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Abstract

The Dense and erect particle 1 (HVDEPL) gene, located on chromosome 5H in barley (HordeumvulgareL.),
encodes a heterotrimeric G-protein y-subunit that regulates grain size and stem elongation. Multiple alleles of
HVDEP1 have been identified, including the widely utilized semi-dwarf allele HYDEP1.GP, caused by an insertion
mutation, and arecently discovered variant, HYDEPL.V, characterized by two deletions in the putative cis-regulatory
region. In this study, we evaluated the phenotypic effects of HYDEPL.V relative to HYDEP1.GP and the wild-type
allele (HYDEP1.WT) using two BCI F[1 populations across multi-environment field trials spanning two locations
and three years. HYDEPL.V was associated with plants that were 5-14.6 cm taller, had 3-6.7 higher lodging score,
and increased head loss compared to HYDEP1.GP. HVDEPL.V showed comparable agronomic attributesto
HVDEPL.WT. Substituting HYDEP1.V for HYDEP1.GP significantly increased all physical grain attributes,
including grain width (1.44-4.24% in three out of five environments), grain length (4.88-8.69 %), grain area (6.45-
11.06%) and thousand-grain weight (6.75-13.8%). Out of five environments, compared to HYDEP1.WT, HVDEP1.V
was associated with wider grain in three environments, shorter grain in four environments, and increased grain
roundness in four environments. These findings link allelic variation of the HYDEP1 gene to key agronomic and
physical grain traits and demonstrate the functional consequences of HYDEP1.V in diverse genetic backgrounds and

field conditions, providing valuable insights for barley improvement.
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Key message

By evaluating agronomic performance and physical grain traitsin two genetically distinct barley populations
acr oss multiple environments, we reveal strong environment- and background-dependent effects of HYDEP1
alleles.
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Introduction

Barley is the fourth largest crop in the world, which is used for stock feed, malt production and human food. It can
be adapted to high-salinity and cold environments depending on the cultivar (Fettell et al. 2010; Munns et a. 2006;
Munns and Tester 2008). Barley is also well suited to many ecogeographical zones due to the diversity of height and
phenology genes, which can be manipulated to achieve adaptation. The introduction of synthetic fertilisers has led to
significantly increased grain yield in crops like barley, rice and wheat. However, the stems of these crops are not
strong enough to support heavy spikes, resulting in stem breakage phenomena such as lodging, brackling, head loss
(Munns et al.) or necking (Berry 2019; Dockter and Hansson 2015). Since the Green Revolution, semi-dwarf genes
including Dense and erect particle 1 (DEP1) mutants, have been introduced into crops such as rice and wheat and
have helped to increase grain yield and crop productivity (Dockter and Hansson 2015; Hedden 2003). In plants,
DEP1 encodes the gamma subunit of heteromeric G protein, which regulates stem elongation and grain size (Li et
al. 2012; Sun et a. 2018). The G protein pathway consists of Go, which provides a foundation for grain size
expansion; GB, which is essential for plant survival and growth; and the three Gy: DEP1, GGC2 and GS3 interact to
regulate grain size (Sun et a. 2018). DEP1 and GGC2 can act on their own or together to increase grain length when
bound with GB, while GS3 indirectly reduces grain length by competitively interacting with GB (Li et a. 2012).

The role of HYDEP1 has been investigated in barley using multiple breviaristatum mutants in the Bowman
background (Druka et a. 2011) (Table 1). The loss-of-function X-ray-induced mutation breviaristatum-e (ari-e.GP)
or HYDEP1.GP in cv. Golden Promise shows reduced awn length, 15-20 cm shorter plant height, erect plant stature
and good lodging tolerance (Dockter and Hansson 2015; Walia et al. 2007). This allele has been used extensively in
European and Australian barley cultivars such as Hindmarsh, Spartacus CL and La Trobe (Jia et al. 2016). The
mutation is also related to high yield and good malting quality, yet it can be associated with reduced grain size and
poor weed competition (Mahgan et al. 2020; Wendt et al. 2016). Based on 12 years of yield data, HYDEP1.GP
produces either more or less yield depending on the environment, demonstrating an interaction between genetic

backgrounds and seasonal environments (Wendt et al. 2016).

