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Abstract

Semidwarfing genes have greatly increased wheat yields globally, yet the widely used
gibberellin (GA) insensitive genes Rht-B1lb and Rht-D1b have disadvantages for seedling
emergence. Use of the GA sensitive semidwarfing gene Rht13 avoids this pleiotropic effect.
Here we show that Rht13 encodes a nucleotide-binding site/leucine-rich repeat (NB-LRR)
gene. A point mutation in the semidwarf Rht-B13b allele autoactivates the NB-LRR gene and
causes a height reduction comparable to Rht-B1b and Rht-D1b in diverse genetic
backgrounds. The autoactive Rht-B13b allele leads to transcriptional upregulation of
pathogenesis-related genes including class Il peroxidases associated with cell wall
remodelling. Rht13 represents a new class of reduced height (Rht) gene, unlike other Rht
genes which encode components of the GA signalling or metabolic pathways. This discovery
opens new avenues to use autoactive NB-LRR genes as semidwarfing genes in a range of
crop species, and to apply Rht13 in wheat breeding programmes using a perfect genetic

marker.

Introduction

Dwarfing or reduced height genes have been associated with large increases in the yield of
cereals since they were introduced during the Green Revolution (Hedden, 2003). Most
current wheat cultivars carry Rht-B1b or Rht-D1b which encode negative regulators of
gibberellin (GA) signalling (Peng et al., 1999), resulting in GA insensitivity and reduced
height. These GA insensitive alleles confer benefits to yield by optimising resource
partitioning to the grain and reduced lodging (Thomas, 2017). However they have pleiotropic
effects on growth including reductions in coleoptile length and seedling leaf area (Allan,
1980) and impact resistance to diseases such as fusarium head blight (Srinivasachary et al.,
2009). The use of alternative dwarfing genes that do not disrupt GA signalling, and which
can reduce final plant height without adverse effects on seedling growth, will be particularly

relevant in water limited environments (Richards et al., 2010).

Several alternative dwarfing loci have been discovered (Mclintosh et al., 2020) which are GA
sensitive and could therefore overcome the limitations of Rht-B1b and Rht-D1b on early
growth. Recently, the causal genes for some of these alternative dwarfing loci have been
identified, revealing their functions in the GA metabolic pathway. The first of these to be
identified was Rht18, which is on chromosome 6A and causes an increased expression of a
GA 2-oxidase gene (GA20xA9) resulting in the removal of GA1. precursors from the GA
biosynthesis pathway, a reduction of bioactive GA: and reduced plant height (Ford et al.,

2018). Map position, allelism tests and increased expression of the same GA 2-oxidase
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gene in Rht14 lines suggested that Rht14 and Rht18 are allelic (Haque et al., 2011; Tang,
2016; Ford et al., 2018). Increased expression of related GA 2-oxidase genes was also
found to be responsible for other alternative dwarfing alleles such as Rht12 (GA20xA13 on
chromosome 5A) (Sun et al., 2019; Buss et al., 2020) and Rht24 (GA20xA9 on chromosome
6A, not allelic with Rht18) (Tian et al., 2022). These alternative dwarfing genes appear to
operate through a shared mechanism, i.e. reduction of the flux through the GA biosynthetic
pathway and subsequently lower GA content. In addition to GA 2-oxidase genes on
chromosome 5A and 6A, other GA 2-oxidase genes were identified in the wheat genome
(Pearce et al., 2015), suggesting that other dwarfing genes at different positions may also

cause increased expression of other members of the GA 2-oxidase family.

Rht13 is another promising alternative dwarfing gene that reduces final plant height without
affecting seedling growth (Ellis et al., 2004; Rebetzke et al., 2011). The dwarfing allele Rht-
B13b produced a strong height reduction between 17 % and 34 % compared to Rht-B13a,
which is comparable to reductions typical of Rht-B1b and Rht-D1b, depending on the genetic
background and growing conditions (Rebetzke et al., 2011; Rebetzke et al., 2012; Wang, Y
et al., 2014; Wang et al., 2015; Divashuk et al., 2020). Genetic mapping located Rht13 on
the long arm of chromosome 7B (Ellis et al., 2005) but the underlying gene has not yet been
identified. Here we describe the causal gene that encodes an autoactive allele of a
nucleotide-binding site/leucine-rich repeat (NB-LRR) gene at the Rht13 locus on
chromosome 7BL. Autoactivation of Rht13 leads to upregulation of pathogenesis-related
(PR) genes, including class Il peroxidases, which may catalyse the cross-linking of cell wall

compounds to limit cell elongation and hence reduce height.
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84 Methods

85 Introduction of Rht13 dwarf allele into different genetic backgrounds

86  The Rhtl13 dwarfing gene was originally generated by C.F. Konzak at Washington State

87  University in the 1980s by treating the Argentinian wheat Magnif 41 (P1344466) with N-

88  methyl-N’ nitrosourea and selecting a semidwarf line Magnif 41M1 (Konzak, 1982). Seed of
89  Magnif 41 (AUS17236) and Magnif 41 M1 (AUS17520) was obtained from Winter Cereal
90 Collection, Tamworth, Australia. Magnif M41 (subsequently called Magnif) and Magnif M41
91 Ml (subsequently called Magnif M) plants were grown in 20 cm pots containing compost in
92  the glasshouse maintained under 16 hr light, 23°C day and 16°C night. Internode lengths
93  were measured at maturity for five plants per genotype.

94  Magnif M was backcrossed into three adapted Australian cultivars (EGA Gregory, Espada

95 and Magenta) and BC;F; plants were screened to generate homozygous BC1F4 lines

96 carrying either a dwarfing allele (Rht-B13b, Rht-B1b or Rht-D1b) or no dwarfing alleles (wild

97 type alleles: Rht-B13a, Rht-Bla and Rht-D1a). Seed of 1-4 independent F, sister lines was

98 increased from each genotype and background to generate BC1Fs seed for planting in rows

99 in a field with bird-proof netting (birdcage), Canberra in 2014. Three rows (20 plants/row) of
100 each genotype/background combination were planted and 5-20 plants were measured for
101 final height and peduncle length at maturity. Rows of Magnif and Magnif M were also

102 included in the birdcage experiment.

103  Genetic mapping of Rht13

104 A mapping population was generated from a cross between a homozygous short line

105 carrying Rht13 (ML45-S) and homozygous tall line (ML80-T); these lines were selected
106  progeny from a cross between Magnif M and a tall Russian experimental line LAN.

107  Approximately 2,400 F, gametes from ML45-S x ML80-T population were screened by

108 capillary electrophoresis using simple sequence repeat (SSR) markers gwm577 (wms577)
109 and wmc276 that were previously shown to flank the locus (Ellis et al., 2005). By extracting
110 DNA from half seeds, recombinant embryos were selected for planting and events were
111  fixed in the F3 generation before homozygous lines were phenotyped for height in the

112  glasshouse.

