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The Reduced Height-1 (Rht-1) gene in wheat controls plant height. While Rht-B1b
and Rht-D1b versions boost yield, they also reduce seed size and protein. No dwarfing
versions of the related Rht-Al gene had been found in hexaploid wheat. We used a
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mutagenized wheat population to find nine Rht-A 1 mutations and tested their effects.
Five were selected for field trials. Only one, Rht-A I-E63K, consistently reduced plant
height (by 6 cm) and increased yield (by 12%) in tall wheat without other dwarfing
genes. This mutation occurs in a key region also affected in Rht-BIb and Rht-D1b.

1 | INTRODUCTION

Since the 1960s, the Rht-B1b and Rht-DIb alleles of the
Reduced Height-1 (Rht-1) gene have been integrated into
all major wheat (Triticum aestivum L.) breeding programs.
This was an extremely important component of the Green
Revolution in the mid-20th century when the use of syn-
thetic fertilizers became commonplace. These advancements
allowed wheat crops to grow more vigorously and produce
higher grain yields without lodging. Semidwarf wheat vari-
eties carrying the Rht-Blb and Rht-DI1b alleles were less
likely to lodge and were more efficient with resource allo-
cation (Hedden, 2003; Hoogendoorn et al., 1990). Lines
carrying these alleles also on average have higher grain yields,
more tillers, and produce grain with superior baking qualities
(Jobson et al., 2018; Lanning et al., 2012). The Rht-BIb and
Rht-D1b alleles originate from the Japanese variety Norin 10
and were popularized through the work of Norman Borlaug at
CIMMYT. They are now known to be gain of function muta-
tions that create stop codons in the Rht-1 N-terminal region
but experience some transcriptional reinitiation, ultimately
creating low expression levels of a novel truncated protein that
results in stem tissue-specific gibberellic acid (GA3) insensi-
tivity (Gale & Marshall, 1976; Peng et al., 1999; Reynolds &
Borlaug, 2006; Van De Velde et al., 2021). Despite their ben-
eficial gain of function phenotypes, semidwarf lines carrying
these alleles have some negative qualities, including reduced
grain protein content, reduced single grain weight, increased
susceptibility to Fusarium head blight (caused by Fusarium
graminearum L.), reduced yields in extreme drought envi-
ronments, and shorter coleoptile lengths resulting in poor
emergence if seeds are planted deeply (Jobson et al., 2019;
Mathews et al., 2006; Schillinger et al., 1998).

Research has been conducted on alternative Rht genes that
also reduce height but do notencode DELLA proteins, includ-
ing Rht-8 and others (Casebow et al., 2016; Zhou et al., 2023).
Additionally, a large body of research has also been based
on the discovery and characterization of alternative Rht-1
alleles that function differently from traditional semidwarf-
ing alleles Rht-B1b and Rht-D1b. These studies have given us
general insight into how Rht genes function and has also pro-
vided insight on how DELLA protein encoding Rht-1 genes
regulates plant growth and development. From a practical per-
spective, reducing plant height and improving grain yields
while retaining drought tolerance, seedling emergence, and

protein content are the main goals of these studies (Math-
ews et al., 2006; Schillinger et al., 1998). In order for plant
breeders to fully understand and manipulate height regula-
tion, continued study of the DELL A encoding Rht-1 genes is
essential.

Rht-1 is a master regulator of plant growth. It is expressed
at similar levels across its three homoeologs, Rht-A1, Rht-BI,
and Rht-DI, with one copy in each of the three hexaploid
wheat genomes (Pearce et al., 2011; Ugrin et al., 2023). There
are two main regions of Rhz-1, each containing multiple con-
served motifs (Figure 1). The GRAS domain, or C-terminal
region, of Rht-1 contains five conserved motifs and is respon-
sible for interacting with and promoting the expression of
downstream plant growth restricting genes and transcription
factors (Wen et al., 2013; Zentella et al., 2007). The DELLA
domain or N-terminal region of Rht-1 contains three main
conserved motifs, DELLA, LEXLE, and TVHYNP, and is pri-
marily responsible for binding with the gibberellin receptor
GID1 (Murase et al., 2008; Pearce et al., 2011; Ueguchi-
Tanakaetal., 2005). When GA3 is present, it forms a complex
with GID1 and RHT-1, resulting in degradation of RHT-1
DELLA proteins themselves. Degradation of RHT-1 pro-
teins effectively down-regulates growth restricting genes and
other factors controlled by the C-terminal region of Rht-1,
increasing stem elongation.

