showed significantly lower anther
extrusion than did the single mutant AP2-D2, indicating that the strong effect of the AP2-
D2 allele could be further enhanced by the accumulation of another allele, A4P2-41, which
has a milder effect on its own.

Three single-null mutants flowered with normal anther exposure at anthesis,
although the anther extrusion rate was significantly reduced in both double-null mutants,
especially in ap2-A/ap2-B (Fig. 111-8a, Table 111-4). The mutant genotype AP2-A1/ap2-
B/AP2-D2, consisting of two mutant alleles, AP2-4 and AP2-D2, with the deletion of the
AP2-B homoeolog, showed a remarkable reduction in the anther extrusion rate, but this
was not significantly different from that of the double mutant, AP2-41/4P2-D2 (Fig. IlI-
9a, Table III-5).

Lodicule swelling

Focusing on the relative lodicule size, which corresponds to the size relative to
palea width, there was a consistent reduction in the AP2-D2 homozygote (M) compared
to the wild type (W) in the BC3F> NIL (Fig. I1I-10 d-f, 11b, Table III-2). Both double
mutants exhibited swollen lodicules during anthesis (Fig. I1I-6b). A detailed examination
of their size revealed that the double mutant AP2-41/AP2-D2 showed a consistent
reduction in lodicule size in terms of length, width and depth compared with the WT,
with mean values mostly significantly different between the two genotypes (Fig. I1I-7 d-
f, Table II1-3). Among the three single mutant alleles, the AP2-D2 allele had the most
pronounced effect on lodicule size reduction, whereas neither the 4P2-41 nor AP2-D1
alleles had a significant effect. The double mutant AP2-41/4AP2-D2 consistently showed
lower lodicule length and depth than the single mutant AP2-D2, although only lodicule
length in 2020 and lodicule depth in 2021 differed significantly (Fig. III-7 d-f), which
was also supported by the relative lodicule size (Fig. I1I-12 a-c). The results obtained
here support the accumulation effect of the AP2-A1 allele, as described for anther
extrusion, which was further confirmed by direct comparison of lodicule depth and anther
extrusion using single-plant data between AP2-D2 and AP2-41/D2 mutants (Fig. III-7c).
Furthermore, the correlation between lodicule width and depth indicated that the double
mutant AP2-41/AP2-D2 shows a greater reduction in lodicule width and depth than the
AP2-D2 mutant (Fig. I1I-12d).

The lodicule sizes of all five null mutants (three single- and two double-null
mutants) were generally similar to those of the WT, except for some genotypic variation

in lodicule length (Fig. I1I-8 b-d, Table I1I-4). However, there was no correlation between
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lodicule depth and anther extrusion rate (Fig. III-8 a, d). The retention of more anthers in
both double-null mutants may be due to the mutational influence of the gamma
irradiation-deleted chromosomal regions, which, although unidentified, were not
compensated for by backcrossing. The AP2-A1/ap2-B/AP2-D2 mutant had reduced
lodicule size, similar to the double mutant 4P2-41/AP2-D2, in which only the lodicule
width showed a significant difference (Fig. I11-9 b-d, Table III-5).

Spike compactness

The AP2-D2 mutant was characterized by a compact spike (Fig. III-6a). A
significant reduction in rachis internode length, which is the cause of the compact spike
(Chapter II), was observed not only in the M genotype, but also in the H genotype,
compared to that in the W genotype (Fig. I1I-13, Table III-2). Importantly, the pattern of
reduction from W to M was consistent between rachis internode length and anther
extrusion rate (Fig. III-7a), clearly indicating an additive effect of the 4P2-D2 allele on
both traits. Although much smaller than 4P2-D2, both the AP2-A1 and AP2-D] alleles
appeared to have an additive effect on reducing the rachis internode length, as shown in
their respective BC3F2 NILs (Fig. I11-13a). A comparison of six genotypes, including two
double mutants and the WT, clearly showed that both the 4P2-D2 and AP2-A1/AP2-D2
mutants had significantly shorter and more compact spikes (rachis length in Fig. I1I-13c),
which was confirmed by a significant reduction in the length of the rachis internode (Fig.
[II-13b), while maintaining the number of rachis nodes (Fig. I11I-13d, Table III-3). Two
single mutants, AP2-A1 and AP2-D1, also showed a reduction in rachis internode length,
but to a lesser extent (Fig. III-13b). Interestingly, the double mutant AP2-41/AP2-D1
showed a more significant reduction in rachis internode length than the single mutants
AP2-Al or AP2-DI, indicating an accumulation effect of the two weaker alleles. In
contrast, both the 4P2-D2 and AP2-A1/AP2-D2 mutants showed the same degree of
reduction in rachis internode length (Fig. III- 13b), resulting in the same compact spike
length (Fig. I1I-13c). This suggests that the AP2-D?2 allele may have a remarkably strong
effect on reducing rachis internode length.

Null mutants showed elongation of the rachis internode, while maintaining a
constant spike (rachis) length (Fig. III-8 e, f, Table I1I-4). The degree of elongation was
more significant in the two double-null mutants and one single ap2-D mutant than in the
two single-null mutants ap2-4 and ap2-B. However, there were no significant differences
between them. These results are consistent with the null mutation, which abolished the

function of AP2. The AP2-A1/ap2-B/AP2-D2 mutant had significantly reduced rachis
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internode length, but this was not significantly different from that of the AP2-4A1/AP2-
D2 double mutant (Fig. I1I-9¢). Overall, the wild-type 4P2-B homoeolog had little effect
on any phenotype compared to the AP2-A1/AP2-D2 double mutant.

We examined the positional differences in rachis elongation. At three positions
(apical, central and basal) on the spike, equally divided based on the number of rachis
nodes (Fig. III-13e), the rachis length of both the AP2-D2 and AP2-41/AP2-D2 mutants
showed the greatest reduction at the apical position, followed by the central and basal
positions on the spike, compared to the WT and other mutants (Fig. I1I-13f, 14a, Table
I1-6). This indicated that the elongation of the rachis internode in the two AP2-D2
carrying mutants was suppressed more at the apical position than at the central and basal
positions. Consequently, they had a marked difference in the spike architecture compared
to the WT, with the grain density gradually increasing from the bottom to the top of the
spike. Finally, we compared the spike length with the progression of the spike
developmental stage between the single AP2-D2 mutant and the WT. The significant
difference in spike length appeared at the early immature stage (terminal spikelet stage)
and gradually became more pronounced towards the later mature stage (yellow anther
stage) (Fig. I1I-13g).

Other agronomic traits

Single and double mutants carrying the AP2-D2 allele appeared to have reduced
culm lengths compared with the WT and other mutants (Fig. 1II-15a). Both the AP2-D2
and AP2-A1/AP2-D2 mutants had significantly reduced culm lengths compared to the
other mutants, which was consistent over two years (Fig. III-15c, Table III-7). Closer
examination of the internodes revealed a significant reduction in the length of the
uppermost internode (internode length 1; IL1) in both mutants (Fig. III-15b, d, Table III-
7). The length of IL1 was not significantly different between the two mutants. These
results consistently demonstrate that the reduced plant height in both mutants was
primarily caused by a significant reduction in the uppermost internode length when
combined with other internode lengths (Fig. III-15¢, 14b).

We examined yield-related traits, including biomass weight, number of tillers,
spike weight, effective number of spikelets per spike, grain weight per spike, and total
number of grains per spike, over two years (2021-2022) (Fig. IlI-16 a-f). These
quantitative traits showed year-to-year variability between the mutant and WT genotypes,

with few agronomically positive traits consistently observed from any mutant. No
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significant differences in grain size and shape were consistently observed over the two
years (Fig. I1I-16 a-c).
Transcriptional profiling of the mutant alleles

The expression levels of the AP2-D homoeolog were examined in various floral
organs and plant tissues and compared between the mutant AP2-D2 and the WT alleles
(Fig. III-18a). Among the floral organs, transcript levels of the mutant allele were higher
than those of the WT in the lodicule, pistil and anther, whereas they were lower in the
glume and lemma. The exceptionally high expression in the anther was interesting
because anther size (length, width, and length/width) was particularly different in the
AP2-D2 mutant (Fig. III-11d, f, 12f, Table III-2, 3). This mutant had the largest length
but the smallest width, resulting in the slimmest shape, represented by the largest
length/width value among all genotypes. However, it was only significantly different
from that in the WT. In other plant tissues, the culm internode (the uppermost internode)
and the rachis showed marked differences in transcript levels between the mutant and
WT alleles. In contrast, the culm nodes showed a smaller difference, while the leaves
showed the opposite pattern (Fig. III-18a). These results supported the observed
reduction in culm and rachis internodes in mutants carrying the AP2-D2 allele.

qPCR was used to analyze the gene expression of the mutant alleles in immature
spikes at the terminal spikelet and white anther stages using single and double mutants.
In particular, higher transcript abundance of the mutant 4P2-D2 allele than that of the
WT allele was consistently observed at both spike developmental stages (Fig. I1I-19). In
the double mutant AP2-41/AP2-D2, the AP2-D2 allele showed higher transcript
abundance than the WT allele at both stages, whereas the transcript level of the AP2-41
allele relative to that of the WT allele was not consistent between the two stages (Fig.
I11-18b). The mutant genotype AP2-Al/ap2-B/AP2-D2, showed higher transcript
abundance of both the AP2-41 and AP2-D2 alleles than the double mutant, especially at
the white anther stage. However, this was not observed at the terminal spikelet stage (Fig.