113  To identify additional markers within the genetic interval, parental lines were screened first
114  with the 9K SNP array (Cavanagh et al., 2013) and then with the 90K array (Wang, S et al.,
115  2014) using the genotyping platform at Agriculture Victoria Research, Bundoora, Victoria.
116  Additional markers were validated in the recombinants using kompetitive allelic specific PCR
117 (KASP) assays derived from array markers and additional PCR-based markers

118 (Supplementary Tables 1 and 2). Fine mapping of Rht13 benefited from early access in 2013
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119 to the physical map of 7B from Chinese Spring that was based on the assembly of bacterial
120  artificial chromosomes (BACs) from flow sorted chromosomal DNA and coordinated by

121  University of Life Sciences in Norway and the International Wheat Genome Sequencing
122  Consortium (IWGSC et al., 2018). We utilised BAC contigs and sequences to generate new
123  markers in the target interval (Supplementary Tables 1 and 2). Two markers

124  7J15.144110 2 2 and 127M17.134P08_3 that were derived from BAC sequences that

125 flanked the locus were used to delineate the target region in the whole genome assembly of
126 CDC Stanley (see Methods: Chrom-seq).

127 A second population from the cross Magnif x Magnif M was generated where the Rht13
128 mutation segregated in a homogenous background. Thirty three F3:F4 lines were tested to
129  ensure homozygosity at Rht13 before four short lines and two tall lines were selected for
130 Chrom-seq and RNA-seq experiments, with an additional two tall lines included in the RNA-
131  seq experiments to bring the total to four tall lines (see Methods: RNA-seq analysis for

132 candidate gene identification). The KASP marker which was developed from the functional
133  SNP at Rht13 co-segregated with height in 33 homozygous F4 lines (see Methods:

134  Validation of Rht13 in Cadenza mutant).

135 Chromosome-sequencing

136  To purify and sequence chromosome 7B, we selected four short and two tall progeny

137  derived from the Magnif x Magnif M cross which had been tested to ensure homozygosity at
138 Rht13. Briefly, suspensions of mitotic metaphase chromosomes were prepared from

139  synchronized root tip meristem cells following Vrana et al. (2000) and Kubalakova et al.

140  (2005). Prior to the flow cytometric analysis, chromosomes were labelled by fluorescence in
141  situ hybridization in suspension (FISHIS) using 5’-FITC-GAA7-FITC-3’ oligonucleotide probe
142  according to Giorgi et al. (2013) and stained by DAPI (4",6-diamidino 2-phenylindole) at 2
143  pg/mL. Chromosome analysis and sorting was done using FACSAria Il SORP flow

144  cytometer and sorter (Becton Dickinson Immunocytometry Systems, San José, USA). DAPI
145  vs. FITC dot plots were acquired for each sample (Supplementary Figure 1) and

146  chromosomes were sorted at rates of 1500 - 2000 particles per second. 50,000 - 70,000
147  copies of 7B chromosomes were sorted from each genotype into PCR tubes containing 40
148 L sterile deionized water. The sorted chromosome samples were treated with proteinase K,
149  chromosomal DNA was purified and amplified to 5.4 - 7.9 yg by multiple displacement

150 amplification (Supplementary Table 3) using an Illustra GenomiPhi V2 DNA Amplification Kit
151  (GE Healthcare, Chalfont St. Giles, United Kingdom) as described by Simkova et al. (2008).
152  Chromosome content of the sorted fractions was estimated by microscopic analysis of 1500
153 - 2000 chromosomes sorted onto a microscopic slide. After air-drying, chromosomes were
154  labelled by FISH with probes for pSc119.2 and Afa family repeats (Molnar et al., 2016) and
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155 least 100 chromosomes from each sort run were classified following the karyotype of
156  Kubaldkova et al. (2005).

157  The purified DNA from chromosome 7B was sequenced using short-read lllumina 150 bp
158 paired end reads. The raw reads from the samples were trimmed using trimmomatic v0.32
159 (Bolger et al., 2014) (parameters: ILLUMINACLIP:TruSeq3-PE.fa:2:30:10:8: TRUE

160 LEADING:3 TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36). Trimmed reads were

161  subsequently mapped to the IWGSC RefSeqvl1.0 Chinese Spring (IWGSC et al., 2018) and
162 the CDC Stanley reference genome sequence (Walkowiak et al., 2020) using HISAT2 v2.1.0
163 (Kim et al., 2019) (--rg id and --rg were set per sample to enable variant calling). CDC

164  Stanley was included in the analysis due to poor mapping of Magnif reads to the Chinese
165  Spring reference genome in the Rht13 mapping interval. Prior to mapping we divided the
166  CDC Stanley pseudomolecules each into two parts to make them compatible with

167  downstream analysis software (see Supplementary Table 4 for details). The output sam file
168  was sorted using samtools v1.8 (Li et al., 2009), mate pair coordinates added using

169 samtools fixmate, duplicates removed using samtools markdup and reads mapping to

170  chromosome 7B part2 were selected using samtools view. We used freebayes v1.2.0

171  (Garrison & Marth, 2012) to call variants between the samples and the CDC Stanley

172  reference sequence on chromosome 7B part2, with settings in freebayes only keeping

173  variants with 2 alleles, using reads with a MAPQ>7 and a base quality >20 (--use-best-n-
174  alleles 2 --min-mapping-quality 7 --min-base-quality 20). We compared the flanking marker
175 sequences (obtained from the BAC sequences) to CDC Stanley using blastn in BLAST

176 v2.9.0 (Camacho et al., 2009) and kept the best hit for each flanking marker (all >98% ID).
177  This enabled the identification of the physical sequence for the Rht13 mapping interval in the
178 CDC Stanley genome. We filtered the freebayes output using vcftools v0.1.15 to retain

179 variants present within the mapping interval (--from-bp 339467956 --to-bp 341325941),

180 variants which had 2 alleles (i.e. all samples did not have the same non-ref allele, --min-
181  alleles 2) and variants with at least 3 reads mapping (--min-meanDP3). We manually

182 inspected the vcf file to identify homozygous variants between tall and short plants. In total
183  we identified 13 variants within the mapping interval which were homozygous for one allele

184 intall lines and homozygous for a different allele in the short lines.

185 Alignment between Chinese Spring and CDC Stanley chromosome 7B

186  Whole chromosome alignments were performed for chromosome 7B of Chinese Spring and
187 CDC Stanley using MUMmer v4.0 (Marcais et al., 2018) and the nucmer command, with
188  minimum match set to 1000. For a localized alignment of the Rht13 region between 705 and
189 725 Mbp, the minimum match was set to 100. In both cases, the alignments were filtered for

190 the best alignment, in the case of multiple alignments, and then filtered for a percent identity
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191  of 98% or greater. Dotplots were then generated using mummerplot and visualized in
192  gnuplot v4.6.