The phenotypic outcomes of mutations in Rh#-1 depend on
their type and position. Nonsense mutations in Rht-1 (except
for those occurring in Rht-B1b and Rht-DI1b alleles) gener-
ally decrease a plant’s ability to regulate its height through the
GA3 pathway, and plant height is increased. If all three Rhz-
I homoeologs are knocked out through nonsense mutations,
a slender phenotype is observed with rapid growth and stem
elongation (Tkeda et al., 2001; Ugrin et al., 2023). Missense
mutations in the C-terminal of Rht-1 can decrease the abil-
ity of Rht-1 to promote growth restricting genes resulting in
increased plant height. Missense mutations in the N-terminal
region of Rht-1 decrease the ability of GID1 to bind with
RHT-1, decreasing the ability of GA3 to promote degra-
dation of RHT-1 proteins and increasing the promotion of
growth regulating genes, decreasing plant height (Chandler
& Harding, 2013; Li et al., 2013). The Rht-BIb and Rht-
D1b semidwarfing alleles have nonsense mutations that create
stop codons in the LEXLE motif in the N-terminal of Rh-
1. However, partial translational reinitiation at a downstream
AUG codon occurs constitutively in stem tissues, creating a
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FIGURE 1
Rht-A1l gene, showing the location of discovered mutations discussed in
this study. The E63K mutation located at the end of the LExLE domain
had the greatest impact on plant height.

Visual representation of the N-terminal region of the

low level of N-terminally truncated DELLA proteins that are
insensitive to GA3. These truncated proteins have the abil-
ity to promote growth restricting genes at a low level in stem
tissues, and result in the semidwarf wheat phenotype (Van
De Velde et al., 2021). A missense mutation in the Rht-Blb
allele known as Rht-BI1b-E529K partially decreases the abil-
ity of these truncated DELLA proteins to repress plant growth,
and results in an intermediate semidwarf phenotype. Differ-
ences in phenotype resulting from a missense mutation that
occurs after a nonsense mutation support the theory of tran-
sitional reinitiation in Rht-B1b (Brown et al., 2022; Mo et al.,
2018). Another N-terminal mutation known as Rh#-Blc or the
Tom Thumb mutation includes an insertion directly before
the last amino acid in the DELLA motif that inhibits all
interaction between RHT-B1 and GID1, impeding the abil-
ity of GA3 to degrade RHT-B1. These RHT-Blc proteins
continue to actively promote growth restricting genes indef-
initely and are expressed at higher levels than Rh#-B1b and
Rht-D1b, resulting in an extreme dwarf phenotype (Case-
bow et al., 2016; Pearce et al., 2011). Lines containing the
Rht-B1c mutation also show upregulation of GATA-type tran-
scription factors compared to wild type, in agreement with
similar work in Arabidopsis thaliana. This shows that DELLA
proteins in wheat inhibit growth by interacting with growth
promoting transcription factors in addition to promotion of
growth restricting genes (Richter et al., 2010; Wen et al.,
2013).

Natural and mutagenesis derived alternative alleles of Rht-
1 other than Rht-B1b and Rht-D1b have been characterized in
Rht-B1 and Rht-DI homoeologs, but fewer studies have iden-
tified and examined mutant alleles of Rht-AI (Brown et al.,
2022; Flintham et al., 1997; Mo et al., 2018; Ugrin et al.,
2023). Tan et al. (2013) identified an interesting nonsense
mutant allele in the LEXLE motif of Rht-AI; however, no stud-
ies were done to explore potential effects of this mutation.

opscience JIDE

Li et al. (2013) used EcolTLLING methods to identify six
different naturally occurring Rht-A1 mutant alleles (denoted
Rht-Alb-g) in Chinese wheat micro-core collections. Only
four of these mutations resulted in non-synonymous codon
mutations, and just one of them occurred in the N-terminal.
None were predicted have deleterious phenotypic effects
based on SIFT scores and nuclear localization assays. Most
recently, Xie et al. (2024) characterized an ethyl methanesul-
fonate (EMS)-induced Rht-Al mutation that induces a plant
height reduction of up to 49% compared to genotypes con-
taining wildtype alleles of all three RAz-1 homoeologues. This
missense mutant allele, denoted as Rht-A1h, results in a glu-
tamic acid to glycine mutation at the 44th codon (E44G)
which occurs within the DELLA motif. Xie et al. (2024)
also identified a large fragment inversion containing the Rht-
Alh allele in mutant lines, which they theorized could be
affecting phenotype as well. Research on alternative Rht-Al
alleles provides insight into alternative height reducing alle-
les that function similarly to but are unlinked from traditional
semidwarfing alleles Rht-B1b and Rht-D1b.