Cultivars such as Spartacus CL and La Trobe also show good tolerance to head loss (HL), possibly as a result of
HVDEPL1.GP (Curry and Paynter 2019; Tucker 2022). Despite this, underlying physiologica and morphological
contributors to HL such as peduncle strength and length, plant height and growth habit, are poorly characterized in
barley thus hindering trait improvement (Curry and Paynter 2019). Conventional phenotyping methods for HL
include yield loss estimation, ground head counts, missing spike counts, and subjective rating scales. However, these
methods are difficult to measure, easily confounded, labor-intensive and subject to human error. These limitations

restrict breeding progress for improved HL, thus necessitating the need for new genetic targets and strategies.

A novel HVDEP1 allele was recently identified in the Australian cultivar Vlamingh by Watt et al. (2020), containing
deletions of two key cis-regulatory elements; a9 base-pair (bp) indel (insertion-deletion mutation) and a 13 bp indel
within an upstream open reading frame (Supplementary Figure S1). This results in a 2.6-fold downregulation of

HVDEP1 expression compared to the wild-type. Vlamingh was observed to be more erect than the wild-type cultivar
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Buloke, while showing reduced grain length and thousand-grain weight (TGW) in some environments (Watt et al.
2020; Watt et al. 2019). The agronomic and pleiotropic effects of the HYDEPL.V alele in field conditions have not
been investigated or compared with the existing semi-dwarf allele, HYDEP1.GP.

In this multi-environment field study, we characterised the function of HVYDEPL by investigating its three aleles
using two genetic backgrounds: HYDEP1.GP and HVDEPL.V in an Erectoides breeding line; HYDEPL1.V and
HVDEPLWT in a tall genetic background. Agronomic traits such as plant height, mechanical tolerance and yield
were measured in the field. We also explored a novel phenotyping framework combining high-throughput image
capture with machine learning to quantify HL in field-grown barley. Our findings indicate that the agronomic effects
of HVDEP1 are both environment- and genetic background-dependent. Furthermore, we observed that HYDEP1.V

does not result in better stem breakage tolerance, while producing wider and shorter grains in some environments.

Table 1: Known mutations of the HYDEP1 gene including their origin, protein effect and phenotype.

HVDEP1 allele Mutation Origin of Protein effect Phenotype Reference
mutation
HvDEPL1.GP (ari- Insertion of A after pos 162 in Neutron- 54 native residues — Erect, short (Kuceraet d.
e.GP) the cDNA induced non-functional protein 1975; Wendit et
ari-e.1/ ari-e.30/ Gene deletion mutationin - |"No protein Erect, short al. 2016)
ari-e119 Bonus
ari-e.39/ ari-e. 156/ | Cto T nonsense mutation at Truncated protein Erect, short
ari-e.166 pos 217 in the cDNA
HVDEP1.V 2 deletionsin the cis-regulatory | Natural Same protein, Erect, tall (Watt et al. 2020;
region of the cDNA. Other mutationin | reduction of 2.6-fold Watt et al. 2019)
polymorphismsinclude-2bp at | Vlamingh in expression
-327bp and SNPs at -704bp, -
602bp, -534bp.

Material and M ethods

Plant material, genotyping and multi-environment trials

This study utilised 103 genotypes including 7 relevant control cultivars, 3 parental lines and two plant populations
consisting of atotal of 93 BC,4F, derived lines, which were created using VIamingh as the donor of HYDEPL.V and
the recurrent parent genetic backgrounds of population 1: HYDEP1.GP from the breeding line AGTB0197; and
population 2: HYDEPL.WT from the tall cultivar Beast. DNA was extracted from al genotypes and genotyped on a
custom SNP chip based on an AGT proprietary linkage map. The HYDEPL.V allele was selected using an
informative SNP at -704bp of HYDEP1 at the gene’s CAF motif (Watt et al. 2020; Wendt et al. 2016). After
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removing the lines heterozygous for HYDEP1, 88 lines left can be categorised into 4 genotypic classes: (1) 28
individuals with allele HYDEP1.V and (2) 17 individuals with allele HYDEP1.GP in population 1; (3) 26 individuals
with alele HYDEP1.V and (4) 17 individuals with allele HYDEP1.WT in population 2. In 2022, 103 lines were
partially replicated and sown in a randomized complete block design (RCBD). To achieve full plot replication, trials
in 2023 and 2024 were dropped to 72 lines, including parental lines (Beast, VIamingh and AGTB0197), 5 relevant
control cultivars (Compass, Cyclops, Flagship, RGT Planet, and Spartacus CL) and the two populations (number of
lines per genotypic class are reported in Supplementary Table S2), al of which were sown in a RCBD with two
replicates. The experiments were conducted with a plot size of 1.32 m x 3.2 m in two locations (Roseworthy, South
Australiaand Kaniva, Victoria) over three years (2022 to 2024) (Table 2). The nutrition, disease, weed and insect
management were applied according to the agricultural practice of the region.