193 RNA-seq analysis for candidate gene identification

194  We used the same four short and two tall progeny segregating from a Magnif x Magnif M
195 cross for RNA-seq that were used for Chrom-seq. We included an additional two tall progeny
196 from the same population which had been tested to ensure homozygosity at Rht13. The

197  basal 25% of elongating peduncles from the main stem were harvested at 50% final length
198 and immediately frozen in liquid nitrogen. RNA was extracted using Qiagen RNeasy kit and
199  sequenced using lllumina 150 bp paired end reads. The reads for each sample were

200 trimmed with trimmomatic v0.32 using the same parameters as for the chrom-seq reads. The
201 trimmed reads were then aligned to the CDC Stanley pseudomolecules (with each

202  chromosome divided into two parts) using HISAT2 v2.1.0 with the option —dta to facilitate
203  downstream transcript assembly using StringTie (Pertea et al., 2015). Transcripts were

204  assembled using StringTie v1.3.3 for each sample individual, before merging the transcript
205 assemblies using StringTie --merge. This produced 70,317 transcripts across all eight

206  samples. We calculated abundance for each transcript per sample using StringTie

207 (parameters: -e -B) and extracted the count data using the StringTie python script

208 prepDE.py. Upon examination, a principal component analysis plot revealed that one of the
209 Magnif samples was an outlier from the other three replicates, so this sample was excluded
210 from further analysis. Differentially expressed genes were identified using DESeq2 1.26.0
211 (Love et al., 2014), with differentially expressed genes defined as padj <0.001. Only six

212  transcripts were contained in the Rht13 mapping interval and only 1 transcript was

213  differentially expressed. We cross-referenced whether these six transcripts contained any of

214  the 13 variants identified by chrom-seq.

215 Annotation of candidate gene as NB-LRR

216  The candidate gene (MSTRG.55039) was annotated on the CDC Stanley reference

217 assembly (Supplementary file 1). The longest protein sequence was identified using a three
218 frame forward and reverse translation of the transcript using Expasy (Artimo et al., 2012),
219  this protein is provided in Supplementary file 1. We searched the NCBI database using

220 blastp for similar protein sequences, all of the top hits were NB-LRR genes, but the

221  maximum percentage ID was only 66.5 %. We identified the position of the NB-ARC and
222  LRR domain using the NCBI conserved domain database (Marchler-Bauer et al., 2017)
223  (Supplementary file 1).
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224  RNA-seq analysis to understand biological role of Rht13

225  Using the DESeq?2 results, we considered genes to be differentially expressed where padj
226  <0.001 and expression was >2 fold up/downregulated between short and tall samples.
227  Pathogenesis related (PR) gene sequences reported in Zhang et al. (2017) were

228 downloaded from NCBI and were identified in our StringTie transcript assembly by using
229  Dblastn (BLAST v2.9.0), keeping the best hit.

230 Gene Ontology (GO) term enrichment

231 To annotate the StringTie transcript assembly with GO terms we used blastn (BLAST v2.9.0)
232  (Camacho et al., 2009) to identify the best hit in the Chinese Spring RefSeqv1.1 annotation
233  (IWGSC et al., 2018). For transcripts which were >95 % identical across >200 bp, the GO
234  terms were transferred from Chinese Spring to the StringTie assembly. In total

235 43,685/59,228 genes were assigned a GO term using this approach. GO term enrichment
236  analysis was carried out separately for upregulated and downregulated genes using goseq
237 v1.38.0 (Young et al., 2010). The resulting GO term list were summarised using Revigo

238  (Supek et al., 2011) on the medium setting (0.7) using rice (Oryza sativa) GO term sizes.

239 Identification of class Ill peroxidases

240  We used the list of class Il peroxidase genes identified by Yan et al. (2019) in the Chinese
241  Spring survey sequence. We extracted coding sequence for each class Il peroxidase gene
242  and used blastn (BLAST v2.9.0) (Camacho et al., 2009) to identify corresponding sequences
243  in our StringTie transcript assembly for the Magnif samples. We filtered the results to only
244 keep hits >95 % identical with a length >400 bp. After removing duplicate transcripts, we had
245 242 transcripts from 219 genes. Of these 219 genes, 29 were 2-fold upregulated padj

246  <0.001. To confirm the identity of these 29 differentially expressed genes as class Il

247  peroxidases we used RedoxiBase (Savelli et al., 2019) to carry out a blastx of their

248  transcripts against the Peroxibase curated peptide database. One of the differentially

249  expressed genes was annotated as an ascorbate peroxidase by RedoxiBase so it was

250  excluded, while the other 28 genes were confirmed to be class Il peroxidases.

251  Validation of Rht13 in Cadenza mutants

252  We searched for the mutation identified in Magnif M in the Cadenza TILLING population
253 (Krasileva et al., 2017). The candidate gene was not present in the Chinese Spring

254  reference sequence (best BLAST hit TraesCS7B02G452600, 79 % identity) so we could not
255  use the mapped mutations at PlantsEnsembl (Howe et al., 2020). Instead, we used

256  www.wheat-tilling.com (Krasileva et al., 2017) which includes mutations called on de novo

257 assembled contigs, which may not be present in Chinese Spring. The best BLAST hit to the
258 candidate gene genomic sequence was on contig TGAC_Cadenza_U_ctg7180000823280,
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259  which had 100 % identity across 3,987 bp, including the entire CDS. We annotated the gene
260 present on this contig and we identified Cad0453, which contained the same point mutation
261  resulting in the identical amino acid as the Magnif M lines (Supplementary file 1). We used
262  Polymarker (Ramirez-Gonzalez et al., 2015b) to develop a primer to distinguish the wild type
263  and mutant allele using KASP genotyping (LGC Genomics). The primer sequences were:
264  forward primer mutant (Rht-B13b) allele: ctgctatgggtgtgcgtctT, forward primer wild type (Rht-
265 B13a) allele: ctgctatgggtgtgcgtctC, common reverse primer: cctctcacgagcetgcttcaa. The

266  standard FAM/HEX compatible tails were added at the 5’ end and the target SNP was

267  present at the 3’ end (Ramirez-Gonzalez et al., 2015a).

268 Phenotyping and genotyping of Cadenza0453 mutants

269  Twenty seeds from the Ms line of Cadenza0453 was grown in a growth chamber with 16 hr
270  light, 20°C day, 16°C night. DNA was extracted following a protocol from www.wheat-

271  training.com (Training, nd), adapted from Pallotta et al. (2003). KASP assays were

272  performed as previously described (Ramirez-Gonzalez et al., 2015a) using the primers

273  above. Plant height was measured once final height was reached (Zadoks stage 85). Ear,
274  peduncle, and individual internode lengths were recorded for six homozygous wild type (Rht-