This study focuses on Rht-A1 alleles with mutations in the
N-terminal to find novel alleles that impart a reduced height
phenotype. Tests were done in semidwarf cultivars contain-
ing the green revolution allele Rht-B1b, as well as tall lines
containing the wildtype Rht-Bla allele. Since tested Rht-Al
alleles are on the A genome and unlinked to Rht-B1 and Rht-
D1, these alternative reduced height alleles can be combined
with Rht-B1b and Rht-D1b or any alternative semidwarfing
Rht alleles to provide a greater range of height phenotypes,
enabling plant breeders to fine tune plant height. These alleles
offer new opportunities to reduce plant height without com-
promising single grain weight or protein content and enable
the development of intermediate height cultivars that balance
out some of the agronomic advantages and disadvantages of
semidwarf varieties.

2 | MATERIALS AND METHODS

2.1 | Allele creation

All novel alleles in this study originate from a muta-
genized population created in the spring wheat cultivar
Alpowa (PI 566596) using EMS as described in Feiz et al.
(2009). Alpowa contains the semidwarfing allele Rat-D1b
on the D genome and a wildtype Rht-Bla allele on the B
genome. Two thousand M, derived lines from this popula-
tion were screened for novel Rht-Al N-terminal mutations.
A bulk DNA sample from three M, derived M5 plants was
extracted from leaf tissue. Rht-Al was amplified using the
nested polymerase chain reaction (PCR) protocol described
in Li et al. (2013), and PCR products were sequenced by
Sanger sequencing (GENEWIZ, Inc.). All induced mutations
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TABLE 1

results.
Mutant allele Mutation type PROVEAN score”
Rht-A1-R3C Missense —4.9
Rhr-A1-R3H Missense -2.77
Rht-A1-Q6* Nonsense NA
Rhr-A1-A53T Missense -2.73
Rhr-A1-A53V Missense -2.74
Rht-A1N55M Missense -2.32
Rht-A1-E63K Missense —3.28
Rhr-A1-AB6V Missense -2.31
Rht-A1-P94L Missense —8.81

Summary of tested Rht-A1 mutations, including location, predicted effect on protein function, and summary of yeast two-hybrid

Interaction with GID1
Predicted effect With GA3 Without GA3
Deleterious No Intermediate
Deleterious Yes Yes
Deleterious No No
Deleterious Yes Yes
Deleterious Yes Yes
Neutral No Yes
Deleterious No Yes
Neutral No Yes
Deleterious No Yes

Naote: Lines lacking restoration of growth in the presence of gibberellic acid (GA3) was not always predictive of effects on plant height.
ZPROVEAN score of less than —2.5 indicates that the mutation is predicted to be deleterious.

discovered in the N-terminal region of Rht-Al were ana-
lyzed using PROVEAN to predict whether they would be
deleterious (Choi & Chan, 2015). Missense mutations with a
PROVEAN score of less than —2.5 were predicted to be dele-
terious. Seven different mutations with a PROVEAN score of
less than —2.5, along with two mutations with a PROVEAN
score of between —2.5 and —2.3, were chosen for further
analysis. These alleles included Rht-A1-R3C, Rht-AI-R3H,
Rht-A1-Q6%* Rht-AI-A53T, Rht-AI-A53V, Rht-AI-V55M,
Rht-AI-E63K, Rht-A1-A86V, and Rht-A1-P94L. (Table 1;
Figure 1).

2.2 | Yeast two-hybrid screen

To test how these nine mutant alleles interact with GID1 in
vitro, yeast two-hybrid (Y2H) assays were conducted. Bind-
ing ability was tested in the presence and absence of GA3.
The bait in this assay was each of the nine mutant Rhz-1
alleles ligated into the pGADDb plasmids. Rht-Ala, Rht-Bla,
and Rht-Dla were used as positive controls, and Rht-B1b-
E529K, previously described in Brown et al. (2022), along
with an empty pGAD vector, was used as a negative con-
trol. The prey was GAL1 ligated into pGBKT7 plasmids.
The bait and prey vectors were co-transformed into the Sac-
charomyces cerevisiae strain Y2HGold using the Yeastmaker
Yeast Transformation System 2 (Clontech) and the Match-
maker Gold Y2H System (Takara Bio Inc.). Transformed
yeast was grown on SD/-L-T selectable media to select
for successfully co-transformed cells. Single colonies were
selected and grown in SD/-L-T broth overnight. Each strain
was brought up to a standard dilution of an OD600 of approx-
imately 0.8. These dilutions, along with serial dilutions of
1:10, 1:100, 1:1,000, and 1:10,000, were plated onto SD/-

L-T control plates, SD/-L-T-A-H plates, and SD/-L-T-A-H
containing 100 pM concentration of GA3.

