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HIGHLIGHT

Characterization of the wheat GA 3-oxidase family revealed diversified functions. GA30OX2
plays an essential and conserved role in vegetative and reproductive development, whereas

variation in GA30OX3/GA10X1 genes affects grain development.
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ABSTRACT

In plants, gibberellin (GA) levels are tightly regulated to optimise growth and development. GA
3-oxidases (GA30X) catalyse a key GA biosynthesis step, converting precursor GAs into
bioactive forms. We characterised seven GA30X homologues in bread wheat (Triticum aestivum
L.): a homoeologous triad of GA30X2 genes expressed in vegetative and reproductive tissues
and four others (a homoeologous triad of GA30X3 genes plus GALOX1-B1) expressed

predominantly in grains.

ga3ox2 mutants are severely dwarfed and infertile due to very low bioactive GA levels,
indicating GA30X2 is essential for normal wheat development. By contrast, ga3ox3 mutants
have lower bioactive GA levels in grains, reducing grain size and weight, while galox1 mutants
accumulate high levels of bioactive GAs, producing larger grains. Unexpectedly, ga3ox3 and
galoxl alleles also affected height, possibly reflecting GA transport to vegetative tissues.
Natural variation in adjacent GA30OX3-B1 and GA10X1-B1 genes was associated with
differences in grain size and weight, suggesting that a haplotype associated with larger grains
was selected during modern breeding. Our study shows that the wheat GA3OX family has
diversified roles, with GA30X2 required for general growth and GA30X3/GA10X1 modulating
GA levels during grain development. These findings highlight opportunities to exploit variation

in GA biosynthetic pathways for wheat improvement.

KEYWORDS

Wheat, gibberellin, GA 3-oxidase, grain size, height, genetic diversity.
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ABBREVIATIONS

2-ODD - 2-oxoglutarate-dependent dioxygenase
GA — gibberellin

GA200X - GA 20-oxidase

GA20X — GA 2-oxidase

GA30X — GA 3-oxidase

EMS — ethyl methanesulfonate

LMM - linear mixed model

REML - Restricted maximum likelihood

TGW - thousand-grain weight
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INTRODUCTION

Gibberellins (GAs) are a family of diterpenoid carboxylic acids, members of which function as
hormone signals in higher plants, regulating important developmental processes such as seed
germination, stem elongation, and flowering (Castro-Camba et al., 2022). Of the 136 identified
GA forms, only a few — primarily GA1, GAs and GAs — exhibit bioactivity (Sponsel, 2016).
These bioactive GAs bind the receptor GIBBERELLIN INSENSITIVE DWARFL1 (GID1),
triggering a conformational change that enhances the affinity of GID1 for DELLA proteins,
resulting in the latter protein's polyubiquitination and degradation via the E3-ubiquitin ligase
pathway (de Lucas et al., 2008; Shimada et al., 2008; Ueguchi-Tanaka et al., 2005). DELLA
proteins modulate the activity of hundreds of transcription factors through protein-protein
interactions, and their GA-mediated degradation has a major effect on the cellular transcriptional
landscape (Zentella et al., 2007). Therefore, it is essential that bioactive GA levels are tightly
controlled to ensure optimal growth responses to developmental signals and environmental cues

(Shani et al., 2024).

Plants precisely regulate bioactive GA levels through the activity of different classes of GA
biosynthetic enzymes (Shani et al., 2024). Four classes of 2-oxoglutarate-dependent
dioxygenases (2-ODDs) — GA 20-oxidase, GA 3-oxidase, C19-GA 2-oxidase and C20-GA 2-
oxidase — catalyse key steps in the final stages of GA biosynthesis (GA200X and GA30X) and
inactivation (GA20X) (Fig. 1). Each enzyme contains a conserved core domain that binds
ferrous Fe (2+) as a cofactor that is required to catalyse the oxidation of GA substrates in the
presence of the co-substrates O, and 2-oxoglutarate (Kawai et al., 2014). Their activity is a major

factor in determining the concentration of bioactive GAs.
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The GA-biosynthetic pathway splits into the non-13-hydroxylation (13-H) or 13-hydroxylation
(13-OH) branches depending on the 13-hydroxylation of GA1» that is catalysed by the
cytochrome P450 GA 13-oxidase (Fig. 1). In each branch, GA 20-oxidase (GA200X) enzymes
catalyse three consecutive oxidation reactions on C-20, producing GAg and GAz from GA12 and
GAs3, respectively (Fig. 1). These GAs are substrates for GA 3-oxidase (GA30X) enzymes,
which catalyse the 3p-hydroxylation of GAg to bioactive GA4 and GAzo to bioactive GA;
(Appleford et al. 2006) (Fig. 1). The two classes of GA 2-oxidase (GA20X) enzymes catalyse
2B-hydroxylation of bioactive (C19) or precursor (C2o) GAs, respectively, at the C-2 position,
resulting in their inactivation, thus reducing the pool of bioactive GAs (Schomburg et al., 2003;
Thomas et al., 1999). GA-mediated degradation of DELLA proteins suppresses GA200X and
GA30X expression and promotes GA20X expression as a homeostatic mechanism controlling

the rate of GA biosynthesis (Zentella et al., 2007).

GA200X, GA30X and GA20X enzymes are encoded by multigene families in the genomes of
all seed plants (Kawai et al., 2014). These gene families have undergone lineage-specific
expansions and functional diversification. The Arabidopsis genome contains four GA30X genes,
including AtGA30X1 and AtGA30X2, that redundantly regulate vegetative development
(Mitchum et al., 2006). However, paralogous GA30X genes in Arabidopsis and Oryzae are
grouped into different phylogenetic subclades, indicating that these families have expanded
independently since the monocot-dicot divergence (Kawai et al., 2014; Pearce et al., 2015; Wang

etal., 2023).

Monocot genomes contain at least two paralogues of GA30X, including highly conserved

GA30X2 genes that play a critical role in vegetative development. In rice, a null allele of
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OsGA30X2 (d18-AD) confers a severely dwarfed growth habit, stunted stems, and wide, dark-

green leaves (Itoh et al., 2001; Sakamoto et al., 2004).

The GA30X family also underwent independent expansion and functional divergence in different
monocot tribes. In rice (Oryza sativa), OSGA30X1 is expressed in anther filaments, lodicules,
pollen and is required for male reproductive development (Hsieh et al., 2023; Kawai et al.,
2022). Transcripts are also detected in the epithelium of the embryo scutellum suggesting a role
in germination (Kaneko et al., 2003). However, in other Oryzae species, such as Oryza punctata,
the orthologous gene is expressed in roots and spikelet tissues-as well as anthers, suggesting that
the specialized role of OsGA30X1 in reproductive development has evolved recently in Oryza

sativa (Kawai et al., 2022).