275 B13a) individuals and eight homozygous mutant (Rht-B13b) individuals.

276  Validation of Rhtl3 transgene in Fielder background

277  Constructs and transformation

278  The pVecBar-Rht13 construct contained a 6,998 bp fragment including 2,532 bp upstream
279 and 450 bp downstream regions amplified from Magnif mutant genomic DNA using primers
280 Rht13-NotF2 (5 AATGCGGCCGCAATCGATAGGAGAGCTGCGTCTGTGTG 3’) and Rht13-
281  AscR2 (5 TGCGTACGGCGCGCCGAGAGTCGCCTTGCCAGTTC 3’) with Phusion® High-
282  Fidelity DNA Polymerase (NEB, USA). pVecBarlll is a derivative of pWBvec8 (Wang et al.,
283  1998), in which the 35S hygromycin gene was replaced by the bialaphos resistance gene
284  (bar). The wheat cultivar Fielder was transformed using the Agrobacterium tumefaciens
285  strain GV3101 (pMP90) as described in Richardson et al. (2014). To and T, transformants
286  were tested for the presence of transgenes by PCR using primers FG698 (5’

287 AGGTCCTTGTGACCGAAATG 3’) and R1483 (5 CAGTGAGCCTTTCCTGTTCC 3).

288  To identify the copy number of transgenes in transgenic plants, genomic DNA from individual
289  Ti segregating plants from transgenic events were used for DNA gel blot hybridisation as
290 described in Mago et al. (2015). DNA was digested with Hindlll and a part of the selectable

291  marker gene ‘bar’ was used as a probe.
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292  Gene expression

293  Expression of the transgene was done using gRT-PCR analysis. Leaf tissue was collected
294  from individual plants of a segregating T family at stem elongation stage (Zadoks stage 33).
295 RNA extraction was done using RNeasy kit (Qiagen) according to manufacturer’s

296 instructions. Quantitative PCR was carried out on a Bio-Rad CFX96 Touch Real-Time PCR
297  Detection System (Bio-Rad) using iTaq universal SYBR Green supermix (Bio-Rad) and a
298  two-step cycling program according to the manufacturer's instructions and as described in
299  Moore et al. (2015). Minus RT controls were first tested with housekeeping gene TaCON
300 (Moore et al., 2015) to ensure amplification of residual genomic DNA was insignificant.

301  Primers grhtl3-2F: 5 GCAAAGGTTGAACTACTGTTCC 3’ and grht13-2R: 5’

302 AACATCACAAAACGAACATGGA 3’ were used for quantification of Rht13 transcript. The
303 green channel was used for data acquisition. Efficiency and cycle threshold values were
304 calculated using the LinRegPCR quantitative PCR data analysis (Ruijter et al., 2009), and
305 relative expression levels were calculated using the relative expression software tool (REST)
306 method (Pfaffl, 2001) relative to the housekeeper gene TaCON.

307  Phenotyping

308  For phenotyping of the transgenic plants, ten T; progeny seeds from 4 independent Ty plants
309 were sown in 13 cm pots containing compost in a glasshouse maintained under 16 hr light,
310 23°C day and 16°C night. Plant height was measured at maturity (~Zadoks’ stage 70-80).

311 Transient expression in tobacco

312  The coding sequence for the wild type (Rht-B13a) and mutant (Rht-B13b) allele of Rht13
313  were synthesised (Twist Bioscience) and cloned into the Gateway binary vector pGWB12
314  with an N-terminal FLAG tag (Nakagawa et al., 2007). These were transformed into

315  Agrobacterium tumifaciens (strain AGL-1) by electroporation. Transformed colonies were
316  selected from agar plates supplemented with 50 ug/ml kanamycin and 50 ug/ml rifampicin
317  and inoculated into liquid LB media with 50 ug/ml kanamycin and 50 ug/ml rifampicin.

318  Cultures were incubated at 28°C in a shaking incubator for 24 hrs. Agrobacterial cells were
319 harvested by centrifugation and resuspended in MMA solution [10 mM MES (2-[N-

320 morpholino]ethanesulfonic acid) at pH 5.6, 10 mM MgCl. and 150 uM acetosyringone] to a
321  ODego Of 3. After incubation in the dark for 1 hr, the agrobacterial suspension was infiltrated
322  into 4 to 5 week old Nicotiana bethamiana leaves. Photographs were taken 6 days after
323 infiltration. The N. benthamiana plants were grown in M3 compost (Levington) mixed 3:1 with
324  perlite under 12 hr light at 20°C day, 16°C night in a growth cabinet.
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325 Pathogenesis-related (PR) gene expression

326 Cadenza0453 plants that were homozygous for the Rht13 wild type (Rht-B13a) or

327  homozygous mutant (Rht-B13b) allele were grown as described above. Tissues were

328 harvested at seven days after anthesis and snap frozen in liquid nitrogen. Four biological
329 replicates were harvested for each tissue: flag leaf blade (central 3 cm), basal peduncle
330 (bottom 3 cm, flag leaf sheath removed before snap freezing) and apical peduncle (top 3 cm
331  of peduncle tissue just below the rachis node). RNA was extracted using the RNeasy Plant
332  Mini Kit (Qiagen) according to the protocol from the manufacturer, using the RLT buffer.
333  Genomic DNA was digested by RQ1 RNase-free DNAse (Promega) according to the

334  manufacturer’s instructions. cDNA was synthesised using the AffinityScript Multiple

335  Temperature cDNA Synthesis Kit (Agilent) with random primers according to the

336  manufacturer’s instructions with a synthesis temperature of 55°C.

337 gPCR was carried out with 3-4 biological replicates with 3 technical replicates per reaction.
338  Primers for PR3 and PR4 were from Zhang et al. (2017) and for actin were from Uauy et al.
339 (2006). gPCR was carried out using PowerUp SYBR Green (Applied Biosystems) according
340 to the manufacturer’s instructions with each primer at a final concentration of 0.25 uM and
341 0.5 pL of cDNA in a 10 pL reaction, using 384 well plates. The gPCR programme run on the
342  QuantStudio5 (ThermoFisher) was as follows: pre-incubation at 50°C for 2 min and 95°C for
343 2 min; 40 amplification cycles of 95°C for 15 s, 58°C for 15 s, and 72°C for 1 min. The final
344  melt-curve step heated to 95°C for 15 s, cooled to 60°C for 1 min and then heated to 95°C

345  with continuous reading as the temperature increased.

346  All gPCR reaction melt curves were inspected to have only a single product. Crossing
347  thresholds were calculated using the QuantStudio5 software (ThermoFisher). Expression
348 level was calculated relative to actin using the Pfaffl method which accounts for primer

349 efficiency (Pfaffl, 2001). Primer efficiencies were calculated using a serial dilution of cDNA.

350 Hydrogen peroxide quantification

351  Hydrogen peroxide content was measured in elongating peduncles (50% final length) of

352  Magnif and Magnif M using the protocol described in Amplex Red Hydrogen Peroxide Kit
353  (Invitrogen). Plants were grown in a glasshouse as described in the section “Methods:

354  Introduction of Rht13 dwarf allele into different genetic backgrounds”. 30 mg of ground tissue
355  was resuspended in the reaction buffer and spun down before adding it to the reaction

356  mixture. Fluorescence was detected at 590 nm after 30 min incubation. The experiment

357  using 3 replicates was repeated and both experiments with 6 replicates in total were used for
358 the Student’s t-test.
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359 Cell length measurements

360 Magnif M and Magnif were grown in the glasshouse as described in the previous section,
361 until the peduncles were fully-expanded and five individual plants of each genotype were
362  used for analysis. One 10 cm segment was collected from the most basal part of each
363  peduncle from the primary tiller and harvested into 70% ethanol and stored at 4°C. Before
364  further cell length analysis, all peduncles were cleared for up to 14 days in 10% household
365  Dbleach, then transferred back into 70% ethanol and stored at 4°C.