2.3 | NIL creation

Near isogenic lines (NIL) were created to test the effect
of the nine mutant alleles in direct comparisons both with
and without the semidwarfing Rht-BIb allele. M; Alpowa
lines containing each of the nine mutant Rht-A1 alleles along
with the wildtype Rht-Bla allele were crossed to Duclair
(PI 660981) (Lanning et al., 2011). F, progeny from these
nine crosses were backcrossed to Duclair and also crossed to
Vida (P1642366) (Lanning et al., 2006). Vida and Duclair are
both high-yielding, Montana-adapted, hard red spring wheat
varieties that contain the semidwarfing Rht-B1b allele. Lines
were backcrossed with Duclair a total of five times and with
Vida a total of four times. Plants were genotyped at each
step by sanger sequencing using the protocol from Li et al.
(2013). F; progeny were selected from each backcross that
were heterozygous for their respective mutant Rht-Al allele
and wildtype Rht-Bla allele and that were also heterozy-
gous for the semidwarfing Rht-B1b allele native to Vida and
Duclair and wildtype Rht-Bla allele from Alpowa. Duclair
background lines containing the Rht-AI-A86V mutation and
the Rht-A1-R3H mutation were lost during the backcrossing
process. Two plants that were heterozygous for Rht-Al and
Rht-B1 were selected from each of the seven remaining geno-
type groups in Duclair and the nine genotype groups in Vida
to make a total of 16 populations. About 200 BCsF, (Duclair
background) or BC4F, (Vida background) seeds from each of
these populations were hand planted in a spaced plant field
experiment at the Post Agronomy Farm in Bozeman, MT, in
2022.
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DNA samples were taken from each single plant in the
2022 field experiment and genotyped for Rht-Al and Rhit-
B1. Plants that were homozygous at both loci were selected
to be phenotyped and harvested for advancement. This
process created tall Duclair and tall Vida lines that included
an introgressed wildtype Rht-Bla allele, along with standard
semidwarf Duclair and semidwarf Vida lines that possessed
the Rht-B1b allele. In this way, Rht-Al mutant alleles were
tested within genetically isogenic tall and semidwarf back-
grounds in two different varieties. Seeds were planted 15 cm
apart in 3 m long rows with 30 cm spacing between each
row. Handline sprinklers were used to apply 5 cm of irriga-
tion water on June 21, June 26, and July 2. From May 1,
2022 to August 31, 2022, this location received 19.8 cm of
precipitation (NCEI, 2025).

24 | Field experiments

In 2023 and 2024, field trials were planted at the Post
Agronomy Farm near Bozeman, MT. Appropriate fertilizers
and herbicides were applied to trials based on field condi-
tions. Seeding rate for these experiments was approximately
308 seeds per m?. Five of the nine EMS-induced Rht-Al
mutation-carrying alleles were chosen for these trials based
on the results of single plant measurements in 2022 and
Y2H assays. Tested alleles were Rht-A1-Q6*, Rht-Al-E63K,
Rht-AI-V55M, Rht-A1-R3C, and Rht-AI-AS53T.

In 2023, this trial was arranged in a split plot design with
a single replication because seed was limited. Each back-
ground and tested mutation combinations were the main plots
and individual NIL as the subplots. NIL in the Duclair and
Vida backgrounds were blocked as separate experiments.
The trial included six randomly selected BCsF, or BC,F,
derived isolines from each genotype group, except for the
tall Vida Rht-A1-Q6* allele lines, which had a sample size
of four. Two hundred sixty total plots were grown, includ-
ing 120 Duclair background NIL, 117 Vida NIL, and parental
checks. Plots were single 10 m rows spaced 30 cm apart.
This trial was planted on May 4, 2023, and harvested on
September 22, 2023. Plots were harvested with a single-row
binder and threshed using a Vogel thresher. This experiment
did not receive any supplemental irrigation. Between May 1,
2023 and August 1, 2023, this location received 22.0 cm of
precipitation (NCEI, 2025).

In 2024, two NILs were randomly selected from each group
representing every background, Rht-BI allele, and tested
mutation (wildtype or mutant). NIL from Duclair and Vida
backgrounds was blocked separately in these trials. Trials
were arranged in a split-split plot randomized block design
with two replications, with each tested mutation as the main
plot, Rht-B1 genotype as the subplot, and individual NIL as
the sub-subplot. The same trial was grown in a rain-fed and

opscience JIE

an irrigated environment. With this design, shading effects on
semidwarf lines from taller neighbors along with the effects
of in-field variability were reduced. Individual plot size for
2024 experiments was 2 m?, consisting of two 10 m long
rows spaced 30 cm apart. The rainfed trial was planted on
16 April 2024, and the irrigated experiment was planted
April 24, 2024. Plots were harvested using a small plot com-
bine harvester. The irrigated trial utilized handline irrigation
equipment, applying approximately 5 cm of supplemental
water around flowering. Between April 1 and August 1, 2024,
this location received 20.3 cm of precipitation (NCEI, 2025).