Barley (Hordeum vulgare) and wheat genomes do not contain orthologues of OSGA30X1. An
independent duplication event in the Triticeae originated the orthologues HYGA3,180X1 in
barley and GA30X3 in wheat (Pearce et al., 2015). Both genes are highly expressed in grain
tissues but encode enzymes with distinct biochemical activity. In barley, HYGA3,180X1 encodes
a bifunctional GA 3f,18-dihydroxylase enzyme that catalyses the conversion of GAg to GA13z,
while in wheat, GA30X3 catalyses the 3p-hydroxylation of GAg to bioactive GA4 and of GAs1 to
GAss (Fig. 1). A tandem duplication on chromosome 2B specific to wheat-originated GA10X1-
B1, which encodes a GA 1-oxidase that catalyses the conversion of GAg to GAe1 (Pearce et al.,
2015; Wang et al., 2023). In addition to GAs1 and GAss, developing wheat grains contain their
13-hydroxy analogues GAso and GAss, respectively (Gaskin et al., 1980; Kirkwood and
MacMillan, 1982). Based on their biochemical activity, we proposed that TaGA10X1-B1 and

TaGA30X3 act sequentially to catalyse GAs4/GAss synthesis from GAo/GA20, respectively,
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during grain development, although the physiological relevance of this activity remains unknown

(Pearce et al., 2015).

The goal of the current study was to determine the function of GA30X2, GA30X3, and GA10OX1
in wheat. Using stacked ethyl methanesulfonate (EMS)-induced loss-of-function mutant lines,
we showed that GA30OX2 activity is essential for normal vegetative and reproductive
development. ga3ox3 mutants exhibited reduced bioactive GA levels, grain weight and height,
whereas galox1 mutants accumulated high levels of bioactive GA and had larger grains and
increased height. Natural genetic variation at the GA30X3-B1-GA10X1-B1 locus was associated
with grain size in a collection of wheat landraces. Our research provides insight into the
functional divergence of GA biosynthesis enzymes in wheat and highlights the potential to

exploit variation in GA biosynthetic pathways for crop improvement.
MATERIALS AND METHODS
Plant materials and growth conditions

Wheat lines carrying mutations in target GA3OX and GA1OX genes were identified from an in
silico database of wheat EMS mutants in the 'Cadenza’ genetic background (Krasileva et al.,
2017) (Table 1). Individual My lines carrying mutations in different homoeologous copies of
each target gene were combined by crossing, backcrossed to wildtype ‘Cadenza’ to reduce the
number of background mutations, and then selfed to select wildtype and mutant sister lines for
each target gene. All selected mutations introduce premature stop codons upstream of essential
protein domains except the galox1 mutant, which carries a point mutation in the 3’ splice
acceptor site of intron 2 (Supplementary Fig. S1). With such mutations, there is a risk that the

presence of alternate in-frame splice sites can result in the translation of a functional allele.
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However, the extremely low levels of GAss and GAs: in these mutant lines suggest that the

galoxl allele encodes a non-functional protein.

Seeds were germinated on damp filter paper, transferred to 2 cm x 2 cm cells of Rothamsted
Prescription Mix compost, then moved to 15 cm pots and grown under standard glasshouse
conditions. Glasshouse phenotyping of ga3ox2 genotypes was performed using BCsF> plants.
Twice-weekly foliar sprays of 10 uM GAs were required to initiate flowering and seed setting.
Glasshouse phenotyping of ga3ox3 genotypes was performed using BCzF3 plants and field
experiments used BC3zF4 and BCsFs lines. Glasshouse phenotyping of galox1 genotypes was

performed using BCsFs plants, and field experiments used BCsF4 and BCsFs lines.
Glasshouse experiments

Plant height was determined in the glasshouse using a randomized extended block design

consisting of four blocks of 18 pots with 3 plants per pot. The trial included 10 lines in total but

only the results for ga3ox3, galoxl and their corresponding wildtype controls are presented here.

Each genotype was grown in two pots per block so that a total of 24 plants in 8 pots were

phenotyped for each line. Mean heights were compared using one-way ANOVA with a nested

blocking structure (block/pot/plant), incorporating nested mutant vs. wildtype contrasts for each

gene. Heights were transformed to logarithms (base 10) prior to analysis to achieve variance
homogeneity. Tiller number and spikelet number were measured for ga3ox2 in a separate

glasshouse trial grown as a single block and compared using Student’s t-test (N = 20).

Inflorescence development in these lines was assessed using manual dissection and imaging on a

Leica M205 FA Stereomicroscope with DFC310 FX camera and Leica LAS X software (Leica

Microsystems, Milton Keynes, UK).
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Field experiments

Field experiments were sown in spring 2021 and autumn 2023 at Rothamsted Research
Experimental Farm in Southeast England as 1 m? plots with a seeding rate of 450 seeds/m? using
standard farm practice for fertiliser and pesticides. No plant growth regulators were applied. The
2021 field trial plan comprised three replicate blocks arranged as arrays of 6 rows and 6
columns, with the complete trial arranged as 18 rows by 6 columns. Lines were allocated to plots
in each trial according to a resolvable row-column design with blocking as described and
additional Latinization across 'long columns' (i.e. single columns of 18 plots cutting across the
replicate blocks) to allow for potential additional variation due to the direction of farming
operations (perpendicular to spatial blocking). The 2023 field experiment had the same overall
18 x 6 layout as in the 2021 experiment but comprised six 3-row by 6-column replicate blocks,
with long columns of 18 plots again cutting across blocks. Each trial included multiple lines but
only the results for ga3ox3, galoxl and their corresponding wildtype controls are presented here.
An error during drilling of the 2023 trial meant that the blocks no longer contained a complete
replicate of the 18 genotypes tested. However, the analysis was still able to account for the

design structure, enabling an appropriate comparison of the genotypes.

Height measurements in the field were taken using a floating polystyrene disc of diameter 60 cm,
taking six measurements per plot. Samples for internode length, inflorescence and grain
measurements were taken from 10 randomly selected main tillers from each plot. Internode and
spike lengths were measured manually between the lower bounds of each node. Grain sizes were
measured on samples of ~200 grains using a MARVIN-Digital Seed Analyser (MARVITECH
GmbH, Germany) running the software Marvin 6.0. Grain yield was measured at final harvest, as

tonnes/ha corrected to 85% dry matter, calculated using the fresh weight of grain per plot and the
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grain dry matter content. Dry matter was calculated from the fresh and dry weight of a sub-
sample of approximately 80 g dried for 16 h at 105 °C. Traits measured in both field trials were
first analysed for each trial separately using linear mixed models (LMMs) fitted using restricted

maximum likelihood (REML), each with a one-way fixed model (line) and the random model

reflecting the design/randomization structure of the trial ((block/row)*long column in each case).