366  For analysis of epidermal cell lengths, a 1-cm-long segment was cut from the top of each
367 segment of harvested, cleared peduncle, i.e. a segment between 9 and 10 cm from the base
368 of the peduncle. Segments were transferred through 4 changes of 100% dry ethanol then
369 dried in a Tousimis Autosamdri critical point drier and mounted on stubs for examination

370 using a Zeiss EVO LS15 scanning electron microscope. Epidermal cell lengths were

371  detected using the backscatter detector with 30 kV accelerating voltage in 10 Pa chamber
372  pressure (Talbot & White, 2013). Cell lengths were measured using Zeiss Zen Blue software
373 and analysed in MS Excel. Two distinct cell types were measured: inter-hair cells and single

374  cells (Supplementary Figure 2).

375 Analysis of physical properties of peduncles

376  Magnif M and Magnif were grown to maturity in a glasshouse maintained at 23°C day-time
377  temperature, with 18°C night-time temperature, as described previously. Fully mature, dried
378  stems were used for testing to avoid confounding effects of water content, with 11-12

379 independent primary stems sampled per genotype. A three-point bend test was carried out
380 on the peduncles to determine bending rigidity and bending strength as described in Hyles et
381 al. (2017).

382 Peduncle histochemical analysis

383 Cadenza0453 plants that were homozygous wild type (Rht-B13a) or homozygous mutant
384  (Rht-B13b) were grown under speed breeding conditions in a controlled environment

385 cabinet: 22 hrs light, 2 hrs dark, 20°C day, 15°C night, 70% humidity. Peduncles were

386  harvested 3-7 days after anthesis. Fresh sections were cut by hand from the peduncle using
387 arazor blade from three regions: the apical peduncle immediately under the node to the ear,
388 the mid-point of the peduncle half way between the ear and the flag leaf node, and the basal
389  part of the peduncle just above the flag leaf node (the flag leaf sheath was removed). The
390 sections treated with toluidine blue O or phloroglucinol-HCI as described in Pradhan Mitra

391 and Loqué (2014) and imaged with bright-field illumination (magnification of 20X).
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392 Results

393 Characterisation of Rht13 phenotype in Magnif
394  The Rht13 semidwarfing gene was originally identified as an induced mutant in the Magnif
395  background (Konzak, 1982). We carried out a detailed characterisation and found that Rht13
396 caused a 30-35% height reduction in both greenhouse and field conditions (birdcage)

397  (Figure 1). A comparison of internode lengths showed that most of the height reduction

398 occurred in the peduncle and this effect was confirmed in field grown plants that were

399 measured for height from early stem elongation to maturity (Figure 1c, d). Height differences
400 were apparent after Zadoks growth stage 50, with reduced peduncle length accounting for
401  most of the effect.
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403  Figure 1. Phenotypic characteristics of Magnif (Rht-B13a) and Magnif M (Rht-B13b). a)

404  Magnif and b) Magnif M grown under greenhouse conditions. Developmental time-course of
405 c¢) stem length and d) peduncle length in wheat grown under field conditions. Data points
406  combine measurements from 5-10 individual field grown plants. The error bars represent the

407 standard error of the mean.
408
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411  Fine genetic mapping of Rht13 to a region on chromosome 7B

412  Previously, Rht13 was mapped to the long arm of chromosome 7B and genetically linked to
413  SSR marker gwm577 (Ellis et al., 2005). An F, population from a cross between parental
414  lines ML45-S carrying Rht13 and tall line ML80-T was developed for fine mapping.

415  Approximately 2,400 F, gametes were screened with SSR markers gwm577 and wmc276
416  that were previously shown to flank the locus. The screen identified 21 recombinants that
417  corresponded to less than 1 cM of genetic distance between flanking markers (Figure 2a,
418  Supplementary Table 2). Additional DNA markers were added to the genetic interval after
419  parental lines were screened with the 9K and 90K wheat SNP arrays (Cavanagh et al., 2013;
420 Wang, S et al., 2014). In addition, the project was given early access in 2013 to the

421  emerging physical map of chromosome 7B, which was part of the international initiative to
422  generate maps of individual Chinese Spring chromosomes led by the IWGSC and

423  Norwegian University of Life Sciences. Several BAC clones were assigned to the region and
424  markers that were developed from BAC sequences were added to the interval

425  (Supplementary Table 2). BAC sequence-derived markers 7J15.144110_2_ 2 and

426  127M17.134P08_3 flanked the Rht13 locus on the proximal and the distal side, respectively,
427  and defined a genetic interval of approx. 0.1 cM (Figure 2).

428 Next generation sequencing approaches revealed a single amino acid change
429 between expressed genes in the region on chromosome 7B

430 The Rht13 region defined by flanking markers 7J15.144110_2_2 and 127M17.134P08_3
431  corresponded to a 1.93 Mb interval on chromosome 7B in Chinese Spring RefSeqv1.0. To
432 identify candidate SNPs in the interval, we generated an additional population from a Magnif
433  x Magnif M cross and selected four short and two tall Fs:F4 lines that were homozygous at
434  Rht13. For each of these lines, we isolated chromosome 7B by flow sorting and then

435 sequenced the chromosome using lllumina short-reads. We attempted to identify SNPs

436  within the mapping interval by mapping this chrom-seq data to the RefSeqvl.0 genome

437  sequence (IWGSC et al., 2018) but we found that over half of the 1.93 Mb interval had few
438 reads mapping (1.07/1.93 Mb), which suggested haplotype divergence between Chinese
439  Spring and Magnif. We then examined the alignment of chromosome 7B between Chinese
440  Spring and several cultivars whose genome sequences were available from the 10+ Wheat
441  Genomes Project (Walkowiak et al., 2020). We found that CDC Stanley had significant

442  haplotype divergence from Chinese Spring in the Rht13 interval on chromosome 7B

443  (Supplementary Figure 3); therefore we tested whether CDC Stanley would be a more

444  appropriate reference sequence. Using CDC Stanley as the reference, the flanking markers
445  spanned 1.86 Mb on chromosome 7B (Figure 2b). Within this interval, a 0.49 Mb region had
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446  more SNPs between all samples and the reference sequence, suggesting some divergence
447  between CDC Stanley and Magnif.