I11-18b).
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DISCUSSION

Accumulation of mutations in the miR172 target site of AP2 homoeologs reduces
anther extrusion to partially suppress open flowering

Grasses commonly induce anther emergence during flowering via filament
elongation. Anthers are often released early in the morning, when plant cells are well
hydrated (Cheignon et al. 1973, Heslop-Harrison and Heslop-Harrison 1996, van Doorn
and van Meeteren 2003, Zajaczkowska et al. 2021). The anthers are extruded when the
lodicules swell, resulting in floret opening. The present analysis showed that anther
extrusion was suppressed in the AP2-D2 mutant compared to that in the wild type and
the other two single mutants by examining the rate of anther extrusion. The degree of
reduction was dose-dependent for the mutant allele. This result is consistent with the
finding that a point mutation in the AP2-D?2 allele has a greater effect on miR172 activity
than other mutant alleles, as suggested by the low-energy interaction between AP2-D2
mRNA and miR172 (Chapter II). This study further showed that the double mutant, AP2-
AIl/AP2-D2, had a significantly lower anther extrusion rate than the single 4P2-D2
mutant, demonstrating that accumulation of the AP2-41 allele had a significant
cumulative effect on anther retention. These changes in anther extrusion were largely
consistent with changes in lodicule size.

Cleistogamous barley cultivars carrying a natural variant allele, clyl.b or clyl.c,
are characterized by failure of lodicule development with virtually no swelling, resulting
in complete absence of anther extrusion (Honda et al. 2005, Nair et al. 2010, Wang et al.
2013, 2021). In marked contrast, the double mutant AP2-41/AP2-D2 with highly
suppressed anther extrusion, had swollen, although not complete, lodicules with apparent
vascular tissue. Thus, accumulation of the two 4P2 homoeologs was insufficient to
achieve cleistogamy in wheat. Partial suppression of lodicule swelling has been observed
in incomplete cleistogamy, as reported for a barley cultivar (SV235) carrying the c/y1.b2
allele (Nair et al. 2010, Wang et al. 2015). This epiallele variant had a coding sequence
identical to that of c/y1.b, but repressed transcription. It exhibited cleistogamy in the field,
but florets opened on excised tillers treated with 2,4-D. The lodicules were partially
atrophied under natural conditions to keep the florets closed but could expand sufficiently
to open the floret upon application of exogenous auxin, resulting in cleistogamy failure.
In this case, the reduction in lodicular vascularization was visualized using microscopy

through the transparent area of the lodicules. However, in the case of the AP2-41/AP2-
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D2 mutant, there was no clear reduction in the transparent area, even after 2,4-D
treatment (data not shown).

The hexaploid wheat accessions ‘U24’ and ‘Corringin’ were once reported to be
cleistogamous wheat (Ueno and Itoh 1997). Observations of the flowering characteristics
in the field indicated that neither exhibited true cleistogamy (data not shown). ‘Corringin’
was chasmogamous with a fair degree of anther extrusion, whereas ‘U24’ showed very
few extruded anthers but floret opening, although not as obvious, on careful observation
at anthesis. Interestingly, ‘U24’ had fully swollen lodicules with normal miR172 target
site sequences in all three AP2 homoeologs, but filament elongation was significantly
suppressed at anthesis (data not shown), as also suggested by Kubo et al. (2010),
suggesting unknown genetic factors controlling anther extrusion other than the AP2 gene.
Recently, Tang et al. (2019) reported an induced wheat mutant, ZK001, that exhibited
cleistogamous flowering with smaller lodicules that did not absorb water compared to
the wild type (YM18). They showed that the variation in lodicule size was likely due to
reduced calcium and potassium concentrations in ZK(00I, which affected osmotic
adjustments and signaling associated with water uptake and lodicule enlargement. ZK001
also contained low levels of gibberellic acid (GA) and high levels of jasmonic acid (JA)
in its lodicules, which may have contributed to its smaller size. Despite the lack of
sequence information, it is unlikely that the mutations responsible for the cleistogamy of
ZK001 were induced in AP2 homoeologs, as multiple miR172 target-site mutations in
different AP2 homoeologs would not occur simultaneously by single static magnetic field
mutagenesis. However, it would be interesting to observe further progress in the genetic
analysis of this mutant.

Mutations in miR172 target site have pleiotropic effects on spike and culm
development

Mutations in the miR172 target site have pleiotropic effects on wheat spikes and
plant architecture, significantly reducing the lengths of the rachis and culm internodes.
A positional effect was primarily observed in the upper parts of both tissues. However,
an accumulation effect in the double mutant AP2-41/AP2-D2 was not observed in either
tissue, possibly because the sole effect of the AP2-D2 allele may be strong enough to
reach the reduction limit. In contrast, a dose-dependent decrease in the rachis internode
elongation was observed for each AP2 mutant allele. The data also showed that even the
weaker alleles AP2-41 and AP2-D1 had a significant additive effect on rachis internode

reduction, suggesting that this is a good marker for evaluating the effects of mutations.
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Expression analysis in different tissues supported these findings, as the transcript of the
AP2-D?2 allele was detected more abundantly in the rachis, culm and immature spikes
than in the wild-type allele. Point mutations in the miR 172 target site of the barley HvAP2
gene have also been reported to result in compact spikes, with an allelic series of induced
ZEOCRITONI (Zeol) mutants showing a greater reduction in rachis internodes than
milder Zeo?2 (clyl.b) and Zeo3 (clyl.c) mutants (Houston et al. 2013). One of the Zeol
alleles, Zeo1.b, shows reduced plant height, specifically a reduction in the final ‘peduncle’
internode, corresponding to the uppermost internode, by reducing proliferation and
expansion and causing precocious maturation of the internode (Patil et al. 2019). The
present results for wheat agree with these findings for the barley AP2 orthologs.

The wheat AP2 gene family has been differentiated into three groups, and the
group containing the miR172 target sequence was classified as the eud P2 group (Zhao
et al. 2019). Gene homologs of the eudP2 group were found in four different
homoeologous groups 1, 2, 5 and 7, named AP2LI, AP2L2, AP2L5 and AP2L7,
respectively (Debernardi et al. 2020). The three AP2 homoeologs analyzed in this study
belong to AP2L2, and its related paralog AP2L5 contains the well-known gene Q on
chromosome 5A (Greenwood et al. 2017, Simons et al. 2006, Zhang et al. 2019, Zhang
etal. 2022). The Q gene controls many agronomic traits such as plant height, threshability
and glume tenacity (Zhang et al. 2022). A mutation in the miR172 target site of the Q
gene has been shown to result in a dense (compact) spike phenotype and free threshing
with increased transcript levels (Greenwood et al. 2017), which was also found in another
QO mutant with a different point mutation at the miR172 target site (Xu et al. 2018) (Fig.
[I1-20a). Greenwood et al. (2017) showed that the mutant allele has a dose-dependent
effect on the spike phenotype, similar to the mutant 4AP2-D?2 allele in this study. However,
this mutation did not reduce lodicule swelling, suggesting that the miR172 target site
mutation in the Q gene alone is not involved in lodicule development. Using an artificial
target mimicry (MIM) approach, Debernardi et al. (2017) showed that MIM172 plants
with reduced miR172 activity exhibited compact spikes with an allele-dose-dependent
effect. Furthermore, high transcript levels were detected at the apical position, followed
by the central and basal positions, which is consistent with a reduction in the rachis
internode, with the highest level observed at the apical position, as observed in the AP2-
D2 mutant in this study. Point mutations in the miR172 target site of the O gene have

also been found to reduce culm length by increasing transcript levels (Greenwood et al.
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2017, Xu et al. 2018, Zhang et al. 2019). These findings in the Q gene suggest partially
redundant roles for AP2L5 and AP2L?2 in spike and culm development.