Data from both trials were then combined using a LMM meta-analysis with a two-way
(trial*line) fixed model and allowing a separate random model for each trial. Nested mutant vs.
wildtype contrasts were incorporated for each gene. The meta-analysis model allows for separate
estimates of the residual variance for each experiment, as well as for the different (but

algebraically identical) random models.

Spikelet number, grain number, yield and individual height components were measured only in
2023 and were analysed using an LMM fitted using REML, as described above. Nested mutant

vs. wildtype contrasts were incorporated for each gene.

The Watkins collection was sown at Rothamsted Farm in two consecutive years. The 2022
Watkins experiment was sown in autumn 2021 and harvested in summer 2022. The 2023
Watkins experiment was sown in autumn 2022 and harvested in summer 2023. Lines were
allocated to one of six groups according to short/tall x early/middle/late characteristics. The six
groups were allocated to main plots (20 x 6 arrays of field plots) within each of three blocks
according to a randomised complete block design. Within main plots, lines (of a given group)
were allocated to plots according to a resolvable row-column design. The 2023 trial was
designed as a resolvable row-column design with three replicate blocks of 36 rows by 24
columns, 18-row Latinization and overall size 36 rows x 72 columns. All plots were 1 m? sown

at 300 seeds/m?. A reduced rate of nitrogen fertiliser, 80 kg N/ha was used to reduce the risk of
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lodging, and plant growth regulators were applied. Grain yield was calculated as described
previously. Before harvest, 20 spikes were collected from a single plot for 618 lines in 2022 and
for 810 lines in 2023, threshed using a laboratory thresher and the grain and chaff samples dried
and weighed. From the data the weight of grain per spike was calculated, and from the plot grain
yield the number of spikes per unit area. A separate grain sample, saved from the combine
harvester, was used for grain size measurements using a Marvin seed counter. The samples were
then dried at 105 °C for 16 h, weighed, and the data was used to calculate thousand-grain weight
(TGW). From the TGW and grain yield the number of grains per unit area was calculated, and
then using the spike population data, the number of grains per spike. From this and the chaff
weight from threshing, the fruiting efficiency (grains per g of chaff) was calculated. All traits
were measured in 2022 and only spikes per m?, grain weight per spike and plot yield was
measured in 2023. One-way ANOVA was used to determine the association between GA30X3-
B1-GA10X1-B1 haplotype and different phenotypic traits among the landraces. Fruiting
efficiency values (Fec_CalcGhSamp_grng) were logio transformed to correct variance
heterogeneity, all other traits are presented on the natural scale. Tukey's Honest Significant

Difference post hoc test was used to determine significant differences between haplotype groups.

Haplotypes were compiled, analysed and visualized using the package genHapR (Zhang et al.,
2023). Accession information, including genotype, ancestral group, and country of origin for the
Watkins landraces, was previously described (Cheng et al., 2024). Accessions with heterozygous
base calls were excluded from the analysis. Contingency tables classified by haplotype and
ancestral group or geographical region were analysed using Pearson's chi-squared test for
association, with statistical significance calculated using a random permutation test as some

expected values were small (< 5).
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Genotyping

Plants were genotyped using PCR Allele Competitive Extension (PACE) assays specific for each
induced mutation. Haplotypes at the GA30X3-B1-GA1OX1-B1 locus were tested using two
different PACE assays (Supplementary Table S1). Assays were run using an ABI7500 real-time
PCR machine using 1x low-ROX PACE genotyping master mix (3CR biosciences) using 250 ng
of genomic DNA, 0.4 uM of the common primer and 0.2 uM of each specific primer
(Supplementary Table S1). The programme included ten cycles of touchdown PCR (Annealing
temperature ~63 °C dropping by 0.5 °C per cycle) and 26 cycles of standard PCR (annealing

temperature ~57 °C).
GA quantification

Seven-day-old seedling tissues were harvested from BCsF. ga3ox2 mutant and wildtype
'‘Cadenza’ plants, including the elongating leaf sheath region of the first leaf from the base to the
lamina joint, including internal tissue such as developing leaves and the meristem. Five
biological replicates of each genotype were harvested. To quantify GA levels in grains, samples
were harvested at 25 DPA from glasshouse-grown materials of BC3sF lines of ga3ox3 (wildtype,
ga3ox3-al, ga3ox3-b1 and ga3ox3 genotypes) and BCsF2 lines of wildtype and galoxl
genotypes. Freeze-dried samples (approximately 5 mg) were processed, and GAs were quantified
in five (seedling) or three-four (grain) biological replicates as described previously (Urbanova et
al., 2013). At the same stage of grain development, targeted analysis by combined gas
chromatography-mass spectrometry on a MAT95XP mass spectrometer coupled to a Trace GC
(ThermoElectron) (MacMillan et al., 1997) was used to detect the presence of GAss in different

wheat species.
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Enzyme assays

Expression of TaGAloxl in pET32b (Pearce et al., 2015) in T7 chemically competent E. coli
(NEB) was induced in log phase with 0.5 mM IPTG and further cultivation at 20 °C for 16 h.
Centrifuged cells were resuspended in 100 mM Tris-HCI buffer pH 7.2 supplemented with 100
mM NaCl, 5% glycerol and 2 mM DTT before disruption using a cell lyser (Constant Systems) at
27 kPSI. The His-tagged TaGA10OX1 was purified on HisPur cobalt spin columns (Thermo Fisher
Scientific), concentrated on Amicon centrifugal filters (Millipore) with a 30 kDa cutoff and flash

frozen in liquid nitrogen.

Assays to determine Km and kcat values for GAg and GA2o were performed as described previously
(MacMillan et al., 1997) with minor modifications. TaGAlox1 was diluted to 100 nM final
concentration and incubated with either substrate at 30 °C for 30 min in a 0.1-25 puM concentration
range in 55 pL total volume. To stop the reaction, methanol and acetic acid were added to reach
33% and 3.3% of the total volume, respectively. The samples were analyzed by LC-MS as
described previously (Urbanova et al., 2013) using single ion monitoring to determine the amounts
of products formed. Parameters of Michaelis-Menten kinetics were calculated using GraphPad

Prism 8.