448  We identified 12 SNPs and 1 INDEL between the tall and short fixed lines in the mapping
449 interval (Figure 2c). To identify potential causal genes for Rht13, we carried out RNA-seq on
450 developing peduncle tissues from four fixed short and four fixed tall Fs:F4 lines from the

451  same Magnif x Magnif M population that was used for chrom-seq. We found that one

452  transcript within the interval was more highly expressed in Magnif M than Magnif samples
453  (2.5-fold change, padj <0.001; indicated by * in Figure 2d). However, this transcript did not
454  translate to a protein longer than 76 amino acids in any frame, suggesting that

455  pseudogenisation might have occurred. Since there were no obvious changes in expression
456 levels of genes within the interval, except the putative pseudogene, we examined whether
457  the SNPs detected by chrom-seq were contained within any of the transcripts. We found that
458 only 1 SNP (G to A at chr7B:714,391,008) was located within a transcript (Figure 2e) and
459  this SNP was predicted to cause an amino acid change within the conserved RNBS-A motif
460 of the predicted protein sequence (Figure 2f). A KASP marker developed for the SNP co-
461  segregated with the height phenotype in the Magnif x Magnif M population (Supplementary
462  Figure 4).
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464  Figure 2. Mapping of the NB-LRR gene Rht13. a) Rht13 is located on the long arm of

465 chromosome 7B. b) Physical mapping interval in CDC Stanley with genetic markers (SSR
466  and BAC derived). The distal region (grey box) contained more SNPs between all samples
467  and the reference sequence. ¢) SNPs (triangles) and INDEL (circle) between tall and short
468  progeny from a Magnif x Magnif M cross, identified by chrom-seq. Red triangle indicates
469 amino acid change inducing SNP. d) Transcripts identified by RNA-seq of progeny from a
470  Magnif x Magnif M cross. The asterisk indicates a significantly differentially expressed

471  transcript between tall and short progeny. e) Intron-exon structure of gene encoded by
472  Rhtl3. Exons are represented by boxes, with untranslated regions in pale blue and coding
473  regions in darker blue, introns are represented by thin grey lines. f) The gene encodes a
474 1,272 amino acid protein containing an NB-ARC and LRR domain and is annotated as
475 MSTRG.55039 (Supplementary File 1). Magnif M has a mutation (S240F) in the RNBS-A
476  motif (yellow).
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477 The amino acid change S240F reduces plant height

478  The expressed transcript with an amino acid change was predicted to encode a nucleotide-
479  binding site/leucine-rich repeat (NB-LRR) protein (Figure 2f). The mutation was predicted to
480 cause an amino acid substitution of the serine at position 240 to phenylalanine (S240F) in
481 the RNBS-A motif (Meyers et al., 2003). To test whether this amino acid change caused the
482  reduced height phenotype observed in Magnif M, we searched the Cadenza TILLING

483  population for mutations within closely related genes (Krasileva et al., 2017). Line

484  Cadenza0453 was identified as carrying a gene that was 100% identical at the nucleotide
485 level to the mutant NB-LRR gene at the Rht13 locus, resulting in the same amino acid

486  change (S240F) as found in Magnif M. The KASP marker developed for the mutation

487  segregated within progeny derived from Cadenza0453. Homozygous mutant plants (Rht-
488 B13b) were on average 16.7 cm shorter than homozygous wild type plants (Rht-B13a) at
489  maturity in the Cad0453 background (Figure 3a, b; p<0.001, Student’s t-test). This difference
490 in height was reflected in shorter peduncle and internode lengths, except for the first

491  internode (Supplementary Table 5).

492  To confirm that the amino acid change caused the reduction in height, we transformed the
493  mutant allele from Magnif M (Rht-B13b) into Fielder (Figure 3c-e). We found that expression
494  of the transgene caused a strong reduction in height, compared to null segregants (Figure
495  3c-e and Supplementary Table 6), although there was variation in the degree of dwarfism,
496  which did not relate to the copy number or expression levels (Supplementary Figure 5 and
497  Supplementary Table 6).
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499  Figure 3. Validation that the S240F mutation in Rht-B13b causes a reduction in height. a)
500 Cadenza0453 segregates for plants homozygous for the wild type allele Rht-B13a (left) and
501 mutant allele Rht-B13b (right) and b) Cadenza0453 height quantification, the black bars
502  represent the mean, *** p<0.001, Student’s t-test. c) Height of T1 progeny of two transgenic
503 events (family 2 and 6) in Fielder background transformed with Rht-B13b allele, stunted
504 plants are represented by points immediately above the x-axis (details in Supplementary
505 Table 6). d) and e) show families 2 and 6 respectively. Null segregants (-) are on the left of

506 each image.
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507 Characterisation of the Rht13 reduced height phenotype in different genetic
508 backgrounds

509 To assess the potential for use of Rht-B13b in breeding programmes, we generated sister
510 lines for Rht13 in three Australian elite backgrounds, alongside Rht-B1b (in EGA Gregory) or
511 Rht-D1b (in Espada and Magenta) dwarfing alleles for comparison. We found that Rht-B13b
512 stems elongated earlier than Rht-B1b or Rht-D1b stems, but final lengths were shorter than
513 the tall sister lines due to an earlier arrest in growth (Figure 4a-c). This lower final length is
514  largely due to the peduncle being shorter in Rht-B13b than in Rht-B1b or Rht-D1b plants
515  (Figure 4d-f). No differences in spike length were observed. We found some differences in
516 the effect between cultivars. In Magenta, Rht13 is a stronger dwarfing gene than Rht-D1b
517  (shorter peduncle, no difference in lower internodes; Figure 4c and f), whilst in Espada and
518 EGA Gregory the effect of Rht-B13b on height is comparable to Rht-D1b and Rht-B1b

519  (Figure 4a, b, d and e). Comparing Rht-B13b to tall plants lacking conventional dwarfing
520 genes, the reductions in heights are larger in Magenta and EGA Gregory than Espada.

521  Taken together, our results (Figures 1, 3 and 4) show that Rht-B13b is effective at reducing
522  height in a range of genetic backgrounds including lines from the UK (Cadenza), Australia
523 (Espada, EGA Gregory and Magenta), Argentina (Magnif) and the US (Fielder).
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Figure 4. Effect of Rht-B13b and conventional dwarfing alleles Rht-B1b and Rht-D1b on
stem and peduncle length in different wheat backgrounds in the field. a-c) stem length, d-f)
peduncle length, a and d) EGA Gregory, b and e) Espada and c and f) Magenta. Letters
indicate significant differences at maturity determined by a one-way ANOVA followed by
Tukey post-hoc test (p < 0.05). Data points combine measurements from 5-20 individual field

grown plants. The error bars represent the standard error of the mean.