Implications of current findings and future perspectives for the development of
cleistogamous wheat

The accumulation of AP2 homoeologs with mutations in the miR172 target site
can significantly suppress anther extrusion. These findings are critical for achieving
cleistogamy in hexaploid wheat. Suppression of anther extrusion was limited by the
available mutations, and the mutant alleles were not sufficient to induce cleistogamy.
The presence or absence of the wild-type AP2-B homoeolog had no significant effect on
phenotype. The combination of different miR172 mutations, especially 4P2-B, is of
particular interest for testing the feasibility of cleistogamy. Debernardi et al. (2020)
recently identified a novel point mutation in the miR172 target site of the AP2-B
homoeolog (4P2L-B2) in a dwarf compact spike mutant induced in hexaploid wheat cv.
‘Wedgetail,” which was first discovered for the 4P2-B homoeolog. The mutant carrying
this allele, rAp2/-B2 (resistant Ap2l-B2), had smaller lodicules with a significantly
reduced (30%) swollen area, although this did not lead to cleistogamy, together with a
remarkably compact spike and shorter plant height. The r4p2/-B2 allele has a point
mutation from G to A at position 16 within the miR172 site, resulting in an Arg-to-Gln
substitution in the encoded protein (Fig. [11-20b), which differs from the point mutations
in the three mutant alleles used in this study (Fig. III-1). Importantly, this mutant allele
is expected to have a strong effect on miR172 activity, as it has a much lower interaction
with miR172 (predicted from a minimum free energy (mfe) of -29.7 kcal/mol) than the
wild-type AP2-B allele (mfe, -33.0 kcal/mol). The reduced level of interaction is
comparable to that of the AP2-D2 allele (mfe, -27.2 kcal/mol; Chapter II). Therefore, it
is of particular interest to combine the r4p2/-B2 allele with our two mutant alleles, AP2-
Al and AP2-D2, and test the resulting triple mutant carrying all three mutant homoeologs
for cleistogamy and the dosage effects of mutant allele combinations.

Recent studies on barley HvAP2 have revealed its broad functions ranging from
floral identity determination to flower organ development and tissue morphogenesis
(Patil et al. 2019, Shoesmith et al. 2021). A series of recent studies on wheat 4P2-like
(AP2L) genes and miR172 have revealed further complex functions arising from the
interactions between AP2 homoeologs (AP2L2 genes) and other AP2L1 and AP2L5 genes
(Debernardi et al. 2020, 2022). Together with these findings, the present study shows

that mutations in the miR172 target sites of 4P2 homoeologs have pleiotropic effects on
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a variety of agronomically important traits, including compact spikes, reduced plant
height, and possibly grain size and number, which are related to yield, in addition to
lodicule swelling and anther extrusion, which are related to flower opening. These factors
may have negative implications for practical wheat breeding. For example, an extremely
compact spike combined with a marked increase in spikelet density is undesirable for
practical varieties. Regarding resistance to FHB, initial (type I) resistance, which refers
specifically to initial infection or invasion (Mesterhazy et al. 1995, 1999), is significantly
improved by the cleistogamous (-like) flowering introduced by wheat accession ‘U24’
as mentioned above (Kubo et al. 2010, 2013). However, segregated genotypes with one
or two anthers retained in a floret show higher susceptibility (Kubo et al. 2013). Similarly,
other wheat cultivars with partially retained anthers show high susceptibility, whereas
cultivars with a high rate of anther extrusion are resistant to the initial infection (Graham
and Browne 2009, He et al. 2016 Kubo et al. 2013, Lu et al. 2013). Therefore, ‘complete’
cleistogamy, as achieved in barley cultivars, is essential for improving initial resistance
to FHB in wheat. In this respect, the feasibility of developing complete cleistogamy in
wheat is the main challenge, apart from fine-tuning other agronomically important

factors.
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Wild-type APZ-A
APZ2-B
APZ2-D

Mutant AP2-A1l
AP2-D1

AP2-D2

Fig. III-1 Sequence variation in the miR172 target site in wheat 4P2 homoeologs.
Three mutant alleles, AP2-A1, AP2-DI and AP2-D2, identified in EMS-induced
mutants of wild-type (WT) ‘Kitahonami’ have point mutations indicated in red
(Chapter II). The predicted amino acid sequences are shown below the corresponding

DNA sequences. DDBJ accession numbers: AP2-A1 (LC772979); AP2-DI

5 !

CTGCAGCATCATCACGATTCC
CCGCAGCATCATCACGATTCC
CTGCAGCATCATCACGATTCC
A A A S S R F

CTGCAGTATCATCACGATTCC
CTGCAGTATCATCACGATTCC
A A V S S R F

CTGCAACATCATCACGATTCC
A A T S S R F

(LC772981); and AP2-D2 (LC772982) (Chapter II).
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AA1 DD1
038BC,F, | X 514BCF, | X
AA1 DD1
038BC,F, X 514BC,F, x
AA1 DD1
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Fig. III-2 Schematic representation of the crosses used to generate NILs carrying

three single mutant alleles. 038BC F, (a), 5S14BC.F, (b) and 190BC/F, (¢) for AP2-

Al, AP2-D1 and AP2-D2 mutant alleles, respectively. Simplified allele symbols are

used below the box: 4 and D for the wild-type AP2-4 and AP2-D alleles, respectively;

Al, DI and D2 for the corresponding 4P2 mutant alleles.
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a b

514BC,F, (or BCIF,) | X | 038BCF, (or BCF,) | | 190BCF, (or BGF,) | x | 038BC,F, (or BC,F,)
AADD1 AA1DD AA DD2 AA1DD
AA1DD1 AA1DD2
Selfing Selfing
AP2-A1/AP2-D1 AP2-A1/AP2-D2
(A1A1 D1D1 selected) (A1A1 D2D2 selected)

Fig. III-3 Schematic representation of the crosses used to generate double mutants
AP2-A1/AP2-D1 (a) and AP2-A1/AP2-D2 (b). See Fig. III-2 for line names and allele

abbreviations.
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1131A Kitahonami 1698 Kitahonami 248D Kitahonami
(ap2-A) | X | (wT) (ap2-8) |X|  (wr) (ap2-D) | X| (WT)
(--) AA (--) BB (--) DD
X X X
Al) B(-) D(-)
A() B(-) D(-)
x x x
Al-) B(-) D(-)
Af-) B(-) D(+)
Selfing Selfing Selfing
BC,F, BC,F,
ap2-A ap2-B ap2-D
(- -) selected (- -) selected (--) selected

Fig. III-4 Schematic representation of the crosses used to generate NILS
carrying three null mutant alleles for ap2-4 (a), ap2-B (b) and ap2-D (c).
Simplified allele symbols are used below the box: 4, B and D for the wild-type
AP2-A, AP2-B and AP2-D alleles, respectively; (-) for each of the corresponding

null mutant alleles. ap2-D°
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Table III-1 Primers and PCR conditions used for genotyping in this study

Table S1 Primers and PCR conditions used for genotyping in this stucy

Target Primer Sequence (5" to 3) PCR conditions
AP2-4 F-est1320 TGCACGGCTGGGGCAACGTC i o o
) 95°C/2 mm (95°C/15 s, 68°C/60 s) = 30 cycles
Deletion R-HRM Al CGCGGTGCGCGGETGGTGGAG
AP2-B Fw-TaAP2Bl TGCATGGCTGGGGCAACGTC T o -
) 95°C/2 mm, (95°C/15 s, 65°C/60 s) = 30 cycles
Deletion Ri-TaAP2B1 GACGGATGGTCTCCGGGTAC
AP2-D F-est1320 TGCACGGCTGGGGCAACGTC - o -
) 95°C/2 mm. (95°C/15 s, 68°C/60 s) = 30 cycles
Deletion R-HRM D2 GCGGTIGGAGCTGGTCTTGAT
AP2-A A-wt CGCAGCAGCAGCTGCAGC - o .
) 95°C/2 mm. (95°C/15 s, 68°C/60 ) = 30 cycles
Wild type R-HRM_Al CGCGGIGCGCGGTGGTIGGAG
AP2-Al A-Nrt CGCAGCAGCAGCTGCAGT - - o
95°C/2 mm. (95°C/15 s, 66°C/60 s) = 30 cycles
Mutant R-HRM Al CGCGGTGCGCGGTGGTGGAG
AP2-D D-wtl CGCCGCAGCAGCTGCAGC e s e
) 95°C/2 mm. (95°C/15 s, 68°C/60 s) = 27 cycles
Wild type (vs. DI) R-HRM D2 GCGGTGGAGCTGGTCTTGAT
AP2-DI Dout T CGCCGCAGCAGCTGCAGT . o .
95°C/2 min, (95°C/15 s, 68°C/60 s) = 27 cycles
Mutant R-HRM D2 GCGGIGGAGCTGGTCTIGAT
AP2-D D-wt 2 CCGCCGCAGCAGCTGCAG i s o
) 95°C/2 mm, (95°C/15 s, 68°C/60 s) = 27 cycles
Wild type (5. D2) R-HRM D2 GCGGTGGAGCTGGICTTGAT
AP2-D? Dmt2 A COGOCCGOAGCAGCTGCAA - o -
- - 95°C/2 mm. (95°C/15 s, 68°C/60 s) = 27 cycles
Mutant R-HRM D2 GCGGTIGGAGCTGGTCTTGAT