Binding affinities of GAg and GAz with TaGA10OX1 were determined by microscale
thermophoresis on a Monolith NT.115 after labelling the enzyme with 2" generation RED-tris-
NTA dye (Nanotemper). A two-fold dilution series of both substrates was prepared, starting from
0.5 mM, and mixed with 50 nM labelled enzyme in 50 mM MOPS buffer at pH 7.5. The mixture
also contained 4 mM DTT, 2.5% DMSO, 0.1% Tween-20 and 250 uM FeSOs, while 2-

oxoglutarate and ascorbate were omitted to prevent enzymatic conversion.
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Sequence analysis

We used BLASTNn searches to identify GA30X2, GA30X3 and GA10OX1 genes in the genome
assemblies of sequenced wheat varieties and ancestors, including Triticum urartu accession
G1812 (Ling et al., 2018), Aegilops longissima accession AEG-6782-2, Aegilops speltoides ssp.
speltoides accession AEG-9674-1 (Avni et al., 2022), Aegilops sharonensis accession 1644 (line
number BW_24933) (Yu et al., 2022), Aegilops tauschii (accession AL8/78) (Luo et al., 2017),
Triticum dicoccoides 'Zavitan' (Avni et al., 2017) and Triticum durum Svevo (Maccaferri et al.,
2019) as well as 13 varieties of Triticum aestivum (Walkowiak et al., 2020) and Triticum
timopheevii (Grewal et al., 2024) (Supplementary Table S2). The microhomology tool in the
online platform Triticeae Gene Tribe (Chen et al., 2020) was used to present the physical

location of GA30X and GA1OX1 genes.
Transcriptome analysis

Leaf sheath tissue from the grain to the top of the coleoptile was harvested from seven-day-old
‘Cadenza’ and ga3o0x2 mutant seedlings (four biological replicates each) and flash-frozen in
liquid nitrogen. Total RNA was extracted using the Monarch® Total RNA Miniprep Kit with on-
column DNase treatment (New England Biolabs, Ipswich, Massachusetts, USA). RNA quality
was assessed using an Agilent RNA 6000 Nano Chip and Agilent 2100 Bioanalyzer (Agilent,
Santa Clara, USA). RNA samples were sequenced using paired-end Illumina sequencing by
Novogene Europe (Cambridge, UK). Sequencing reads were trimmed for quality and adapter
sequences using Trimmomatic 0.39 (parameters SLIDINGWINDOW:4:20; MINLEN:50)
(Bolger et al., 2014), then aligned and quantified using Kallisto against the IWGSC RefSeq v2.1

annotated gene models (Zhu et al., 2021). Transcript per million (TPM) values were calculated
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for each gene and pairwise contrasts were made between ‘Cadenza’ and ga30x2 mutants using

DESeq v2 (Love et al., 2014).
RESULTS
GA30X2 is essential for wheat vegetative and reproductive development

Three wheat plants carrying EMS-induced mutations introducing premature stop codons in
GA30X2-Al, GA30X2-B1 and GA30X2-D1, respectively, were intercrossed, then backcrossed
three times to wildtype 'Cadenza’, to develop a ga3ox2 mutant line (Table 1). All three mutant
alleles encode truncated proteins that lack the essential Fe (2+) 2-ODD catalytic domain and are

highly likely to be non-functional (Supplementary Fig. S1A).

In seedling tissues, bioactive GA1 content was approximately three-fold lower in ga3ox2 mutants
than in wildtype 'Cadenza’ (P < 0.001), whereas GA4 was not detected in any sample (Fig. 2A,
Supplementary Table S3). The ga3ox2 mutant accumulated significantly higher levels of GAxo,
the substrate for GA30X2, and GA»g, the 2B-hydroxylated inactivated product of GAxo (Fig. 2A,
Supplementary Table S3). Levels of GAs4 and GA19 were significantly lower in the ga3ox2
mutant, consistent with increased GA 20-oxidase activity (Fig. 2A, Supplementary Table S3).
Transcript levels of GA200X1 and GA200X2 were significantly higher in ga3ox2 mutants
compared to wildtype ‘Cadenza’, while several GA20X genes were down-regulated, consistent
with reduced feedback regulation in response to low bioactive GA levels (Supplementary Table

S4).

In the glasshouse, ga3ox2 plants were severely dwarfed (previously shown in (Shani et al.,
2024)), had darker leaves, and significantly more tillers than wildtype plants (Figs. 2B and 2C, P

< 0.001). Reproductive development was severely delayed in the ga3ox2 mutant, most
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prominently in the stages preceding terminal spikelet formation (Stage W3.5, (Waddington et al.,
1983); Supplementary Fig. S2). Upon emergence, ga3ox2 spikes were compact, had significantly
fewer spikelets than the wildtype (P < 0.001) and did not set seed (Figs. 2D and 2E). Twice-
weekly sprays of bioactive GAs almost completely restored the height and fertility of ga3ox2
mutants to wildtype levels, demonstrating that the observed phenotypes are caused by GA
deficiency (Fig. 2B). Plants carrying loss-of-function mutations in two of three GA30OX2
homoeologues were only between 1% and 9% shorter than the wildtype, demonstrating that
GA30X2 genes exhibit functional redundancy and that mutations in all three homoeologues are
required to confer a severely dwarfed phenotype (Supplementary Fig. S3). Taken together, these
observations demonstrate that GA30X2 activity is essential for normal vegetative and

reproductive development in wheat.
Generation of ga3ox3 and galox1 mutants

In the '‘Cadenza’ genome, GA30X3-Al and GA30X3-B1 are predicted to encode full-length
functional 2-ODD enzymes. However, GA30X3-D1 carries a 7 bp insertion in exon 2 that results
in the introduction of a premature stop codon upstream of the conserved Fe (2+) 2-ODD domain
and likely encodes a non-functional protein (Supplementary Fig. S1A). Therefore, wheat plants
carrying EMS-induced mutations introducing premature stop codons in GA30X3-Al and
GA30X3-B1, respectively, were intercrossed then backcrossed to develop a ga30x3 mutant
(Table 1). A third EMS-mutant line carrying a point mutation in the 3' splice acceptor site in
intron 2 of GA1OX1-B1 was backcrossed to develop a galox1 mutant (Table 1, Supplementary
Fig. S1B). In the 'Cadenza’ genome, GA30X3-B1 and GA10X1-B1 are just 3,618 bp apart on
chromosome 2B (Supplementary Fig. S4), precluding the recombination of these alleles into the

same background, so ga3ox3 and galox1 mutant lines were evaluated separately.
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Sequential GA10OX1-B1 and GA30X3 activity is required for GAss and GAss synthesis in

wheat grains

Transcripts of GA30X3 and GA10OX1 are detected almost exclusively in developing grain tissues
(Pearce et al., 2015) so we quantified GA levels in grains at 25 days post anthesis (DPA), the
stage at which grain filling reaches its maximum rate. Grains of wildtype plants accumulated
extremely high levels of GAss and GAss and low levels of GAe1 and GAeo consistent with strong
GA30X3 and GA10X1 activity in both the 13-OH and 13-H branches of the GA biosynthetic
pathway (Fig. 3). By contrast, GAss and GAss levels were negligible in the ga3ox3 mutant, and
the GA30X3 substrates GAs1 and GAgo accumulated to high levels (Fig. 3). Notably, GAs4 and
GAss levels were significantly reduced in the ga3ox3-b1 mutant line (P < 0.001) but not in the
ga3ox3-al mutant line (P > 0.05) (Supplementary Table S5). These results demonstrate that
GA30X3 activity is required for the 3B-hydroxylation of GAes1 to GAss and of GAeso to GAss and

that GA30X3-B1 contributes the majority of this activity.