Table 2: Locations and management for the multi-environment field experiments.

Environment? Sowing date  Harvest date GDD Growing season rainfall Environment description
Ccy (mm)°
RS22 14™ June 30% Nov 1983 355.0 High rainfall
RS23 15" May 1st Nov 2030 188.8 Below average rainfall
RS24 27" June 18th Nov 2033 108.0 Late break, drought stressed
Kv22 24" May 19th Dec 2530 426.6 High rainfall, long season
Kv23 22" May - - 204.0 Reproductive frost damage, not harvested
KVv24 13" June 12th Dec 2506 219.4 High rainfall, long season

3 ocations were RS; Roseworthy (34°31' S, 138°41'E); and KV; Kaniva (36°26' S, 141°11'E). 22, 23 and 24 stand for trial year 2022, 2023 and
2024, respectively.

PGrowing degrees day: total temperature (°C) throughout the growing season cal culated by averaging daily high and low temperatures and
subtracting a base temperature of 0 °C (McMaster and Wilhelm 1997).

“Weather data for the growing season retrieved from Australian Government Bureau of Meteorology (http://www.bom.gov.au/)

Phenotyping

Plot-level measurements

Maturity was measured as Zadoks score (Schindelin et al.) in all environments according to the Zadoks decimal
growth scale (Zadoks et al. 1974) with modifications for barley, and days to awn appearance (DAA) measured for
the environments RS23 and RS24. Growth habit (GH) during stem elongation (ZS30-33) was measured using visual
scores (1 = erect, 2 = semi-erect, 3 = prostrate), the degree of lodging from the base of 50% of the plot (LS) (1 =0-
10° to 9 = 80-90°) measured during grain filling, and brackling score (BS) on a 1-10 scale indicating the percentage
of plot brackled. Plant height (PH) was measured as the average length of three plants within a plot from the base of
the stem to the collar of the spike when spikes had fully emerged. In RS23, Normalised Difference Vegetation Index
(NDV1) was collected using a GreenSeeker® 505 handheld sensor at stem elongation stage (ZS30) as a surrogate for
vegetation density and crop biomass.

Grain char acteristic measurements

Trial plots were harvested with a harvester (Quantum Plus, Wintersteiger Co., Reid, Australia) and the plot grain
weight was converted to yield (kg/ha) by dividing the plot weight by the area harvested. Grain samples were cleaned
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over a1.8 mm slotted sieve using a grain cleaner (Sample cleaner model SLN3, Pfeuffer GmbH, Kitzingen,
Germany), and photographs processed using Fiji ImageJ (Schindelin et a. 2012) to determine the grain size
attributes of grain length (GL), grain width (GW), grain area (GA), grain circularity, and grain roundness (GR). GC
describes how close a shape isto a perfect circle while GR is equivalent to the inverse aspect ratio of the shape’s

fitted eclipse.
GC = 4w X (Area/ Perimeter?) (D
GR =4 X (Area/(m X Major Axis?)) (2)

Thousand-grain weight (TGW) and hectolitre weight (HLW) were derived from the image-calculated grain number
and the weight of a30 mL subsample. Grain plumpness (GP) indicates percentage of grains retained above a2.5 mm
sieve, and screenings (SCR) represents the percentage of grainsthat pass through a2.2 mm sieve.

Quantification of head loss using an image detection model

Head loss was quantified as counts of heads on the ground (HLC) (heads'm?) (Munns et al. 2006), which were
counted by taking post-harvest plot images from a height of 1.3 m using Canon 70D camerawith an 18 mm-lens.
Prior to imaging, the plots were inspected to ensure that there was no significant loss of heads due to harvest
machinery or other mechanical factors. The number of heads per image was quantified from these images using a

Y OLOvV8 object detection model (Jocher et al. 2023), using 1,712 images (containing 44,150 total annotations)
which were split into training (n = 1,396), validation (n = 256) and test sets (n = 87). The test set consisted of images
which were not used in the model training process. The number of heads per m? (3) was calculated by multiplying
the plot areawith the ground sampling distance (1), which accounts for the height of the camera at imaging, camera

sensor size and field of view, then divided by the area captured per image (2).