* Each 10 uL PCR mixtwre contains 0.25 U ExTaq DNA polymerase (Takara Bio Inc.. Otsw. Japan), 1+Ex Taq polymerase buffer. 8%
DMSO, 0.3uM of each praver, and tenplate DNA.
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Fig. III-5 Genotyping by allele-specific PCR in three BC.F, NILs. For example, in
038BC,F,, wild-type AP2-4 and mutant AP2-A1 alleles were specifically amplified in
the A-wt and A1l-mut panels, respectively, resulting in the genotyping of individual F,

plants (no. above the gel) into wild-type homozygotes (blue), heterozygotes (black),
and mutant homozygotes (red). Similarly, wild-type AP2-D and mutant 4P2-D1 or
AP2-D?2 alleles were specifically amplified and genotyped in 514BC,F, and 190BC,F,.

Red arrows indicate the positions of the amplified products.
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-

A1 D1 D2 A1/D1 A1/D2

Fig. II1-6 Spike and floral organs of wild-type and 4P2 mutants. Spike at anthesis (a),
floret at anthesis (b) (top panel) and lateral view of the lodicule (bottom panel). Bar, 1
mm. Abbreviations: WT for cv. ‘Kitahonami’. A/, DI and D2 refer to single mutants
AP2-A1,AP2-D1 and AP2-D2, respectively, obtained from plants in the BC3F; progeny
(Fig. 1l1-2). A1/D1 and A1/D2 represent double mutants AP2-41/AP2-DI and AP2-

A1/AP2-D2, respectively, obtained from plants in the F> progeny of BC2FxBCxF (Fig.
I11-3).
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Fig. II1I-7 Comparison of anther extrusion rate and lodicule size. Comparison of anther
extrusion rate among three genotypes (W, H and M) in three NILs of the BCsF»
generation segregating for the AP2-41, AP2-D1 and AP2-D?2 alleles (a). Comparison
of anther extrusion rate among wild-type and single and double mutants (b).
Correlation between anther extrusion rate and lodicule depth. Individual plant data from
two years (2020-2021) are combined (¢). Comparison of lodicule size among wild-
type, single and double mutants for length (d), width (e) and depth (f). Thick horizontal
lines indicate median (50% interquartile range), bullets indicate mean, and whiskers
indicate maximum and minimum values excluding outliers. Means with the same letter
are not significantly different (P > 0.05) according to the Tukey-Kramer HSD test.
Abbreviations: (a) W, wild-type AP2 allele homozygote; H, heterozygote; M, mutant
AP?2 allele homozygote; (b-f) WT for cv. ‘Kitahonami’. 47, DI and D2 refer to single
mutants AP2-A1, AP2-D1 and AP2-D2, respectively, taken from plants in the BC3F>
(2020) and BCsF3 (2021) progeny. A1/D1 and A1/D2 represent double mutants 4P2-
Al/AP2-DI and AP2-A1/AP2-D2, respectively, taken from plants in the F2 (2020) and
F3 (2021) progeny of BC2F1xBCoF.
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Table I11-2 Comparison of spike and floral traits in three NILs of the BC3F»
generation segregating for the AP2-41, AP2-D1 and AP2-D? alleles (mean + S.E)

Anther Rachis Seed Lodicule size
NIL Genotype extrusion mtemode fertility Length Width Depth Relative Rehtive Relative
n  rate (%) length (nm) (%) n o (nm) (1) (1) length width depth

038BCAFa w 10 776+39 438=001 923=17 30 1.61+0.02 1.00%0.02 1.01=0.03 045001 0.28=001 0.28=0.01
APZ—A)fi H 10 753=32 4282001 008=16 30 1.57£002 092002 092=0.02 044£001 026001 026001

M 10 760=27 4122000 929=19 60 1.64+0.01 096=0.02 1.06=0.02 048001 0.28=0.01 0.31=0.00
S14BC.Fs W 10 787=25 431001 948=15 30 1.53£0.02 099+0.03 099=0.02 044£001 020=001 029001
Prpl H 10 81032 412=001 30 1.58+0.02 099+0.03 1.01=003 0432001 027001 028=001

M 10 850=18 4.02x001 60 161001 100+0.02 1.01=0.02 044£001 027001 027x0.01
190BC-F W 10 802=11 441=001 979=1.0 30 1.55+0.02 095+0.02 1.00=0.02 044001 027=0.01 0.28=0.01
APZ—}_;Y)_ H 10 67.7+1.6 3.36=001 98.0=09 30 1.630.02 1.00£0.02 1.09=0.03 045+0.01 027+0.01 030=0.01

M 10 535+26 2762001 049=08 60 154+002 093002 097=0.02 041£001 025000 026=0.00

Palea size Anther size
NIL Genotype Length Width Length Length Width Length
no (nm) (nm) Width (mm) (mm) Width

03SBCAF w 15 10.74=0.10 3.61=0.08 3.00=0.07 287=0.08 0.83=0.03 351=0.11
APZ—A)fi H 15 1091+0.06 3.61=0.08 3.04=007 271006 082+002 336=x0.15

M 30 10.84=0.00 347=0.06 3.15=0.04 2.68=0.05 081=0.03 346=0.16
S14BCAFs w 15 10.63+0.09 3.47=0.07 3.08=0.06 292+0.12 0.87+0.04 345+0.22
APZ—Djii H 15 10.78=0.08 3.66=0.07 296=0.06 3.08=0.08 088=0.03 353=0.14

M 30 10.85=0.08 3.73=0.07 293=005 200=007 093=0.03 324=0.14
190BCAF, w 15 10.89+0.04 3.58=0.08 3.07=0.07 267009 085+0.03 3.15=0.12
APZ—[;Z’ H 15 11.53+0.09 3.65=0.08 3.17=0.06 324=009 086=0.03 380=0.11

M 30 11.38=0.07 3.79=0.07 3.03=0.05 295+0.07 0.83+0.03 3.67=0.16

W:wild-type AP2 allele homozygote, H: heterozygote, M: nutant AP2 allele honozygote.
- number of spikes and lodicules used.
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Table 111-3 Comparison of spike and floral traits between wild-type, single and double 4P2 mutants (mean + S.E.)

“Anther Rachis Rachis No. of Seed Todicuk size
Year Genotype extrosion internode length Rachis fertiity Tength Width Depth Relative Relative Reltive
N rate (%) length () (em) nodes %) ) () (o) Tength width depth
wT 20 448 =0.04 9.32+0.11 20.8=03 96.5=0.8 90 1.66=+0.01 0.99+0.02 1.02+0.01 0.45=0.01 0.27=0.00 0.28+£0.01
AP2-Al 10 4.12+0.04 8.98+0.13 21.8=03 92919 60 1.64=0.01 0.96=0.02 1.06 £0.02 048 =0.01 0.31£0.01
AP2-DI 10 4022006 8442015 210203  044=18 60 161001 1002002 1012002 0442001 027£0.01
2020 4P2.D2 10 276+005  596+016 21.6=03  049=08 60 154=002 0932002 097%0.02 041=001 026+ 0.01
AP2-A1/AP2-DI 12 3.88=0.04 8.37=0.16 216=04 97.6=0.8 30 1.53=0.02 0.98=0.03 1.05+0.02 044 01 0.30£0.01
AP2-A1/4P2-D2 16 +£0.04 5.88+0.12 21.6=03 943=11 60 1.42=x0.02 091=0.02 0.93+0.01 0.38=0.01 0.25£0.00
ANOVA bk e e P I b o o
WT 2 395£005 861£013 218202  0963=00 36 144=002 0872002 083%0.02 041=001 024 0.01
AP2.41 17 364+003  776=011 213208 032220 36 141=002 0892002 085%0.02 041=001 025+ 0,01
AP2-DI 21 357004 7.63+0.09 2 959=+12 36 1.35=x0.02 0.86=0.02 0.80£0.01 0.40=0.01 0.24£0.00
2021  AP2.D2 20 5152007 21 80815 36 124002 0802002 073002 036=001 021001
AP2-A1AP2-DI 21 726+0.14 2 80.0=3.0 36 135002 088=0.02 083=0.02 024 0.01
AP2-A1/AP2-D2 19 5.03=0.06 2 01.6=18 36 1.18=0.02 0.79=0.02 0.17£0.00
ANOVA . e s, ht o o
Paka size Anther size
Year Genotype Tength Width Tength Tength Widh Tengh
n (wm) (o) Width () () Width
wT 45 109=0.04 3.68=0.05 3.00+0.04 2.78=0.09 0.92+0.02 3.10=0.13
AP2-A1 30 1082009 3475006 3155004 0381 0.16
AP2DI 30 109008 2032005 093 0.14
2020 AP2-D2 30 11.38=007 3.03x0.05 0.83 0.16
AP2-A1/4P2-DI1 15 10.85=0.10 3.09+0.05 0.88 0.20
AP2-AVAP2ZD? 30 1094005 2044004 0882002 3222012
ANOVA e : o .
wT 18  10.67=+0.08 3.07+0.08 na nla na
AP2-A1 18 10.84=0.06 3.16 £0.06 na na na
AP2-DI 18 1067+0.06 316006  na na na
2021 4P2-D2 18 1065=0.16 312£006  na na na
AP2-A1/4P2-DI 18 10.79+0.04 3.16 £0.06 na na
AP2-A1/AP2-D2 18 10.82+0.04 3.05+0.06 na na
ANOVA b