The galox1 mutant also exhibited a significant reduction in GAss and GAss levels compared to
the wildtype, and neither GAso nor GAe1 was detected in this line, demonstrating that both
GA30X3 and GA10X1 activity is required for GAss and GAss synthesis (Fig. 3). Since
GA10X1 genes are only found in the B genome, we tested the capacity of different wheat species
to synthesise GAs4. Using targeted analysis, we detected GAsa in the grain of hexaploid common
wheat (genomes AABBDD) and tetraploid durum wheat (T. turgidum subsp. durum (AABB) but

not in Triticum urartu (AA) or Ae. tauschii (DD) (Supplementary Fig. S5).

Changes in the concentrations of GAss and GAeo in the ga3ox3 and galox1 mutants mirrored
those of GAss and GAe1, but the 13-hydroxy GAs were present at lower levels than their 13-H

analogues, indicating that the 13-H GA pathway predominates in wheat grain (Fig. 3). We
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investigated the influence of the 13-hydroxyl group on GA 1-hydroxylase activity by incubating
GAg, GA20, GA4 and GA1 with recombinant TaGA10X1. GA4 and GA:1 were not converted,
further confirming the necessity for 1B-hydroxylation to precede 3p-hydroxylation in the
formation of GAss and GAss. The enzyme converted GAg to GAs1 and GA2o to GAeo With Kinetic
parameters displayed in Supplementary Table S6. The kcat/Km values for GAgand GAz were
8.7x107 and 5.1x10° uM s, respectively, indicating a slight preference for GAgas the
substrate. The dissociation constants (Kq values) for GAgand GA2 with TaGA10OX1 were
determined using microscale thermophoresis as 1.2 and 4.8 pM, respectively (Supplementary

Table S6).

Taken together, these results demonstrate that the sequential activity of GA10X1-B1 and
GA30X3 is necessary and sufficient to catalyse GAJ/GA2 — GAs1/GAss — GAs4/GAss
reactions in wheat grain and that most of this activity is performed by enzymes encoded by

adjacent GA10X1-B1 and GA30X3-B1 genes on chromosome 2B.
GA30X3 and GA10OX1 activity modulates bioactive GA levels during grain development

Bioactive GA1 and GA4 levels were significantly lower in the ga3ox3 mutant than in the
wildtype (P <0.001), demonstrating that GA30X3 catalyses the 3p3-hydroxylation of GA2 to
GA:1 and of GAg to GA4 in wheat grain (Fig. 3, Supplementary Table S5). Levels of GAs: were
significantly higher in the ga3ox3 mutant (P < 0.001), suggesting that in the absence of
GA30X3 activity, the substrate GAg is subject to higher rates of 23-hydroxylation than in the
wildtype (Fig. 3). By contrast, bioactive GA1 and GA4 levels were extremely high in the galoxl
mutant compared to wildtype segregants (Fig. 3). The galox1 mutant also accumulated
significantly higher levels of precursor (e.g. GAg) and inactivated (e.g. GAzs) forms of GA in

both the 13-H and 13-OH pathways (Fig. 3).
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GA30X3 and GA10OX1 activity regulates grain development and stem elongation

To determine how differences in grain GA levels affect plant phenotype, we evaluated galox1l
and ga3ox3 mutants in field experiments in 2021 and 2023. Across both experiments, grains
from the galox1 mutant were significantly wider, longer and larger than the wildtype segregant,
although the effects on thousand-grain weight (TGW) were inconsistent between different
experiments, potentially due to environmental variation between years and the inherent variation
in small plot field experiments (Figs. 4A to 4D, Supplementary Table S7). By contrast, grain
width and TGW were significantly lower in the ga3ox3 mutant than in the wildtype segregant
(Figs 4A to 4D, Supplementary Table S7). Despite these differences in grain size, there were no
significant differences between mutant and wildtype genotypes in yield (Supplementary Table
S8). Nor were there any differences in spikelet number or grain number, suggesting these genes

do not influence inflorescence development (Supplementary Table S8).

Unexpectedly, ga3ox3 and galox1 mutations conferred differences in plant height. The ga3o0x3
mutants were 3.0 cm and 4.5 cm shorter (P = 0.013) than their wildtype segregants, while the
galox1 mutants were 10.7 (P < 0.001) and 1.2 cm taller than their wildtype segregant lines in the
2021 and 2023 experiments, respectively (Fig. 4E, Supplementary Table S7). Changes in plant
height were consistent when these lines were grown in glasshouse conditions (Supplementary

Fig. S6).

To understand the basis of these height differences, we measured spike and individual internode
lengths across the stem. In the ga3ox3 mutant, the four lowest internodes were all significantly
shorter than in the wildtype segregant (P < 0.018), whilst spike length was not affected (Fig. 4F,
Supplementary Table S8). In the galox1 mutant, the spike was significantly longer than the

wildtype segregant (P = 0.036), and the peduncle and P-1 internode were also longer, although
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these differences were not statistically significant. The lowest three internodes were all shorter in

the galox1 mutant (Fig. 4F, Supplementary Table S8).

Taken together, our results show that the depletion of bioactive GA levels in the grains of
ga3ox3 mutants confers reduced height and TGW, while the accumulation of bioactive GA in

galox1 mutants confers increased height and larger grains.