2.5 | Phenotyping

In the 2022 single plant experiment, plant height was mea-
sured from the soil surface to the tip of the tallest head
(excluding awns). Yield was measured in grams as the total
weight of the grain produced from each individual plant. In
2023 and 2024, two representative areas were selected in each
plot to account for potential spatial variability. Areas were
visually chosen to represent typical plant growth and to avoid
plot edges or visibly uneven patches. Within each area, plant
height was measured from the soil surface to the tip of the
tallest head (excluding awns). Plot yield was calculated using
the total grain weight from each plot and the plot area to deter-
mine equivalent grain yield in kilograms per hectare. Each
year, single grain weight was calculated by manually count-
ing 200 seeds, weighing them, and calculating an average.
Grain protein was measured by near-infrared transmittance
using a Foss Infratec 1241 Grain Analyzer (Foss North
America).

2.6 | Statistical analysis

In the single plant trials, comparisons between mutant and
wild-type means in each cross were made using two-tailed,
independent sample t-tests. Data from the two NILs that
were grown in both years of full density field trials was
compiled, and mean values of the NIL representing each geno-
type group were calculated and used for further analysis.
Data from each of the 10 different populations represent-
ing each height/variety background grown in the full density
trials was analyzed separately. Analysis of variance was com-
puted using a mixed linear model with Rh+-Al genotype,
Rht-B1 genotype, environment, and their interactions as fixed
effects. The interaction between replicate and environment
was considered as a random effect. Assumptions of nor-
mality and homogeneity of variance were verified prior to
model fitting. The 2023 rainfed, 2024 irrigated, and 2024
rainfed experiments were considered three separate environ-
ments. Analysis was performed using the Ime4 package (Bates
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et al.,, 2015) in R (R Foundation for Statistical Computing,
Version 4.0.5).

3 | RESULTS AND DISCUSSION

3.1 | Y2Hscreen

Strains transformed with Rht-Ala, Rht-Bla, and Rht-Dla
positive controls showed vigorous growth, indicating strong
interaction with GID1 in both test plates, with and with-
out GA3. Negative controls Rht-B1b-E529K and GID 1/empty
vector did not show any interaction. The single nonsense
Rht-Al allele and eight different missense Rht-Al alleles
were observed to interact with GID1 in three different ways.
Rht-A1-Q6* interacted with GID1 similarly to the negative
controls, with no growth observed in the presence or absence
of GA3. Both Rht-A1-A53T and Rht-A1-R3C grew less than
any other tested strains on the control plate, but Rht-Al-
AS53T showed interaction similar to positive controls with
and without GA3, while Rht-A1-R3C appeared to have little
to no interaction without GA3 but partially restored interac-
tion in the presence of GA3. Rht-A1-A86V, Rht-A1-P94L,
Rht-A1-V55M, and Rht-AI-E63K showed no interaction
with GID1 without GA3, but interaction with GID1 was
restored in the presence of GA3. Rht-AI-A53V and Rht-Al-
R3H performed similarly to positive controls and interacted
with GID1 in both the presence and absence of GA3 (see
Figure 2).

3.2 | Single plant study

The Rht-A1-V55M allele decreased height significantly in
the semidwarf Vida background by 4.4% compared to the
wild type (p = 0.01) (Table S1), and the Rht-AI-E63K allele
decreased height in the tall Duclair background by 4.2% com-
pared to the wild type (p = 0.01) (Table S2). Rht-A1-A53T
showed increased single grain weight in all four comparisons,
with a significant increase of 10.2% in the semidwarf Duclair
background (p = 0.02). No other significant differences in
height were detected in the single plant study. These results
contributed to these lines being chosen for inclusion in the
full density trials. See supporting information tables for mean
values of all data collected in the preliminary single spaced
plant trials.