&

#+* and n.s.: significant at 5%. 1%. 0.1% and not significant at 5% levels. respectively.

WT: wild type 'Kitahonany'. n: munber of spikes, lodicules. paleas and anthers used. n'a:not apphicable.
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ap2-A, ap2-B and ap2-D are null mutants deleted for 4P2-4, AP2-B and AP2-D
homoeologs, respectively. For abbreviations, see Fig. III-7 and Fig. 111-4.
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Table I1I-4 Comparison of spike traits and lodicule size between wild type, single
and double null mutants (mean + S.E)

Anther Raclus Raclus Lodicule size
Genotype extrusion mrermode length Length Width Depth
n rate (%) length (1ran) (cm) n () (nmm) (nm)
WT 20 798x1.6 4.08+0.05 8.57+0.11 24 1.75+£0.03 0.92+0.03 0.81 =£0.03
ap2-4 6  76.0%26 4.27=0.03 8.62=0.10 26 1.79+002 093£0.02 085=0.03
ap2-B 6 73.7+22 434007 845+0.06 44 1.70+002 092002 085=0.02
apZ-D 7 779+25 4.45+0.06 8.90+021 28 1.75+£0.02 093 +0.02 0.82+£0.02
ap2-A/ap2-B 7 323+£1.1 4.62+0.09 8.39x026 24 1.87x0.03 0.90£0.03 0.84£0.05
ap2-A/ap2-D 7 60.8£2.5 452012  8.60=029 24 1.83£003 090=0.03 089=0.04
ANOVA ok FEk ns. ik ns. ns.

*##% and nus.: significant at 0.1% and not significant at 5% levels, respectively.

WT: wild type 'Kitahonam'. 7 munber of spikes and lodicules used.
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Table I1I-5 Anther extrusion rate, rachis internode length and lodicule size in wild-
type and three mutant genotypes (mean+ S.E)

Anther Rachis Lodicule size
Genotype extrusion mternode Length Width Depth
n rate (%) length (nm) n (1) (mmm) (1)
WT 20 823x£1.7 4.08 =0.05 12 1.75=0.03 0.92=0.02 0.81=0.03
AP2-AI/AP2-Di 6 684+34 354004 24 1.56+0.02 0.94+0.01 0.88=0.02
AP2-41/4P2-D? 6 335356 2.64=0.07 24 1.33=x0.02 0.85=0.01 0.76 £0.03
AP2-Al/ap2-B/AP2-D? 7 39.1+2.6 2.66=0.04 12 1.31=0.02 0.80=0.01 0.70=0.02
ANOVA ok ok ok ok ok

#4%: significant at 0.1%.

WT: wild type "Kitahonani'. #: munber of spikes and lodicules used.
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Fig. I1I-13 Comparison of spike rachis characteristics. Comparison of rachis internode
length among three genotypes (W, H and M) in three NILs of the BC3F> generation
segregating for the AP2-A1, AP2-D1 and AP2-D?2 alleles (a). Comparison of rachis
internode length (b), rachis length (¢) and number of rachis nodes (d) among wild-type,
single and double mutants. Thick horizontal lines indicate median (50% interquartile
range), bullets indicate mean, and whiskers indicate maximum and minimum values
excluding outliers. Means with the same letter are not significantly different (P > 0.05)
according to the Tukey-Kramer HSD test. Mature spike showing the basal, central and
apical positions on a spike (e). Rachis length in three different positions (basal, central
and apical) on a spike (f). Spike length during spike development (g). FPS, floret
primordium stage; TSS, terminal spikelet stage; WAS, white anther stage; GAS, green
anther stage; YAS, yellow anther stage. *, ** and *** indicate significant differences at
5%, 1% and 0.1% level by t-test. Abbreviations: (a) W, wild-type AP2 allele
homozygote; H, heterozygote; M, mutant 4P2 allele homozygote ; (b-g) WT for cv.
‘Kitahonami’. 41, DI and D2 refer to single mutants 4P2-A1, AP2-D1 and AP2-D2,
respectively, taken from plants in the progeny of BC3F; (2020), BC3F3 (2021). A1/D1
and A 1/D2 represent double mutants AP2-A1/AP2-D1 and AP2-A1/AP2-D2, respectively,
taken from plants in the F> (2020) and F3 (2021) progeny of BC2F1xBCsF;.
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Table I1I-6 Comparison of rachis length at three positions on the spike (mean+ S.E)

Rachis Raclis length at different positions
Year Genotype length Apical Cenfral Basal
n (cm) (cm) (cm) {cm)
WT 15 833 £0.22 280" £0.06 3.04° £0.07 2.49%=0.03
AP2-Al 15 8.07* £0.16 2732005  2.92%+005 2.36%=0.03
soay  APPDI 15 7770 £0.27 267003 2.80°+006 229™+0.04
AP2-D2 14 553 £0.15 1.49° £0.03  2.04°+004 2.00%+0.04
AP2-41/4P2-DI 13 7.13° £ 0.18 2.55° £0.04 271°£004 2.11%£0.07
AP2-41/4P2-D2 11 5.41°+0.10 1.37° £0.06 197 +0.06 1.72°+0.06
WT 15 8.53* £0.12 3.09" £0.08  3.03'=£0.11 265004
AP2-Al 15 830" £0.15 29302007 3.08°=0.04 2.72°£0.06
2022 AP2-DI 15 7.63° £0.12 272%£004 299005 2.60°=0.06
AP2-D2 15 5.40° £0.13 1.67° £0.04 2.12°£0.05 2.17°+0.05
AP2-41/4P2-DI 15 757" £0.15 2.65° £0.05 287°+0.04 259°+0.04
AP2-41/4P2-D2 15 553 +£0.13 1.61° £0.04 2.12°£0.03 223°£0.03

Means with the same letter are not significantly different (P = 0.05) according to the Tukey-Kramer HSD test.

WT: wild type 'Kitahonami'. #: munber of culrs used.
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Fig. I1I-15 Comparison of the culm and its internode length. Appearance of individual
plants after harvest (a). Bar, 30 cm. Individual culms with position of each node and
internode length (IL) (b). Bar, 30 cm. Culm length (c). Percentage ratio of the length of
the uppermost internode (IL1) to culm length (d). Culm length divided by each internode
length (IL) (e). In (c) and (d), thick horizontal lines indicate median (50% interquartile
range), bullets indicate mean, and whiskers indicate maximum and minimum values
excluding outliers. Means with the same letter are not significantly different (P > 0.05)
according to the Tukey-Kramer HSD test. Abbreviations: WT for cv. ‘Kitahonami’. 41,
D1 and D2 refer to single mutants AP2-A1, AP2-D1 and AP2-D2, respectively, taken
from plants in the BC3F3 (2021) and BC5F4 (2022) progeny. A1/D1 and A1/D2 represent
double mutants AP2-41/AP2-D1 and AP2-A1/AP2-D2, respectively, taken from plants
in the F3 progeny of BCoF1xBCF; (2021) and the F3 progeny of BC3FxBCsF; (2022).
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Table II1-7 Comparison of the culm and it’s internode length (mean + S.E)