GA30X2 genes are highly conserved in wheat genomes but GA30X3and GA10X1 are

genetically diverse

We next explored the genetic variation in wheat GA30X genes. GA30X2 presents as a
homoeologous triad in the genomes of all the modern and ancestral wheat species analysed with
no presence-absence variation (Supplementary Table S2). In the 'Cadenza’ genome,
homoeologous GA30X2 genes encode proteins that share >96% amino acid identity with one
another (Supplementary Fig. S7). GA3OX2 genes are also remarkably homogeneous within T.
aestivum accessions. In the Watkins collection of 1,051 wheat varieties and landraces, a single
haplotype of GA30X2-Al was shared by 96.3% of accessions (Supplementary Fig. S8) and
across all three GA30X2 homoeologues, only five polymorphisms fall in protein-coding

sequences (Supplementary Fig. S8).

By contrast, GA30X3 and GA10X1 were more genetically diverse between wheat accessions.
Proteins encoded by the GA30X3-Al and GA30X3-B1 homoeologues share only 83.7% identity
at the amino acid level, and GA10X1-B1 is even less similar (Supplementary Fig. S7).
GA30X3-D1 was either deleted or predicted to encode a non-functional protein in all screened
hexaploid wheat accessions and Ae. tauschii (Supplementary Table S2). Both GA30X3-B1 and
GA10X1-B1 genes were found in the B genomes of all common wheat varieties, durum wheat

(T. durum) and wild emmer wheat (T. dicoccoides), as well as the S genomes of Ae. speltoides,

G20z I4dy 0L uo Jesn Y39| Aq L6101 L8/LGLIeIS/AXI/E60L 0L /I0p/8|oIe-00uBApE/qX]/WO0D dnodlWaped.//:sdly Woly papeojumo(



Ae. sharonensis and Ae. longissima and the G genome of T. timopheevii (Supplementary Table
S2). This demonstrates that the duplication that originated GA10X1-B1 pre-dates the

domestication of common wheat.

We focused on the genetic diversity at the GA30X3-B1-GA1OX1-B1 locus because of their
dominant role in GA biosynthesis in the grain. In the Watkins collection, 58 haplotypes at this
locus were shared by two or more accessions (Supplementary Table S9). The two most common
haplotypes (H1, N =37 and H2, N = 36) were polymorphic at 362 sites, including 53 variants
within the GA30X3-B1 and GA10X1-B1 coding sequence (Supplementary Table S9). The
GA30X3-B1 proteins encoded by each haplotype share just 96.0% identity at the amino acid

level, and the GA10X1-B1 proteins are 95.8% identical.

In addition to variation in the protein-coding sequences, three non-coding regions were deleted in
H2; a region approximately 562 bp downstream of GA10X1-B1, a ~1,842 bp intergenic region

and a region beginning 362 bp upstream of GA30X3-B1 (Fig. 5A).

To study the frequency of these Indels, we selected one polymorphic site for each of the three
deleted regions and re-ran haplotype analysis in the Watkins landrace collection (Fig. 5A,
Supplementary Table S10). There were five haplotypes shared by more than ten accessions (Fig.
5B). Haplotypes were unevenly distributed across ancestral groups (2, 28 df = 360.77, P <
0.001, N =1022). Across all accessions, H1, characterised by the deletion of all three regions,
was the most common and was carried by 78.6% of modern wheat varieties (Fig. 5C,
Supplementary Table S11). Among landraces, H1 was also the most common haplotype in all
ancestral groups except groups 1 and 3, where H2, characterised by the presence of all sequences
in these three regions, was the most common (Fig. 5C). H3 was carried by 31.5% of the

accessions in ancestral group 6 (Fig. 5C). Haplotype frequencies also varied geographically (y?,
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28 df = 349.73, P < 0.001, N =1017). In most regions, H1 was the most common haplotype, but
H2 was carried by 40.2% of lines originated in Asia and H3 was carried by 44.4% of lines

originating in Australia (Supplementary Fig. S9, Supplementary Table S11).

Among landraces, variation at the GA30X3-B1-GA10X1-B1 locus was associated with
differences in grain width, grain area, grain weight and yield (Supplementary Table S12).
Landraces carrying H1 exhibited, on average, significantly larger and heavier grains as well as
improved yield than landraces carrying H2 or H3, but were not significantly different from those
carrying haplotypes H4 or H5 (Figs. 5D and 5E, Supplementary Table S12). This suggests that

this locus may have been subject to selection in modern wheat varieties.
DISCUSSION
Orthologous GA30X2 genes play conserved roles in plant development

Genetic variation in GA biosynthesis genes has been an important source of reduced height and
lodging resistance alleles in cereal crops (Hedden, 2003). These include sd1, a loss-of-function
OsGA200X2 allele in rice (Sasaki et al., 2002) and Rht14, caused by the misexpression of
TaGA20X-A9 in wheat (Tian et al., 2022). By contrast, allelic variation in GA3OX genes is less
frequently deployed in breeding programmes, potentially because mutant alleles confer a
reduction in height that is too extreme for use in crop production. The severely dwarfed
phenotype of the wheat ga3ox2 mutant is similar to the d18-AD and d18-y alleles in rice (which
carry a deletion and frame-shift mutation in OsGA30X2, respectively) and the d1-6016 allele in
maize (Zea mays) (that carries a deletion of ZmMGA30X2) (Itoh et al., 2001; Sakamoto et al.,
2004; Teng et al., 2013). These common phenotypes indicate that orthologous GA30X2 genes

play functionally conserved roles in stem elongation in different cereal crops.
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It is possible that mutations that reduce but do not abolish GA30X2 activity may have agronomic
potential. For example, in rice, a 9 bp in-frame deletion in the d18h allele, an amino acid
substitution in the d18k allele, and CRISPR-induced lesions in the OsGA30X2 promoter all
confer a semi-dwarf phenotype (Itoh et al., 2001; Sakamoto et al., 2004; Zhou et al., 2023).
Similarly, in pea (Pisum sativum), an amino acid substitution in LE, which encodes a GA30X
enzyme, underlies the dwarf trait studied by Mendel (Lester et al., 1997; Martin etal., 1997). In
maize, polymorphisms in the ZmGA30X2 promoter are associated with mild variation in plant
height (Teng et al., 2013). Mutations that introduce amino acid substitutions in wheat GA30X2
proteins or combining loss-of-function alleles in one or two homoeologues may be one strategy

to develop novel semi-dwarfing alleles for wheat production.

It is important to note that while rice plants carrying the most extreme d18 alleles still set seeds
(Itoh et al., 2001; Sakamoto et al., 2004) the wheat ga3ox2 mutant is infertile (Fig. 2E). This
difference is likely due to the expression profile of paralogous GA3OX genes in each species.
Whereas OsGA30X1 likely contributes to 3-hydroxylase activity in the developing panicle
(Kawai et al., 2022; Sakamoto et al., 2004) TaGA30X2 is the only wheat GA30X gene

expressed in the inflorescence and is therefore essential for fertility (Pearce et al., 2015).