Ground sampling distance (GSD) — Sensor width (mm) X Camera height (m) X 100 ( )

Focal length of the camera (mm) X image width (pixels)
Area captured/image = (Image width (pixels) X GSD) x (Image height (pixels) X GSD) (2)

Heads _ Heads Plot area

(3)

= X
m? image Area captured/image

X-ray Computed Tomography (CT)

From the Roseworthy 2022 field trial, 10 spike samples were collected from four genotypes per genotypic class and
underwent X-ray CT scanning at the Australian Plant Phenomics Facility (Adelaide, South Australia). The grain
characteristics measured were the number of grains per spike, spike length, rachisinternode length, grain size
(mm®), grain weight (g), CAT radius (Wang et al. 2024) (the radius of the Circle that has the same Area asthe grain
maximum Transverse section) (mm), and mean grey value (average gray value of the seeds on the spike, correlated
to seed density) (Hounsfield Units).

Statitical analysis of field trials

Best linear unbiased estimates (BLUES) of fixed effects were extracted from a mixed linear model within
R/ASRemI® (VSN International) (Butler 2023) in the R environment, using the following general form of linear
mixed model:
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y =Xt + Zyu, + Zyu, +¢

where t isa vector of fixed effects with associated design matrix X; u, is the vector of random Genetic by
Environment effects with associated design matrix Z,; u,, isavector of (non-genetic) random effects with
associated design matrix Z,, and ¢ is the combined vector of residual errorsfrom all environments (Smith et al.
2019). Genetic effects were modelled by explicitly fitting the gene of interest, HYDEPL, and genetic background as
fixed variables. Non-genetic environmental variation was modelled through an AR1xXAR1 correlation structure,
which were fitted in the residual terms (Gilmour et a. 1997). A Tukey honest test was performed on the BLUES
using the R/biometry package (Nielsen 2025). Post-hoc Pearson correlation analysis was conducted for the

Roseworthy 2023 phenotype data as this was the site with the most measured traits.
Quantitative trait loci (QTL) mapping

To unveil the residual marker effects from the two genetic backgrounds, QTL analysis of the phenotypic traits
collected from the 2022 trials was conducted on a combined analysis of both populations and on the subset of lines
fixed for the HYDEPL.V alele across the different genetic backgrounds using the whole genome average interval
mapping RAIWGAIM (Arends et al. 2010; Verbylaet al. 2012). The package is a computational implementation of
the whole genome interval mapping techniques that uses RZASReml (Butler et al 2009) to perform statistical
modeling analysis (Verbyla et a. 2007; Verbyla et al. 2012). The summary includes the magnitude of the QTL
effect, the logarithm of odds (LOD) score and genetic variance (%). QTL were considered significant when LOD >
3 and suggestive when LOD between 2 and 3, only QTL with aLOD greater than 2.5 were reported (He and
Murabito 2014).
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Results
Agronomic effects of HYDEP1.V
Population 1 (AGTB0197*4/Vlamingh)

In population 1, the HYDEP1.GP allele was associated with an erect GH (1.09-1.27), while the HYDEP1.V allele
conferred aintermediate or prostrate GH (1.8-2.87) (Supplementary Table S1). HYDEP1.GP allele resulted in the
shortest plant stature (34.92—83.71 cm) and the lowest lodging scores (1.3-3.5) in four out of five environments. In
contrast, the HYDEPL.V allele significantly increased plant height (by 5-14.6 cm) and resulted in significantly
higher lodging scores (3.0-6.7) across all environments (Fig. 1). Additionally, HYDEP1.V was associated with a
yield reduction of 271-588 kg/ha compared to HYDEP1.GP in all environments.

Population 2 (Beast* 4/\Vlamingh)

During early plant development, both alleles in population 2 show a prostrate GH (2.01-2.79) (Supplementary Table
S1). In most environments, when the HYDEPL1.WT allele was substituted for the HYDEP1.V allele there was no
significant differencein PH (up to 93.6 cm in RS22), or yield (up to 6.75 t/hain KV24) (Fig. 1). The HYDEP1.V
allele had higher LSin KV22 (4.15 compared to 3.73).

Head loss quantified by the image detection model

Validation metrics for the validation and test sets, predicted a a confidence of 0.30, are shown in Supplementary
Figure S3a. In thetest set, a correlation of 0.96 was observed between predicted and annotated heads
(Supplementary Figure S3b). Head loss count (HLC) data derived from this model are reported in Fig. 1. In
population 1, the HYDEP1 allele had variable influence on HLC, with HYDEPL.V conferring the highest HLC in
RS23 (7.5 heads'm?), and the HYDEP1.GP allele the highest HLC in RS24 (4.4 heads/m?), while all alleles had the
same HLC in other environments. In population 2, similar HLC (up to 9 heads/m?in KV 22) was observed for
HvDEP1.V and HYDEP1.WT.