Rht-B13b is autoactive and causes a cell death response in Nicotiana
benthamiana

The mutation causing the reduction in height (S240F; see figure 2f above) occurred in the
RNBS-A domain of the NB-LRR protein at the same position as a mutation observed in the
tomato (Lycopersicon esculentum) NB-LRR protein I-2 (Figure 5a). In I-2 the mutation
converting the serine (S) residue to a phenylalanine (F) caused autoactivation of the protein
(Tameling et al., 2006). Therefore, we hypothesised that the S240F mutation in Rht13 would
also result in autoactivation of the NB-LRR protein, upregulating defense responses and
reducing plant growth. We first tested this through heterologous expression of the wild type
(Rht-B13a) and mutant Rht13 gene (Rht-B13b) in tobacco leaves. We found that the Rht-
B13b allele induced more cell death 5 days post inoculation than the Rht-B13a allele (Figure

5b), which is a typical defense response to pathogen invasion.
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Figure 5. Rht-B13b induces defense gene responses in Nicotiana benthamiana and wheat.
a) Alignment of the RNBS-A motif from Rht-B13a and Rht-B13b protein with the tomato I-2
protein and the I-2 mutant (S233F) that induces auto-activation. b) Infiltration of Rht-B13b
into N. benthamiana induces significantly more cell death (right side of leaf) than Rht-B13a
(left side of leaf, no cell death observed). The experiment was repeated twice, on six plants
each time, a representative result is shown 6 days post inoculation. Expression of PR genes
in wheat basal peduncle (c,f), apical peduncle (d,g) and flag leaf blade (e,h). Expression
measured for PR3 (c-e) and PR4 (f-h) and normalised to actin. For each graph the
expression level is normalised to be 1 in Rht-B13a, error bars represent the standard error
(n=3-4). Significant differences were calculated using a t-test on log transformed values, *
p<0.05, ** p<0.01, *** p<0.001.

Cell death responses associated with Rht-B13b were not observed in any of the wheat
backgrounds. It is possible that autoactivation of Rht13 in wheat might nevertheless enhance
defense responses leading to a reduction in growth, without leading to cell death. We found
that the expression level of pathogenesis-related genes (PR genes) PR3 and PR4 were >20
fold upregulated in the basal peduncle in the Rht-B13b mutant compared to the Rht-B13a
wild type sibling Cadenza0453 (Figure 5c, f), suggesting that autoactivation of defense
responses occurred in the Rht13 mutant plants in rapidly expanding tissue. PR4 was 15-fold
upregulated in the apical peduncle but no significant difference was observed in PR3
expression (Figure 5d, g). No differences were observed in PR gene expression between
Rht-B13b and Rht-B13a in the flag leaf blade (Figure 5e, h).
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569 RNA-seq analysis reveals that class Ill peroxidases are upregulated by

570 autoactive Rht13

571  To further explore the pathways through which Rht13 reduces height we used the same
572 RNA-seq data from peduncle samples of fixed lines from the Magnif x Magnif M population,
573  which was previously used to identify the causal gene (see Figure 2). We confirmed that PR
574  genes were upregulated in Magnif M (Rht-B13b) compared to Magnif (Rht-B13a)

575 (Supplementary Figure 6), similar to observations in Cadenza (Figure 5c-h). The fold

576  changes observed were higher in the RNA-seq data (Supplementary Figure 6) than the

577 gPCR data (Figure 5c-h); however, PR4 upregulation was only borderline significant

578 (p=0.05). The upregulation of PR genes was consistent with upregulation of defense

579 response associated genes in the Magnif M plants compared to Magnif, identified by GO
580 term enrichment (Supplementary Figure 7). Overall, we found that more genes were

581  upregulated (1,560 genes) than downregulated (726 genes) in Magnif M compared to Magnif
582 (>2fold, padj <0.001). Upregulated genes were enriched for GO terms including defense
583  responses, cell wall organization, regulation of hydrogen peroxide metabolic processes and
584  salicylic acid biosynthetic processes. We did not detect any enrichment for genes related to
585  GA signalling or biosynthesis. Downregulated genes were associated with flavonoid

586  biosynthetic processes, responses to cytokinin and photosynthesis (Supplementary Figure
587 7).

588  We further hypothesised that the autoactivation of defense responses in the mutant line will
589 cause the production of reactive oxygen species, which can promote cross-linking and cell
590 wall stiffening leading to less growth (Schopfer, 1996; Schmidt et al., 2016). To investigate
591 this, we examined the expression of class Ill peroxidases that can use hydrogen peroxide in
592  cross-linking reactions during cell wall organization and pathogen defense (Smirnoff &

593  Arnaud, 2019). We identified 218 class Ill peroxidases that were expressed in Magnif or
594  Magnif M peduncle samples. Of these, 28 were significantly upregulated in Magnif M (Rht-
595 B13b) compared to Magnif (Rht-B13a) in the peduncle (padj<0.001, > 2-fold, Figure 6a),
596  which is a significantly greater proportion than would be expected for a set of 218 random
597 genes (12.8 % vs 2.6 %, Chi-squared test, p<0.001). Furthermore, many of the class IlI

598 peroxidase genes were very strongly upregulated (11/28 are upregulated >10 fold).

599  We found that Magnif M (Rht-B13b) peduncles had lower hydrogen peroxide content than
600 Magnif (Rht-B13a) (Figure 6b, p<0.05, Student’s t-test), consistent with upregulation of class
601 Il peroxidases in the mutant (Figure 6a). To test whether these gene expression and

602 metabolite changes influence cell wall mechanical properties, we used a 3-point bend test to
603  measure peduncle strength and ridigity. We found that the Magnif M (Rht-B13b) peduncles
604  were stronger and more rigid than Magnif (Rht-B13a) peduncles (Figure 6c, d, p = 0.02 and
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605 p =0.003 respectively, Student’s t-test). The Magnif M (Rht-B13b) peduncles had shorter
606 cell lengths in their epidermis, with cell lengths of approximately 2/3 of wild type, suggesting
607 alower level of cell expansion (Figure 6e). To investigate whether these mechanical

608 changes are mediated by changes to lignification, we examined cross sections of the

609 peduncle taken from the apical part of the peduncle immediately under the ear, the mid-point
610 of the peduncle, and the basal part of the peduncle just above the node. Using toluidine blue
611  we did not observe any obvious morphological changes (Figure 6f) and no significant

612  differences in lignification were observed between Magnif and Magnif M in the apical or

613  middle peduncle (Figure 6g). However, the basal sections of Magnif M (Rht-B13b) peduncles
614  had much lower staining of lignin in and around vascular bundles than the Magnif (Rht-B13a)
615 (Figure 6Q).
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617 Figure 6. Changes in class lll peroxidase gene expression, hydrogen peroxide content,

618 mechanical and cell properties in mutant (Rht-B13b) compared to wild type (Rht-B13a)

619 peduncles. a-e) are in a Magnif background, f) and g) are in a Cadenza background. a) Fold
620 change in expression of 218 class Ill peroxidase genes compared to an equivalent number
621 of randomly selected genes. Purple dots represent genes differentially expressed at

622  padj<0.001 with a fold change >2, grey dots are not differentially expressed, lines across the
623  violin plot represent quartile 1, the median and quartile 3. b) Hydrogen peroxide content in
624  elongating peduncles. Significant differences determined by Student’s t-test, n=6. Peduncle
625  bending strength c) and bending rigidity d) were determined using a 3-point bend test,

626  significant differences were determined using Student’s t-tests, n=11-12. e) Epidermal cell
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627 lengths in inter-hair and single cells, significant differences determined by ANOVA, n=62-190
628 individual cells. f) and g) transverse sections imaged with bright-field illumination

629 (magnification 20X) from the apical peduncle (AP) 1 cm below the ear, the peduncle mid-
630 point (MP) and the basal peduncle (BP) 1 cm above the node. f) is stained with toluidine blue
631 O and g) with phloroglucinol-HCI. One representative image from 5 independent biological
632 replicates is shown. Asterisks indicate statistical differences between genotypes: * p<0.05 ,
633  ** p<0.01, *** p<0.001.