This essential role in both vegetative and reproductive development likely accounts for the
extremely low levels of genetic diversity in the GA30OX2 genes in wheat and suggests they are
highly constrained evolutionarily. Therefore, while the GA-deficient ga3ox2 mutants may prove
useful as a research tool to characterise GA responses, they are unlikely to be a rich source of

variation for agronomically valuable alleles in wheat.
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GA30X3 exhibits 3p-hydroxylase activity during wheat grain development

Hormone profiling indicated that both GA30X3-A1 and GA30X3-B1 encode functional GA 3f-
hydroxylases that contribute to bioactive GA: and GA4 synthesis in the developing grain (Fig. 3
and Supplementary Table S5). This is contrary to results from earlier in vitro studies, which
detected no GA 3p-hydroxylase activity using the recombinant GA30X3-Al protein, potentially
due to low in vitro expression in the heterologous system used to test this activity (Pearce et al.,
2015). Although both GA30X2 and GA30X3 exhibit GA 3p-hydroxylase activity, the phenotype
of the ga3ox3 mutant was much milder than ga3ox2 likely because of differences in gene
expression patterns. ga3ox3 mutants exhibit a mild reduction in plant height in both field and
glasshouse conditions (Fig. 4 and Supplementary Fig. S6). This finding is consistent with barley
plants carrying loss-of-function mutations in the orthologue HVGA3,180X1, which also exhibit

reduced bioactive GA4 levels in grain tissues and slightly reduced height (Cheng et al., 2023).

However, unlike the ga3ox3 mutant in wheat, TGW was unaffected in the barley hvga3,180x1
mutant (Cheng et al., 2023). The difference in these observed phenotypes might arise from the
functional divergence of these genes in barley and wheat. Whereas HYGA3,180X1 encodes a
bifunctional GA 3f3,18-dihydroxylase, catalysing the conversion of GAg to GA131, GA30X3
enzymes in wheat exhibit only 3B-hydroxylase activity so that the mutant lines have different GA
profiles (Pearce et al., 2015). A tandem duplication on chromosome 2B originated GA10X1-B1

which encodes an enzyme with altered function in GA biosynthesis that is specific to wheat.

Our genetic analyses demonstrate that GA30X3 and GA10X1-B1 activity is necessary and
sufficient for GAsass and GAsoss1 Synthesis in wheat grains, with the 13-H pathway
predominating in these tissues (Supplementary Table S5). Levels of GAss and GAss are

significantly reduced in the ga3ox3-b1 mutant but not in the ga3ox3-al mutant showing that
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GA30X3-B1 is the most important enzyme catalysing these reactions (Supplementary Table S5).
By contrast, GA1 and GA4 levels are significantly reduced in both ga3ox3-al and ga30x3-b1
mutants, suggesting that both homoeologues contribute equally to catalyse GAg to GAs and GA2o
to GA: reactions (Supplementary Table S5). This difference could be due to protein sequence
variation that allows GA30X3-Al to discriminate between the substrates GAsJ/GA20 and
GAs0/GAs1, Wwhereas GA30X3-B1 uses either substrate indiscriminately. Therefore, the majority
of the grain-specific synthesis of GAss and GAss is catalysed by the sequential activity of
GA30X3-B1 and GA10X1-B1 proteins encoded by linked genes on chromosome 2B that are

inherited in the same haplotypic block.

This duplication is ancient and pre-dates the domestication of common wheat (Supplementary
Table S2). The retention of both genes in all modern wheat varieties is consistent with the
functional role of this locus during wheat development. The galox1 mutant, which lacks both
GAs4 and GAez, sheds light on the physiological relevance of this pathway. The galox1 mutant
accumulates extremely high levels of bioactive GA, exhibits slightly larger grains and an
increase in the length of the spike and upper stem internodes (Fig. 4). Based on these
observations, it is tempting to speculate that the dual activity of GA30X3 and GA10X1
enzymes in grain tissues is a mechanism to modulate bioactive GA levels during grain
development, potentially to moderate its effects on excessive stem elongation, which might

confer improved performance in some environments.

The absence of GA10X1 transcripts in peduncle tissues in '‘Cadenza’ suggests the possibility that
bioactive GA is transported from developing grains to stem tissues during the stem elongation
phase. Although there are no documented examples of GAs transported from developing seeds,

GA transport is an important mechanism regulating different stages of plant growth and
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development (Binenbaum et al., 2018). It will be important to perform more detailed
transcriptional and GA profiling to determine the basis for enhanced stem elongation in the

ga3ox3 and galox1 mutants.
Exploiting genetic variation at the GA30X3-B1-GA10X1-B1 locus

Variation in the GA30X3-B1-GA10X1-B1 locus is associated with differences in grain size,
grain weight and yield among common wheat landraces (Figs. 5D and 5E). Haplotype 1, which
is associated with higher yields, is present at high frequencies in modern wheat germplasm,
which might reflect a recent selection of this allele by breeders. However, it is also possible that
these allele frequencies reflect the narrow base of selection in modern wheat germplasm.
Ancestral groups 2 and 5, which contributed the most genetic diversity for modern wheat
varieties (Cheng et al., 2024), also exhibit a high frequency of this haplotype (Fig. 5C).
Therefore, introgressing the alleles from haplotypes 4 and 5, which are rare among modern
wheat accessions but are associated with high mean grain size and yield in landraces (Fig. 5,

Supplementary Table S12), might be one approach to exploit novel variation at this locus.

The functional differences of the allelic variation on gene activity are less clear. The GA30X3-
B1 and GA10X1-B1 proteins encoded by each allele have a low level of identity at the amino
acid level and may exhibit different enzymatic activities. It is also possible that the structural
rearrangements in the promoter regions of these genes confer differences in spatial or temporal
expression profiles. In a panel of 30 wheat varieties (Nirmal et al., 2017), both H1 and H2 alleles
of GA30X3-B1 and GA10OX1-B1 were expressed at high levels in grain tissues at 14 DPA

(Supplementary Fig. S10).

The regulatory variation that results in the expression of these genes in vegetative tissues might

account for the differences in height seen in the galox1 and ga3ox3 mutants, as well as the
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residual levels of bioactive GA1 detected in the ga3ox2 mutant line (Fig. 2A). It will also be
interesting to study the effects of this variation on root development where a low level of
GA10X1-B1 transcripts was previously detected (Ptoskova et al., 2022). Contrasting the

expression profile of these alleles using bi-parental populations segregating for the major

regulatory variants detected in this study provides an excellent system to test these hypotheses.
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TABLES

Table 1: EMS-induced mutations in GA30X2, GA30X3, and GA1OX1 used in this study. In
'Cadenza’ GA30X3-D1 encodes a non-functional protein due to a 7 bp insertion in exon 2 that
disrupts the open reading frame.