HVDEP1 interactions with environment

HVDEPL1 had a significant effect on YLD, PH, and LS, but not on HLC (Table 3). Genetic background significantly
influenced YLD and LS but had no detectable effect on PH or HLC. A significant interaction was observed between
environment and HVDEP1 for PH, LS, and HLC, and between environment and genetic background for YLD, PH,
and LS. The effects of HYDEP1 on YLD, PH, and LS were strongly influenced by genetic background. The only

significant environment x gene x background (ExGxB) interaction was detected for LS.
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Fig. 1: The phenotypic effect of HYDEP1 alleles on plant height, lodging score, head loss and yield in the
populations AGTB0197* 4/VIamingh and Beast* 4/VIamingh. Standard error bars are between field plot and
genotype replicateswith significant differences denoted by alphabetical characters.

Table 3: Sum of squares from multi-environment study of BC,F; lines for 4 agronomic traits.

Yield Plant height Lodging score Head | oss (counts)

Environment (E) 1224.05 *** 2504.35 *** 65.52 *** 27.97 ***
HVDEP1 52.15 *** 250.63 *** 238.25 *** 2.39

Genetic background 257.61 *** 551 56.91 *** 4.24

E x HYDEP1 9.87 216.58 *** 33.62 *¥** 24.44 ***

E x Genetic background 33.3 *** 33.41 *** 21.91 ** 4.63

HVDEPL1 x Genetic background ~ 14.74 ** 10.2* 48.36 *** 141

E x HVYDEP1 x Genetic

background 15.6 23.27. 29.83 ** 9.46

Physical grain effects of HYDEP1.V
Population 1 (AGTB0197* 4/Vlamingh)

The HVDEPL.V allele had significantly longer first and second internode length of 26.96+0.6 cm and 20.28+0.85
cm, compared to HYDEP1.GP allele with internode lengths of 20.43+0.83 cm and 17.29+1.04 cm (Fig. 2a).
HvDEPL.V had significantly less grains per spike (19.87+0.59 compared to 22.28+0.61), comparable spike length,
larger grain size (36.46+0.49 mm?® compared to 30.3+0.33 mm®) and heavier grain (0.057+0.001 g compared to
0.048+0.0007 g) compared to HYDEP1.GP (Fig. 2b). The HYDEP1.GP allele showed the lowest grain length, width,
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areaand TGW compared to the other aleles (Fig. 2c & Supplementary Table S2). When HVYDEPL.V was substituted
for HYDEP1.GP, it significantly increased all grain attributes, 1.44-4.24% GW (3/5 environments), 4.88-8.69% GL
(al environments), 6.45-11.06% GA and 6.75-13.8% TGW (al environments) (Fig. 2c, Supplementary Table S1).

HvDEP1.V-carrying linesin population 1 had significantly longer grains compared to linesin population 2.
Population 2 (Beast* 4/Viamingh)

In population 2 when the HYDEPL.WT allele was substituted for HYDEPL.V there was no significant difference for
internode length, ear length, grain size and grain weight (Fig. 2a & b). HYDEPL.V showed similar internode length
distribution, spike length, grain size and grain weight as HYDEP1.WT. However, HYDEP1.V had fewer grains per
spike (19.25+0.62 compared to 21.70+0.67) compared to HYDEP1.WT (Fig. 2b). Compared to HYDEP1.WT,
HVDEPL.V resulted in shorter GL in RS22, RS23 and KV 22; increased GW in RS22, KV 22 and KV 24; plumper
grain in RS22 but less plump in RS23 (Fig. 2¢, Supplementary Table S2).
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Fig. 2. Stem, spike, and grain traits of Population 1 comparing HYDEP1.GP and HVDEP1.V alleles, and Population
2 comparing HYDEP1.V and HYDEPL.WT aleles. (a) Stem and internode lengths measured from Roseworthy 2022
samples. (b) Spike and grain traits assessed using X-ray CT from Roseworthy 2022. (c-€) Grain width and grain
length from Kaniva 2022 (BLUEs predicted using ASReml-R). Scale bar represents 1 cm. Error bars indicate
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standard errors of the means. Significant differences are shown by distinct alphabetical groupings. Statistical
significance was determined using two-way ANOVA: P < 0.05 (), P< 0.01 (), P < 0.001 (), and ns = not significant.