Culn Culm internode length
Year Genotype length L1 mz2 L3 m4 L5 L6
7 (cm) n (cm) (cm) (cmy) (cim) (cm) (cm)
WT 24 784°x06 15 301°205 196%+03 124°203 92102 53'204 05202
AP2-Al 24 782705 15 283°205 1987 +03 1257403 95 202 60°+04 047202
. AP2-DI 24 771705 15 276°205 189%+03 11.7°202 92™+01 56°+03 02°=01
AP2-D2 24 689°=1.7 15 242°203 1907202 120°202 865 £02 49°203 02°x01
AP2-Al/AP2-DI 24 76.0°x08 15 283204 196%=02 122°201 94™ =01 57°202 02°=z01
AP2-41/4P2-D? 24 68.0°%10 15 2279203 187°+02 116402 88%+£02 49°+03 01°%01
WT 24 763'=1.1 15 2847204 2017202 128202 970202 70°204 13205
AP2-Al 24 762'+13 15 2817202 204"+£02 13.0°£02 1017 £02 65°+03 02'=01
. AP2-DI 24 73.0°=1.1 15 2817203 202" £02 127%x01 1027203 61°203 08 =04
AP2-D? 24 68.0°£0.7 15 225205 186°+02 11.7%£02 86° £02 70°213 09°%04

AP2-A41/4P2-DI 24 T5.1°=0.7 15 278204 202°+02 125%=02 950202 58205 07°=04
AP2-A1/4P2-D2 24 66.6°=09 15 227203 192%+03 114°207 940207 52°+03 15207

Means with the same letter are not significantly different (P > 0.05) accordmg to the Tukey-Kramer HSD test.
WT: wild type 'Kitahonani'. #: munber of culns used.
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Fig. I11I-16 Comparison of yield-related traits between wild-type and single and double

mutants. Biomass weight (a), number of tillers (b), spike weight (c¢), effective number of

spikelets per spike (d), grain weight per spike (e), and total number of grains per spike
(f) are shown along with the data for 2021 and 2022. Abbreviations: See Fig. I1I-15.
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Fig. I11-17 Comparison of grain ratios between wild-type, single, and double mutants.
The length/width (a), length/depth (b), and width/depth (c) ratios of single grains are
shown with data from 2021 and 2022. Abbreviations: See Fig. I1I1-15.
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Fig. 1II-18 Expression analysis of 4P2 homoeologs. Comparison of the transcript
abundance of the 4P2-D homoeolog between different floral organs and plant tissues in
the wild type (WT) and the single mutant AP2-D2 (D2). Transcript abundances were
normalized to that of actin and the immature WT spike (terminal spikelet stage) (a).
Transcript abundance of three 4P2 homoeologs (4P2-A, AP2-B and AP2-D) in immature
spikes at the terminal spikelet stage (left) and the white anther stage (right). gPCR was
performed for each 4P2 homoeolog in the wild type (WT), the AP2-A1/AP2-D2 (A1/D2)
double mutant and the AP2-A41/ap2-B/AP2-D2 mutant with the AP2-B homoeolog
deleted (A41/-B/D2). Transcript abundances were normalized to that of actin and WT at

the terminal spikelet stage (b).
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Fig. I1I-19 Transcript abundance of three AP2 homoeologs (4P2-A, AP-B and AP2-D)
in immature spikes at the terminal spikelet (left) and white anther (right) stages. gPCR
was performed for each 4P2 homoeolog in the wild type (WT) and three single mutants
(AP2-41, AP2-D1I and AP2-D2). Transcript abundance was normalized to actin and WT

at the terminal spikelet stage.
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AP2L5
57 3’
AP2L5(Aq,B,D) CTGCAGCATCATCAGGATTCT
A A A S S G F

AP2L-A5(Q) CTGCAGCATCATCAGGATTTT
A A A S S G F

AP2L-A5(Q’) CTGCAGCATCATCAGAATTTT
A A A S S E F

AP2L-A5(QF!) CTGCAGCATTATCAGGATTTT
A A AL S G F

AP2L-B2 (AP2-B)

57 3
Ap21-B2 wt CCGCAGCATCATCACGATTCC
b A A A S S R F
rAp21-B2 CCGCAGCATCATCACAATTCC

A A A S S Q F

Fig. I11-20 Sequence variations in the miR 172 target site of wheat AP2-like (AP2L) genes.
AP2L5 (Aq, B, D) for the wild-type allele with three AP2L-A5 alleles (a): O (Simons et

al. 2006), O’ (Greenwood et al. 2017) and QC[ (Xu et al. 2018). Gene symbols followed
those described by Debernardi et al. (2020). AP2L-B2, referred to as the AP2L2 gene on
chromosome 2B, corresponds to the AP2-B homoeolog (b). An induced mutant allele
(rAP2I-B2) recently identified by Debernardi et al. (2020) is shown with the wild-type
allele (4p2l-B2 wt). The predicted amino acid sequences are shown below the

corresponding DNA sequences.
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Chapter IV

General discussion

Mutations in the miR172 target site of wheat AP2 homoeologs inhibit lodicule
development and reduces anther extrusion

Lodicules are an important morphological feature in the grass family (Poaceae),
which includes major cereal crops like wheat, rice, and maize. They are a key part of the
reproductive system in Triticeae crops and play a major role in the opening of the grass
flower during anthesis (Kosina 2010, Saunders 2024). Lodicules are small, translucent
structures at the base of the ovary in grass flowers. They are believed to be a rudimentary
periant, or remnants of the sepals in the flower and function by swelling rapidly when
the flower is mature (Kosina 2010). Lodicule swelling is the main factor that opens
flowers at anthesis in wheat and other cereals by pushing apart the lemma and palea and
have been subjects of several studies (Yoshida et al. 2007, Nair et al. 2010, Ning et al.
2013a, Ohmori et al. 2018). Yin (2002) and Kosina (2010) both explored the
morphological and developmental aspects of lodicules in wheat, noting the leafy nature
of these organs and describing their structure and changes during flowering.

The miR172 target site is a crucial element in the regulation of various
physiological and developmental processes in Triticeae crops. The miR172-4APETALA?2
(4P2) pathway plays a crucial role in the regulation of flowering time and floral organ
development in barley and wheat (Jung et al. 2014, Zhao et al. 2015, Patil et al. 2019,
Debernardi et al. 2020, 2022, Shoesmith et al. 2021). Debernaridi et al (2020) showed
that in wheat, mutations in the miR172 target site of AP2L and Q genes can alter floret
development. The balance in the expression of miR172 and 4P2-like genes is crucial for

the correct development of spikelets and floret, hence, AP2L5 and AP2L2 are critical for
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axillary floral meristems and lemma identity and mutations in 4P2L2 miR172 target site
led to smaller lodicules. Elevated accumulation of miRNA172 leads to floral organ
identity defects, similar to those observed in apetala2 loss-of-function mutants. The
regulation of APETALA2 by miRNA172 is specific to its interaction with the mRNA, as
evidenced by the effects of mutant APETALA2 RNA with disrupted miRNA172 base
pairing (Chen et al. 2004). HvAPETALA2 (HvAPZ2) controls floret organ identity, floret
boundaries, and maternal tissue differentiation during grain development in barley. A
gain-of-function HvAP?2 allele can mask changes in floret organ identity caused by the
loss of HvBOP2 gene function. (Shoesmith et al. 2021). A sequence polymorphism at the
miR 172 target site within c/y/ reduced the abundance of the CLY I protein, enabling open
flowering in barley. A mutant lacking mature miR172a has very small lodicules, resulting
in cleistogamous flowering (Anwar et al. 2018). These findings highlight the significance
of the miR172-AP2 pathway in the control of flowering and floral development in barley
and wheat.

Differences in miR172-guided cleavage of Clyl transcripts alter lodicule
development and the consequent occurrence of cleistogamy (Nair et al. 2010).
Importantly, similar mutations replace a strong G:C pair in the WT with a G:U wobble
pair in AP2-A1 and AP2-D1 and an A:C mismatch in AP2-D2 (Varani and McClain 2000,
Rehmsmeier et al. 2004) in the miR172 interactions, which could maintain weak
interactions. The interaction in miR172 is much more reduced in AP2-D2 than in AP2-
Al and AP2-D1 (Chapter II. The differences in interactions with miR172 could also affect
the amount of AP2 protein translated, which is necessary for suppressing the
development of lodicules (Chapter III).