3.3 | Standard planting density field study

Each tested Rht-A 1 mutation included in the full density trials
contributed to a small decrease in height in both semidwarf
and tall backgrounds (Table 2). This difference was most

pronounced in the Rht-A I-E63K allele Vida background com-
parisons, in which this allele decreased height by about 6 cm
in both tall and semidwarf backgrounds (p < 0.01). On aver-
age, Rht-A 1 mutant alleles decreased grain yield in semidwarf
backgrounds but increased grain yield in tall backgrounds.
The only statistically significant grain yield difference was
in a tall Vida background comparison in which the Rht-Al-
E63K allele increased grain yield by 12% (p = 0.02). Protein
content was not affected by Rht-Al mutations with one excep-
tion, where there was a significant protein content decrease
in which the Rht-AI-R3C allele decreased protein content
by 2.6% (p = 0.04) in a tall Duclair background. As in the
single plant study, lines with the Rht-AI-A53T mutation all
trended toward an increase in single grain weight, with the
tall Duclair background lines showing a statistically signifi-
cant increase of 2.6% (p = 0.01). Most other Rht-A I mutations
contributed toward a decrease in single grain weight, with
this decrease being statistically significant in the tall Vida
Rht-A1-R3C comparison (p = 0.05), and the tall Duclair Rhz-
AI-V55M comparison (p = 0.02). All semidwarf background
lines were between 15 and 19 cm shorter on average than tall
background lines. In general, semidwarf lines also had higher
grain yield but lower protein content and single grain weight
(Table 2).

4 | DISCUSSION

Although the Rht-A1-Q6* allele performed similarly to the
control Rht-BIb-E529K allele in Y2H assays, lines with this
allele did not show an impact on plant height or seed met-
rics like the Rht-B1b or Rht-D1b alleles. These results suggest
that this nonsense mutant allele does not have similar func-
tion to the green revolution semi-dwarfing alleles Rht+-B1b
and Rht-D1b, which also contain stop codons. Rht-B1b and
Rht-D1b experience tissue specific translational reinitiation
after the stop mutation to create an N-terminally truncated
protein, resulting in a semidwarf phenotype. However, the
Rht-A1-Q6* allele appears not to experience this specific form
of translational reinitiation since it does not confer a similar
semi-dwarfing effect. In contrast, other tested missense alleles
exhibited reductions in plant height, notably the Rht-A1-E63K
mutation allele. This partial effect, coupled with restored Y2H
interaction in the presence of GA3, suggests that this vari-
ant may retain some GA-dependent binding activity in planta,
potentially altering GA sensitivity without fully disrupting
DELLA degradation. Results of this study show a weak corre-
lation between tested Y2H interactions and field phenotypes,
indicating that Y2H assays alone are not a sufficient predictor
of plant height. These findings emphasize that multiple regu-
latory mechanisms contribute to the phenotypic expression of
Rht-1 variants, not simply the binding ability of RHT-1 with
GID1.
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TABLE 2 Full density field trial data averaged across 2023 and 2024 environments.
Tested Grain yield
Rht-Al allele Variety Rht-B1 Rht-Al Height (cm) (kgha™)

Rht-A1-R3C  Duclair Semidwarf* Rht-A1-R3C 903+1.2 5719 + 178
Rht-Ala 903+1.2 5838 + 178

Tall® Rht-A1-R3C 105.2*% + 1.2 5757 £ 178

Rht-Ala 1077+ 1.2 5453 + 178

Vida Semidwarf Rhr-A1-R3C 87 +0.67 5759 + 158

Rht-Ala 87.8 +£0.7 5845 + 158

Tall Rht-A1-R3C 105.5% £ 0.7 5542 + 158

Rht-Ala 107.7 £0.7 5372 + 158

Rht-A1-Q6*  Duclair Semidwarf Rht-A1-Q6* 845+14 5994 + 330
Rht-Ala 87+14 6213 + 330