Target gene

IWGSC v2.1 gene ID

Line number

Functional effect on the protein

GA30X2-A1 TraesCS3403G0268400 Cadenzall76 W149*
GA30X2-Bl  TraesCS3B03G0336700 Cadenza0110 WI130*
GA30X2-D1  TraesCS3D03G0261200 Cadenza0268 W149*
GA30X3-A1 TraesCS2403G1246800 Cadenza0593 W71*
GA30X3-Bl  TraesCS2B03G1429200 Cadenzal 640 R172*
GA30X3-D1  TraesCS2D03G1203500 - -
GAIOXI-Bl  TraesCS2B03G1429000 Cadenzal 684 3' splice acceptor intron 2.
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FIGURE LEGENDS

Figure 1: Late stages of the GA biosynthesis pathway in higher plants showing the activity and
substrates of 2-ODD enzymes. Substrates GAss, GAss, GAso and GAe: are detected only in

wheat grain tissues. The reactions forming these substrates are highlighted in blue.

Figure 2: Functional characterisation of ga3ox2 mutant in wheat. (A) Quantification of GA
levels in wildtype and ga3ox2 seedling tissues. (B) The phenotype of representative wildtype and
ga3ox2 plants when wildtype plants reached anthesis. The plant labelled "+ GA" was sprayed
twice weekly with 10 uM GAa. (C) Tiller number in wildtype and ga3ox2 mutants (N = 20). (D)
Spikelet number in wildtype and ga3ox2 mutants (N = 20). (E) Representative spikes of wildtype
and ga3ox2 mutants taken post-anthesis. 'Cadenza’ and ga3ox2 genotypes were contrasted with a

two-tailed Student's t-Test. * 0.01 < P <0.05, ** 0.001 < P < 0.01, *** P < 0.001.

Figure 3: Mean GA levels in the grains of wildtype (WT) and ga3ox3 and galox1 mutants
(MT). * indicates that values are significantly different between wildtype and mutant genotypes

(P < 0.05) determined by two-tailed Student's t-test.

Figure 4: Phenotype of GA30X3 and GA10X1 mutants in field experiments in 2021 and 2023.
(A) Grain width (mm). (B) grain length (mm). (C) grain area (mm?). (D) TGW (g). (E) Plant
height (cm). (F) Length of individual stem components (mm) from the 2023 experiment. Plotted
values represent predicted means + standard error. * 0.01 <P < 0.05, ** 0.001 <P <0.01, *** P

< 0.001. Supplementary Tables S6 and S7 include full data and statistical analysis.

Figure 5: Natural variation at the GA30X3-GA10X1 locus. (A) GA30X3-B1-GA10X1-B1 locus
in wheat. The transcriptional direction of each gene is indicated in yellow boxes and the

positions of the three putative deleted regions in some varieties are highlighted in blue. Red
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circles indicate the positions of three selected markers to distinguish the presence and absence of
each deleted region. (B) Haplotype frequency in the Watkins population based on three markers
(N =1032). (C) Haplotype frequency by ancestral group (N = 1022). Association between
GA30X3-B1-GA10X1-B1 haplotype and (D) TGW and (E) Grain area in 603 accessions grown
in the field in 2022. Different letters indicate significant differences (P < 0.05) between groups

based on Tukey's HSD post hoc test.
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Figure 1: Late stages of the GA biosynthesis pathway in higher plants showing
the activity and substrates of 2-ODD enzymes. Substrates GA54, GASS, GA60 and
GA,, are detected only in wheat grain tissues. The reactions forming these sub-
strates are highlighted in blue.
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Figure 2: Functional characterisation of ga3ox2 mutant in wheat. (A) Quantifica-
tion of GA levels in wildtype and ga3ox2 seedling tissues. (B) The phenotype of
representative wildtype and ga3ox2 plants when wildtype plants reached anthe-
sis. The plant labelled "+ GA" was sprayed twice weekly with 10 uM GA.. (C)
Tiller number in wildtype and ga3ox2 mutants (n = 20). (D) Spikelet number in
wildtype and ga3ox2 mutants (n =20). (E) Representative spikes of wildtype and
ga3ox2 mutants taken post-anthesis. 'Cadenza’ and ga3ox2 genotypes were
contrasted with a two-tailed Student's T-Test *=0.01 <P <0.05,** =0.001 <P
<0.01,** =P < 0.001.
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Figure 3: Mean GA levels in the grains of wildtype (WT) and
ga3ox3 and ga1ox1 mutants (MT). * indicates that values are
significantly different between wildtype and mutant genotypes (P
< 0.05) determined by two-tailed Student's T-test.

G20z 1udy 0L uo Jesn ¥3O| Aq 16101 18/LGLIEIS/GXI/EE0L 0 L/I0P/BloNE-80UBAPE/GXI/W0o"dNO"olWepedE//:SARY WOl papeojumoq



>

-y

O Grain width (mm)

Grain area (mm?)

M

Height (cm)

w

n

—

N
©

-—
o

—
@

o

90-

60-

Il

2021

|

2023

2021

2023

2021

Genotype

[1GA30x3 []GA10x1
Blga3ox3 [ gatoxt

2023

o

Grain length (mm)
N - o

<

O

40

Length (mm)

0,

2021

2021 2023

*

Spike Ped. P-

1 P2 P-3 P-4

Figure 4: Phenotype of GA30X3 and GA70X7 mutants in field experiments in 2021 and

2023. (A) Grain width (mm). (B) grain length (mm). (C) grain area (mm?). (D) TGW (g). (E)
Plot height (cm). (F) length of individual stem components (mm). *=0.01 <P < 0.05, ** =
0.001 <P <0.01, *** =P < 0.001.
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Figure 5: Natural variation at the GA30X3-GA10X1 locus. (A) GA30X3-B1-GA10X1-B1
locus in wheat. The transcriptional direction of each gene is indicated in yellow boxes and the
positions of the three putative deleted regions in some varieties are highlighted in blue. Red
circles indicate the positions of three selected markers to distinguish the presence and ab-
sence of each deleted region. (B) Haplotype frequency in the Watkins population based on
three markers (N = 1032). (C) Haplotype frequency by ancestral group (N = 1022). Associa-
tion between GA30X3-B1-GA10X1-B1 haplotype and (D) TGW and (E) Grain area in 603 ac-
cessions grown in the field in 2022. Different letters indicate significant differences (P < 0.05)
between groups based on Tukey's HSD post hoc test.
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