Lodicule size, particularly depth, was significantly reduced in all three mutants

carrying a point mutation of wheat 4P2 homoeologs. The greatest reduction in lodicule
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depth was seen in the AP2-D2 mutant, indicating that this mutation had larger functional
effects than the other two mutations (Chapter II). A more effective evaluation using near
isogenic lines (NILs) showed that 4P2-D2 allele had the most significant impact on
lodicule depth only, among the three single mutant alleles. However, AP2-A1/AP2-D?2
exhibited stronger effect in reducing lodicule size than AP2-D2 (Chapter III). This
demonstrated that a weak AP2-A1 allele, combined with an effective AP2-D2 allele, can
have a stronger effect on lodicule size reduction than a single AP2-D2 mutant. However,
the accumulation of two weaker alleles (4P2-A1 and AP2-DI1) was found to be
inadequate in significantly reducing lodicule size (Chapter III). Moreover, none of the
mutants, including the double mutants flowered closed. Cleistogamous barley cultivars
carrying a natural variant allele, c/y1.b or clyl.c, are characterized by failure of lodicule
development and virtually no loss of swelling (Honda et al. 2005, Nair et al. 2010, Wang
etal. 2013, 2021). In marked contrast, the double mutant AP2-41/AP2-D2 had swollen,
although not complete, lodicules with apparent vascular tissue. Thus, the accumulation
effect of the two AP2 homoeologs was insufficient to achieve wheat cleistogamy. This
result implies a universal mechanical function of lodicule depth subject to point
mutations in the miR172-targeting site in barley and wheat. The pronounced effect of the
AP2-D? allele on lodicule size can be attributed to its significantly lower interaction with
miR 172 at the target site (Chapter II). This reduces the likelihood of miR172-mediated
mRNA cleavage, resulting in higher transcript levels than from the AP2-41, AP2-D1, and
WT alleles. The results of qPCR analysis support this, showing high 4AP2-D2 transcript
levels at both spike development stages (Chapter I1I).

By Sequencing of AP2L2 homoeologs Debernardi et al (2019) revealed a single
nucleotide polymorphism (SNP) inside the miR172 target region of the Ap2L-B2 gene,

(hencefort rAp2/-B2). This mutation exerts a more pronounced impact on miR172
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activity due to its elevated free energy of interaction (29.7 kcal/mol) and results in a 30%
reduction in lodicule size. This is similar to AP2-D2 allele effect on lodicule size
reduction and reduced minimum free energy interaction within the miR172 target site
(Chapter II). The expression analysis reveals that 4P2-D2 exhibits higher transcription
levels in the lodicule compared to other floral organs (Chapter III). This finding suggests
a correlation between reduced minimum free energy, transcript levels and the reduction
in lodicule size. Lower minimum free energy results in higher transcript levels of 4P2-
D2 in the lodicule are associated with a greater reduction in lodicule size. Therefore, it
can be inferred that the reduced activity of AP2-D2 allele and the transcriptional activity
of AP2-D2 plays a role in regulating lodicule size during floral development.

An intriguing induced cleistogamous wheat mutant has been reported. The
lodicules of the cleistogamous mutant (ZK001) did not absorb water, resulting in
smaller lodicules, whereas the lodicules of the non-cleistogamous parent cultivar
(YM18) expanded normally. Lower calcium and potassium contents were found in the
lodicules of ZK001 than in YM18, which are presumed to be responsible for osmotic
adjustments and signal transduction related to water absorption and lodicule expansion.
In addition, ZK00!I had a low GA content and a high JA content in the lodicules,
leading to reduced size (Tang et al. 2020). There was no information reported on
sequence polymorphisms in the AP2 homoeologs of ZK(001, but it can be speculated
that the mutation(s) induced in ZK00! is not likely to be associated with 4P2
homoeologs. Rather, it is assumed that mutations induced in ZK00! occurred in a
distinct gene and not likely to be associated with AP2 homoeologs. Because ZK00I was
obtained from a single mutagenesis event (via static magnetic field), the point
mutations within the miR172 targeting site would not be expected to occur

simultaneously in all three 4P2 homoeologs. It is also unexpected that deleterious (or

74



unfunctional) mutations in any of the 4P2 homoeologs would confer cleistogamy as
predicted from the present investigation of deletion mutants. Rather, it is assumed that
mutations occurred in a distinct gene that encodes an essential regulatory factor

specifically involved in the pathway for lodicule development or expansion.

The wheat cultivar 'U24' was once considered cleistogamous wheat (Ueno and
Itoh 1997, Kubo et al. 2010), but has been re-evaluated and found to have fully swollen
lodicules at anthesis. Although the florets can only open to a certain extent due to
insufficient elongation of stamen filaments, it is not associated with mutations in any
AP2 homoeologs. The mutation(s) responsible for this pseudo-cleistogamous flowering

has not been identified yet.

Proper hydration of spikelet components is crucial for the anther release mechanism.
Anthers are usually released during early morning hours, when the plant cells are
generally well hydrated (Doorn and Meeteren, 2003, Zajaczkowska et al. 2021). The
expansion of the lodicules facilitates the outward movement of the palea and lemma,
leading to the extrusion of anthers. This study showed that anther extrusion was
suppressed in the AP2-D2 mutant compared to that of the wild type and the other two
single mutants. The degree of reduction was dose dependent for the mutant allele. This
was consistent with the finding that a point mutation in the AP2-D2 allele has a greater
effect on miR172 activity than the other mutant alleles, as suggested by the low energy
interaction between AP2-D2 mRNA and miR172 (Chapter II). Furthermore, double
mutant, AP2-A1/AP2-D2 had a significantly lower anther extrusion rate than the single
mutant 4P2-D2 (Chapter III). This implies that allele accumulation, plays a role in
reducing the number of anthers being extruded. Based on this information, it can be
inferred that A/ allele and D2 allele individually have some level of effectiveness in
promoting anther retention. When these two alleles are combined, their effects were
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amplified, resulting in a stronger impact on anther retention. On the other hand, the 4AP2-
AIDI combination, which consists of two weak alleles, does not have the same level of
effectiveness in promoting anther retention as the 4/ allele and the D2 allele combination.

These changes in anther retention were consistent with changes in lodicule size.

Reduced interaction between miR172 and its target mRNA from the mutant AP2
homoeologs results in compact spike and reduced culm length

miR172 has perfect or near-perfect complementarity with its target mRNAs,
which are usually located in the coding region, and its main mode of action is via mRNA
cleavage. High-throughput mapping data and 5' RACE experiments have shown that
miR172 can cleave its own primary transcript (pri-miR172), suggesting that the
expression of miR172 could be regulated by self-cleavage. miR172 targets include AP2
and 4P2-like transcription factors, and the interaction between miR172 and its targets is
deeply conserved and has an ancient role in plant developmental regulation (Zhu and

Halliwell 2010).

In wheat and barley, miR172 plays a crucial role in regulating spike
morphogenesis and flowering. The interaction between miR172 and its target genes, such
as AP2 and SPL transcription factors, influences spikelet determinacy, floral
development, and plant growth. Specifically, in barley, the suppression of miR172-
mediated cleavage of 4P2 mRNA leads to cleistogamous flowering and affects spikelet
determinacy. Additionally, in a barley mutant, abnormal spikelet development is
observed, indicating the feedback regulation of the AP2/miR 172 module on HvSPL genes.
This intricate regulatory network involving miR172, SPL genes, and AP2 transcription
factors influences various biological processes, including spikelet development and plant

growth phase transition in wheat and barley (Triphati et al. 2018, Volna et al. 2022). Over-
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expression of miR172 in rice results in loss of spikelet determinacy and floral organ

abnormalities (Zhu et al. 2009).

Barley’s cleistogamy alleles (clyl.b and clyl.c) are derived from natural HvAP?2
gene variants (Nair et al. 2010). Induced Zeocriton (Zeo) gene mutants had interesting
mutations in HvAP2, with three different point mutations identified in the miR172 target
site (Houston et al. 2013). The Zeol mutant showed a very compact spike morphology
with a remarkable increase in spike density. The phenotype was caused by significantly
reduced elongation of rachis internodes. This dense-spike phenotype was much more
severe in Zeol than in Zeo2 (= clyl.b) and Zeo3 (= clyl.c). Its severity in Zeol may be
due to the greater reduction in the miR172 binding affinity (Houston et al. 2013). The
result of wheat 4P2 mRNA interaction with miR172 supports this, where AP2-D2 had a
lower interaction than AP2-41 and AP2-DI, resulting in a dense-spike morphology

(Chapter II, III).