Tall Rht-A1-Q6* 1021+14 5799 + 330

Rht-Ala 1013+14 5856 + 330

Vida Semidwarf Rht-A1-Q6* 87.5* +0.8 5790 + 354

Rht-Ala 90.2+0.8 5911 + 354

Tall Rht-A1-Q6* 106.2 +0.8 5524 + 354

Rht-Ala 106.8 +0.8 5294 + 354

Rht-A1-A53T Duclair Semidwarf Rht-A1-A53T 854 +1.1 6167 + 465

Rht-Ala 85+1.1 6472 + 465

Tall Rht-A1-A53T 1004 + 1.1 5924 + 465

Rht-Ala 101.2+1.1 5979 + 465

Vida Semidwarf Rht-AI-A53T 87.9+1.0 6060 + 349

Rht-Ala 90.2+1.0 6011 + 349

Tall Rht-A1-A53T 106.8 + 1.0 5440 + 349

Rht-Ala 108.2+ 1.0 5069 + 349

Rht-A1-V55M Duclair Semidwarf Rht-A1-V55M 852+15 5587 + 346

Rht-Ala 866 +1.5 5559 + 351

Tall Rht-A1-V55M 101.8 £ 1.5 5463 + 346

Rht-Ala 1022+ 1.5 5666 + 346

Vida Semidwarf Rht-A1NV55M 86.8% + 1.3 5832 + 342

Rht-Ala 89.6+13 6198 + 322

Tall Rht-AIV55M 107313 5469 + 322

Rht-Ala 108313 5983 + 322

Rht-A1-E63K  Duclair Semidwarf Rht-A1-E63K 83.5* + 1.1 6340 + 281

Rht-Ala 874+ 1.1 6489 + 281

Tall Rht-A1-E63K 948 + 1.1 6287 + 281

Rht-Ala 96.7 £ 1.1 5895 + 281

Vida Semidwarf Rht-AI-E63K 84.9%*% + 1.1 6645 + 208

Rht-Ala 91+1.1 6637 + 208
Tall Rht-AI-E63K 103.1%* £ 1.1 6046* + 208

Rht-Ala 1089+ 1.1 5398 + 208

Crop Science 7of 11

Grain protein Single grain

@ke™)
146 + 1.2
146 + 1.2
149% + 1.2
153 +1.2
149 +27
147 + 2.7
154+ 2.7
157+ 2.7
148+ 1.9
146 + 1.9
150+ 1.9
154+19
145+ 1.5
141+ 1.5
147+ 1.5
148 + 1.5
147 + 33
145+ 33
150 +3.3
151 +3.3
140 + 2.1
141 + 2.1
143+ 2.1
146 + 2.1
148 + 3.0
149+ 30
155+ 30
151+ 3.0
139+ 25
140 + 2.5
148 +2.5
146 +2.5
143 +1.2
145+ 1.2
148 + 1.2
151+1.2
141+ 1.8
141+ 1.6
144+ 1.6
147+ 1.6

Note: Mean values and standard errors are shown. The Rht-A1-E63K mutation had the largest effect on plant height and grain yield.
2Semidwarf lines contain the Rht-Bib allele.
Tall lines contain the Rht-Bla allele.

* and **denote significant difference at 0.05 and 0.01 probability levels.

weight (mg)
33.1+05
33.5+05
339+05
33.2+05
325+04
31.5+04
323*+04
33.5+04
31.7+07
324 +07
344 +07
32.8+07
32409
32409
328409
343409
30909
306 +0.9
320*+09
312409
325+04
322+04
346 +04
339+04
31+06
31.9+06
31.7* + 0.6
33.2+0.6
328 +07
33.8+07
34+ 07
345+07
319+ 04
328+04
32+04
3104
27+ 1.5
30515
31915
327+15
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Rht-Ala + GIDI
Rht-Bla + GIDI
Rit-Dla + GID1
Empty + GID/
Rht-B1b-ES29K + GIDI
Rit-41-AS3V + GIDI
Rit-41-A86V + GIDI
Rht-A1-P94L + GID1
Rht-A1-VS5M + GID1
Rit-A1-E63K + GIDI
Rht-41-R3H + GID1
Rit-41-Q6* + GIDI
Rit-A1-R3C + GIDI
Rht-A1-AS3T + GIDI
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FIGURE 2 Yeast two-hybrid assay analyzing Rhr-1 mutant alleles found in hexaploid wheat indicating interaction between RHT-1 and GID1
in the presence or absence of 100 pM gibberellic acid (GA3). Lines lacking restoration of growth in the presence of GA3 was not always predictive
of effects on plant height. Serial dilutions on SD/-L-T (control) media, SD/-L-T-A-H media, and SD/-L-T-A-H media + 100 pM GA3. Rht-Ala,
Rht-Bla, and Rht-D1a are positive controls, Rht-B1b-E529K is a negative control, and GID1 is a negative control with an empty pGADT7

vector. Plates are representative of three independent replications. Rht-A1-A86V, Rht-Al1-P94L, Rht-A1-V55M, and Rht-A1-E63K did not grow on the
no-GA3 plate. The addition of GA3 restored the interaction of Rht-A1-A53V, Rht-A1-A86V, Rht-A1-P94L, Rht-A1-V55M, Rht-Al-E63K,
Rht-A1-R3H, and Rht-A1-A53T to the same level as the wild-type positive controls. Rhr-A1-06* mimicked the negative controls, with no growth on
either plate. Both Rht-A1-A53T and Rhit-A1-R3C had reduced growth on the control plate, but in comparing the interaction plates still showed enough

growth to interpret.