634

635

636 Discussion

637 Novel mechanism for a wheat Rht gene

638 A striking difference to other reported Rht genes in wheat is that Rht13 is not directly

639 involved in GA signalling or metabolism, as is the case for conventional dwarfing genes Rht-
640 Blb and Rht-D1b (Peng et al., 1999) and the cloned alternative dwarfing genes Rht12 (Buss
641 etal, 2020), Rhtl18 (Ford et al., 2018) and Rht24 (Tian et al., 2022). Instead, Rht13 is a NB-
642 LRR gene with a point mutation that induces autoactivation. The amino acid change in Rht13
643 s the same mutation as previously characterised in the tomato protein I-2 which impeded
644  ATP hydrolysis and promoted an ATP-bound active form of the protein (Tameling et al.,

645  2006). Due to the high conservation between the RNBS-A motif between I-2 and Rht13, we
646  hypothesise that the mutation in Rht13 has the same biochemical function to impede ATP
647  hydrolysis, consistent with the hypersensitive response (HR) we observed upon expressing
648 Rht-B13b in N. benthamiana leaves.

649  Autoactive NB-LRR genes have been reported to reduce growth in several plant species
650 (Yang & Hua, 2004; Chintamanani et al., 2010; Roberts et al., 2013), including causing

651 reduced internode length in flax (Howles et al., 2005). However, these autoactive NB-LRRs
652  are often associated with negative pleiotropic effects including a spontaneous HR resulting
653 in necrotic lesions. We did not observe any spontaneous HR or necrosis in any of the wheat
654  genetic backgrounds tested. This contrasts with known autoactive NB-LRR genes in cereals
655 that reduce height, such as Rp1-D21 in maize which induces a spontaneous HR in a range
656  of genetic backgrounds, although to differing degrees of severity (Chintamanani et al., 2010).
657  Nevertheless, Rht-B13b induced a HR in tobacco, which could be a result of high transient
658  expression in tobacco, although overexpression of Rht-B13b in wheat did not cause a HR
659  despite severe stunting. Instead, it is possible that tissue specific expression of Rht13 in
660 wheat or differences in signalling pathway thresholds between tobacco and wheat may

661  explain these differences. This is supported by our finding that PR genes were only
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662  upregulated in peduncle tissues, and not in the flag leaves of Cadenza Rht-B13b. The

663  upregulation of PR genes in Rht-B13b containing wheat raises the question whether Rht-
664  B13b could also enhance resistance response to certain pathogens. Autoactive mutants in
665 flax, potato and tomato were shown to gain additional specificities to strains of the same

666  pathogen or became effective against other pathogen species (Howles et al., 2005; Farnham
667 & Baulcombe, 2006; Giannakopoulou et al., 2015), but further research will be required to
668  determine any association between Rht-B13b and enhanced disease resistance.

669  Amongst the PR genes upregulated by Rht-B13b are class lll peroxidases which are known
670 to act in a wide range of physiological processes, including cross-linking of cell wall

671 components, formation of lignin and metabolism of reactive oxygen species such as

672  hydrogen peroxide (Smirnoff & Arnaud, 2019). The upregulation of class Ill peroxidases is
673  associated with a decrease in hydrogen peroxide in Rht-B13b, which may be due to its use
674 in cell wall cross-linking. Increased cross-linking could explain the reduced cell lengths

675 observed in Rht-B13b and the increase in peduncle strength and rigidity. Surprisingly, we did
676  not observe an increase in lignin in Rht-B13b compared to wild type, suggesting that these
677 changes in cell size and tissue strength may be mediated by cross-linking polysaccharides
678 and extensins other than lignin. Alternatively, subtle differences in lignin content may not be
679 detectable by histochemical staining in the middle section of the peduncle, where differences
680 in bending strength were observed. Taken together, we present a model through which Rht-
681 B13b operates (Figure 7). In this model, the upregulation of class Ill peroxidases promotes
682  cross-linking of cell walls in the tissues of Rht-B13b carriers, constraining cell elongation and

683  ultimately reducing height.
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685  Figure 7. Model of pathway through which Rht-B13b causes semidwarfism. In a wild type
686 plant (Rht-B13a, left) the NB-LRR protein is inactive resulting in normal cell wall cross-

687 linking, cell expansion and growth. In the autoactive mutant (Rht-B13b, right), pathogenesis-
688 related genes including class lll peroxidases are upregulated in expanding tissues. Class Il
689 peroxidases use H;O; to increase cell wall cross-linking which results in reduced cell

690 expansion and growth.

691

692 Applications in agriculture

693 Rhtl3is effective in multiple genetic backgrounds and provides a height reduction similar to
694  conventional dwarfing genes Rht-B1b and Rht-D1b. Rht13 dwarfism is not associated with
695 reduced seedling growth or coleoptile length and most of the height reducing effect occurs

696 later in development (after Zadoks stage 50) which is mainly associated with reduction in
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697  peduncle growth. Therefore, the gene is well suited to water-limiting environments that

698 require deeper planting to access available moisture and rapid leaf area development to
699 lower evaporative losses from the soil surface. We found that Rht-B13b increased bending
700 strength which may further decrease lodging and reduce yield losses compared to

701  conventional Rht genes. Deployment of Rht-B13b will be facilitated by the use of a perfect
702  KASP marker for selection of the allele in breeding programmes. It is possible that Rht-B13b
703  mutation is already circulating in some breeding materials, for example in the WM-800 eight-
704  way MAGIC population of European winter wheat cultivars, a significant QTL was identified
705  on chromosome 7B, for which the peak SNP marker maps only 10 Mb away from the

706 location of Rht13 (Sannemann et al., 2018). However, no height QTL were identified on

707  chromosome 7B in other MAGIC populations including a diverse UK 16 founder MAGIC

708 population (Scott et al., 2021) and an Australian 4 way magic population (Huang et al.,

709  2012).

710 In conclusion, the identification of a NB-LRR gene underlying an alternative dwarfing gene in
711  wheat has provided insight into an alternative pathway, where GA biosynthesis or signalling
712  is not directly affected. This discovery will open up new opportunities to alter height,

713  potentially through engineering of autoactive NB-LRR genes and cell wall enzymes. More
714  knowledge will be needed to establish whether the activation of defense responses by Rht-

715 B13b could influence disease resistance.
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