According to Chapter III, mutation at the miR172 target site significantly reduce
the rachis and culm internodes. Moreover, there is an indication of positional effect. The
positional effect was primarily observed in the upper parts of both tissues. However, the
accumulation effect in the double mutant AP2-41/AP2-D2 was not observed in either
tissue, possibly because the sole effect of the AP2-D2 allele may be as strong as reaching
the reduction limit. On the other hand, there was a clear decrease in the rachis internode
elongation and it was dose dependent for each 4P2 mutant allele. Additionally, the
weaker alleles AP2-41 and AP2-D1 had a significant additive effect on rachis internode
reduction, indicating that they can be used as reliable markers for evaluating the effects
of the mutation. Expression analysis in different tissues supports these findings, as the
transcript of the 4P2-D2 allele was detected more abundantly in the rachis, culm and
immature spikes than in the wild-type allele. The level of transcription appears to be

77



correlated with the compactness of the spike, with higher transcription levels associated
with a more compact spike structure and, consequently, reduced plant height (Simons et
al. 2006). The Zeol.b barley mutant with disrupted miR172 targeting of AP2 exhibits
reduced cell division and premature maturation, resulting in stunted growth. It was
proposed that miR172 regulation of AP2 affects the jasmonate pathway, which in turn
influences gibberellin-promoted stem growth during the flowering phase (Patil et al.
2019). This shows that the effect of point mutation in the miR172-binding site on the
reduction of rachis internode and culm length is common in barley and wheat.

Point mutation in the miR172 target site has pleiotropic effects on other agronomical

traits

Studies have shown that point mutations in the miR172 target site of wheat and
barley can significantly impact grain and yield related traits. In wheat, these mutations
have been linked to changes in spike morphology and grain threshability, with the
interaction between miR172 and the Q allele being a key factor (Debernardi et al. 2017).
In barley, overexpression of miR172 has been found to affect phase transitions and floral
meristem determinancy (Curaba et al. 2012). These findings suggest that mutations in
the miR172 target site can have a significant impact on the development and yield of
wheat and barley.

Although the number of spikelets per spike and grains per spike did not show
significant differences across the mutants, a distinct pattern emerged. AP2-D2 and AP2-
A1/4P2-D?2 exhibited the highest number of spikelets per spike and grains per spike. This
may be attributed to the compact nature of their spikes. A study by Xie et al. (2017)
suggested that increased grain yield per square meter could be attributed to the semi-
dwarfing effect of the Q allele on plant height, which generally leads to more grains per

spikelet. O allele mutation usually results in more grains per spikelet (Xie et al. 2018). It
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is possible that the Clyl/Zeo ortholog on chromosome 2A is responsible for the shorter
spike length and spike compactness, while the number of spikelets per spike remains
unaffected (Farris et al. 2014). This observation is supported by the finding that the
number of effective spikelets per spike was not reduced in any of the mutants (Chapter
III).
Future perspectives for the development of cleistogamous wheat

In summary, AP2-D2 and AP2-A1/AP2-D2 mutants had significant effects on
anther retention and lodicule size reduction. It is interesting to note that the AP2-41D2
mutant exhibits a more profound effect compared to AP2-D2, indicating the cumulative
effects of these alleles, despite not leading to cleistogamy. Importantly, both the single
AP2-D2 and double AP2-A1/AP2-D2 mutants demonstrate similar reductions in rachis
internode, internode and culm internode length, highlighting the predominant role of the

D2 allele in influencing various agronomic traits.

The accumulation of 4P2 homoeologs with mutations in the miR172 target site
can significantly reduce lodicule size and suppress anther extrusion, which is critical for
achieving cleistogamy in hexaploid wheat. The presence or absence of the wild-type
AP2-B homoeolog had no significant effect on phenotype. Combining different miR172
mutations, especially AP2-B, will be of particular interest for testing the feasibility of
cleistogamy. Debernardi et al. (2020) recently identified a novel point mutation in the
miR 172 target site of the AP2-B homoeolog (4P2L-B2) in a dwarf compact spike mutant
induced in the hexaploid wheat cv. "Wedgetail'. The mutant carrying this allele, named
rAp2l-B2, had smaller lodicules with a significantly reduced (30%) swollen area,
although this did not lead to cleistogamy, together with a remarkably compact spike and
shorter plant height. This mutant allele is expected to have a strong effect on miR172

activity, as it has a much lower interaction with miR172 than the wild-type AP2-B allele.
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Combining the r4p2[-B2 allele with our two mutant alleles, AP2-41 and AP2-D2, and
testing the resulting triple mutant carrying all three mutant homoeologs for cleistogamy
and dosage effects of mutant allele combinations is of particular interest.

Therefore, ‘complete’ cleistogamy, as achieved in barley cultivars, is essential in
wheat to improve the initial resistance to FHB. In this respect, the feasibility of
developing complete cleistogamy in wheat is the main challenge, apart from the novel
insights into the pleiotropic effects of individual mutant AP2 alleles on other

agronomically important traits.
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Summary

Cleistogamy or fertilization in closed flowers reduces the risk of fungal infection
of the florets at anthesis in Triticeae crops. Cleistogamy in barley (Hordeum vulgare) is
determined by a single recessive gene at the Cleistogamyl (ClyI) locus on chromosome
2H. The Cly1 gene is known to be the barley ortholog of the Arabidopsis Apetala? (AP2)
transcription factor gene. A point mutation within the microRNA172 (miR172) target
site of Cly! inhibits the binding of miR172 to the target site of the mRNA, resulting in
the production of the Clyl (HvAP2) protein. This protein negatively regulates the
development of lodicules, keeping florets closed at anthesis. However, cleistogamy is
not evident in hexaploid wheat (Triticum aestivum) cultivars. The aim of this study is to
develop a cleistogamous wheat which could evade the infection caused by Fusarium head
blight and to minimize pollen-mediated gene flow. The present study focused on
evaluating the effects of mutations in the wheat 4P2 homoeologs on the potential for

cleistogamous flowering.

The initial objective was to identify newly induced mutations in the wheat AP2
homoeologs, the three homoeologous genes (4P2-4, AP2-B and AP2-D) located on
chromosomes 2A, 2B and 2D. The 4P2 mutants were induced from the Japanese winter
wheat cultivar 'Kitahonami' by ethyl methanesulfonate (EMS) treatment of the seeds.
Three independent mutants carrying novel point mutations within the miR172 target site
in AP2-A and AP2-D were identified and the mutant alleles were designated as AP2-A41,
AP2-D1 and AP2-D2. However, no point mutations within the miR172 target site were
detected in AP2-B. These point mutations were distinct from those identified in the
cleistogamous alleles clyl.b and clyl.c of the orthologous barley Clyl gene. Field

observations showed normal flowering in all mutants. The lodicules of the mutants
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swelled during anthesis, however, their sizes exhibited notable variations compared to
the wild type. Lodicule depth was decreased in all three mutants, with AP2-D2 exhibiting
the greatest reduction. Lodicule length and width showed a similar trend in 4AP2-D2,
however, not in AP2-A1 or AP2-D1. Furthermore, AP2-D2 had much shorter (compact)
spikes compared to AP2-A1 and AP2-DI. The reduced spike length was due to a
significant reduction in the length of the rachis (spike) internode. Reduced interaction
between mRNA and miR172 at the target site of AP2-D2 resulted in higher transcript

levels that suppressed lodicule development and rachis internode elongation.

A proposed strategy to develop cleistogamous wheat is to accumulate the point
mutations in all three 4P2 homoeologs. This study provided insights into the cumulative
effects of mutant AP2 alleles in suppressing open flowering. A precise evaluation of the
effects of the mutations was made using near-isogenic lines (NILs). Three single mutants
(AP2-41, AP2-DI and AP2-D2) with two double mutants (4P2-A1/AP2-D1 and AP2-
AI/AP2-D2) were evaluated for the effects on flowering and other agronomic traits under
near-isogenic background. Among the three single mutant alleles, AP2-D2 had the
greatest effect on reducing the rate of anther extrusion. Furthermore, the double mutant
AP2-A1/AP2-D2 inhibited anther extrusion more than the single mutant AP2-D2.
Similarly, 4AP2-D2 had the greatest effect on reducing lodicule depth, whereas AP2-
AIl/AP2-D2 showed a significantly greater reduction in lodicule depth than AP2-D2.
AP2-D2 had an additive effect on reducing rachis (spike) internode length, although both
AP2-A1 and AP2-D1 also had an effect, but less than 4P2-D2. The double mutant AP2-
AI1/AP2-DI had a stronger effect on reducing rachis internode length than either AP2-41
or AP2-D1, indicating the cumulative effect of these two alleles. In addition, both single
and double mutants carrying the AP2-D2 allele had shorter culm lengths due to its

reduced internode length, suggesting its pleiotropic effect on stem elongation. The AP2-
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D2 allele showed higher expression levels than the wild type in several floral organs as

well as in the rachis and culm.

In conclusion, AP2-41/AP2-D2 was evaluated as the most effective genotype in
suppressing flower opening, although cleistogamy was not achieved. The study also
provided new insights into the pleiotropic effects of individual mutant 4P2 alleles on

plant development and agronomic traits in wheat.
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