The Rht-AI-E63K missense mutation allele conferred the
largest height and yield differences in both the single plant
and the full density yield trials. Out of all tested mutant alle-
les, this mutation is closest to the corresponding homologous
location of the nonsense mutations in the Rh#-Blb (Q64%)
and Rht-DIb (E61%) alleles. Each of these three mutations
occur directly within the eponymous portion of the LEXLE
motif, which is located between the 52nd and 66th amino acid
in Rht-Al, the 55th and 69th amino acid in Rh#-BI, and the
53rd and 67th amino acid in Rht-D1. Rht-AI-E63K changes
the second glutamic acid codon to a lysine codon, Rht-B1b
changes the glutamine codon (between the leucine/glutamine
codon pairs) to a stop codon, and Rht-D1b changes the first
glutamic acid codon to a stop codon. Three of the other alle-
les in this study have mutations that occur within this motif
but before the eponymous portion, Rht-A1-A53T, Rht-Al-
A53V, and Rht-A1-V55M. Although these mutations trended
toward reducing height, they did not impact height, yield,
or seed metrics to the same degree as Rht-AI-E63K. This
adds to the evidence that the stop mutations found in Rht-
B1b and Rht-D1b alleles occur in a novel location, resulting in
the rare transcription reinitiation described in Van De Velde
et al. (2021) and the gain of function traits that we see in
semidwarf wheat cultivars. Additionally, the results of this
study are supported by Murase et al. (2008), which describes
the importance of this specific locus in DELLA proteins in
the orthologous GA3 Insensitive (GAI) gene in Arabidopsis

thaliana. Their model of the GAI DELLA protein, which con-
tains the DELLA, TVHYNP, and LEXLE motifs, puts special
emphasis on the glutamic acid codons of the LExLE motif,
showing that these negatively charged residues directly stabi-
lize binding with the GA3 GID1 complex through salt bridges
formed with positive amino acid residues in GID1. Results
from a pull-down binding assay that tested binding ability of
various GAI mutants with GA3 bound GID1A showed that the
GAI-E54R mutation (directly homologous in location with the
Rht-A1-E63K mutation in this study) reduced binding more
so than any other tested single point mutation (Murase et al.,
2008).

Xie et al. (2024) identified the Rht-Alh mutant allele
(E44G), which occurs within the DELLA motif two amino
acids after the eponymous portion of this motif, which is
located between the 38th and 42nd amino acid in Rht-A1. This
study did not examine any mutations occurring in the DELLA
motif of Rht-Al. Altogether, the results of this study together
with the results of Xie et al. (2024) reinforce research show-
ing that the DELLA and LEXLE motifs within the N-terminal
region or DELLA domain of Rht-1 are especially important
in the function of Rht-1 in wheat.

The Rht-AI-E63K allele shows agronomic value when
compared to tall background genotypes and can realistically
be integrated into breeding programs in which mid height
varieties may be beneficial. Wheat varieties with taller plant
height improves increased weed competitive ability, which
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is useful in organic systems and other systems wanting to
implement integrated weed management practices (Andrew
et al., 2015; Lazzaro et al., 2019; Murphy et al., 2008). Lines
that contain Rht-A1-E63K allele grown in these types of sys-
tems would potentially show improvements in yield over full
height lines but would likely retain the weed competitive
ability of a taller line compared to a semidwarf variety. In
conventional systems, mid height lines containing only the
Rht-AI-E63K allele may show improvements in aforemen-
tioned negative qualities conferred by semidwarfing alleles
Rht-B1b and Rht-Dib. Although no significant differences
in protein content were detected in this study, increases in
emergence due to longer coleoptile length, increased yields in
extreme drought environments, and increased Fusarium head
blight resistance may be conferred by Rht-AI-E63K relative
to semidwarf genotypes (Jobson et al., 2019; Mathews et al.,
2006; Schillinger et al., 1998). Further research is needed to
determine whether these benefits are realized.

5 | CONCLUSION

The Rht-AI-E63K mutation decreased plant height in both
tall and short backgrounds, although this difference was not
statistically significant in the tall Duclair background. This
mutation also significantly increased grain yield when tested
in the tall Vida background without significantly decreasing
grain protein content. Grain yield was also increased in the
tall Duclair background, although this increase was not sta-
tistically significant. Other tested mutations, including the
Rht-A1-Q6* nonsense mutation did not consistently impact
plant height. This indicates that the region of LEXLE motif
where the E63K mutation and Rht-D1b and Rht-Bl1b allele
mutations occur is especially integral to the function of Rhz-
1 in determining plant height. Overall, this data supports the
introgression of the Rht-AI-E63K allele into wheat breed-
ing programs for the purpose of fine-tuning plant height for
environments or situations that may warrant an intermediate
height phenotype. This phenotype would be shorter than wild
type (tall) lines but not as short as semidwarf lines carrying
the traditional Rht-B1b or Rht-D1b alleles and would also not
confer the significant seed quality drawbacks that these alleles
bring.
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