Genetic background effects

Based on the SNP information, on average, the progenies of population 1 (AGTB0197*4/Vlamingh) and population
2 (Beast*4/VIamingh) are 91.57% and 88.97% genetically similar to their recurrent parent, respectively. The genetic
background effects were demonstrated by identifying significant markers associated with the agronomic and grain
traits (RS22 and KV 22) (Supplementary Table S3) and a Pearson correlation analysis (RS23) (Fig. 3). Within the
full set of lines, atotal of 29 unique SNP markers were associated with 9 phenotypic traits. Notably, AGTBSNP-
5H:51.03 a 51.03 cM on chromosome 5H was identified for GH, LS, YLD, TGW, GW, GA, GR and GC,
representing the multi-trait effect of HYDEP1.GP allele (Supplementary Table S3.a). To elucidate the residual
marker effects between the two genetic backgrounds, significant markers were identified within the HYDEP1.V
subset that are different for the backgrounds. AGTBSNP-1H:128.24 (128.24 cM, LOD=2.63) on 1H, AGTBSNP-
5H:48.61 (48.61 cM, LOD=2.83) on 5H and AGTBSNP-2H:73.88 (73.88 cM, LOD = 2.80) on 2H were associated
for lodging score, explaining variance of 42% (RS22), 40.3% (RS22) and 46.1% (KV 22) respectively. Additionally,
AGTBSNP-2H:190.44 on 2H (190.44 cM, LOD=10.2, variance = 48.6%), AGTBSNP-5H:171.4 on 5H (171.4 cM,
LOD=5.09, variance = 45.8%) and AGTBSNP-7H:59.22 on 7H (59.22 cM, LOD = 2.56, variance = 3.3%)
explained atotal of 97.7% of RS22 yield variation within this subset. For KV 22 physical grain traits, AGTBSNP-
3H:64.59 was identified for GR (LOD=4.33, variance = 69.3%) and GC (LOD=3.87, variance = 63.3%) in KVV22,
and AGTBSNP-7H:82.44 (LOD = 11.16, variance = 96%) was identified for hectolitre weight.

In population 1, DAA (-0.44), LS (-0.45), BS(-0.5), GH (-0.42), and NDVI (-0.35) showed a negative correlation
with yield (Fig. 3a). In contrast, GW (0.33), GR (0.61), GC (0.69), HLW (0.53), and TGW (0.25) showed a positive
correlation with yield. Prostrate GH also had a positive correlation with LS and BS. Slower maturity was negatively
correlated with GW, TGW, HLW and YLD. In population 2, DAA was negatively corelated with yield while GW,
GL, GA, GC, HLW and TGW were positively corelated with yield (Fig. 3b). DAA was aso negatively correlated
with NDVI, GW, GL, GA, GC, HLW, TGW and YLD. In both populations, TGW is positively correlated with GW,
GL, GA and HLW, while GP is positively associated with GL and GA.
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Fig. 3. Pearson correlations of Roseworthy 2023 agronomic and grain traits within population 1 ()
AGTBO0197*4/VIamingh and population 2 (b) Beast*4/VIamingh. Significant correlations are shown, and the non-
significant correlations are left blank. PH: plant height, LS. lodging score, BS: brackling score, HLC: head loss
counts, GH: growth habit score, NDVI: Normalised difference vegetation index, GW: grain width, GL: grain length,
GA: grain area, GR: grain roundness, GC: grain circleness, GP: grain plumpness, SCR: screenings, HLW: Hectolitre
weight, TGW: 1000-grain weight, YLD: yield.
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Discussion
Genetic background effects

In this study, the HYDEP1.V alele from Viamingh was backcrossed into the tall HYDEPL.WT cultivar Beast, and the
erectoidies HYDEP1.GP breeding line AGTB0197, to devel op two populations with contrasting HYDEP1 aleles.
Using these populations allowed comparison of the allelic effects of HYDEPL.V with HYDEP1.GP in population 1,
and of HVDEP1.V with HYDEPL1.WT in population 2. This backcrossing approach allowed development of
populations with relatively fixed genetic backgrounds, ideal for assessing the effect of different HYDEPL alleles.
There were potential genetic driversfrom the two backgrounds, such as AGTBSNP-2H:190.44 for yield,
AGTBSNP-3H:64.59 (close to HVFT2) for grain roundness, and AGTBSNP-7H:82.44 for hectolitre weight but
further investigation is required to elucidate this effect. Though the Beast genetic background is associated with
earlier maturity than AGTB0197, ranging from 1.2 to 3.2 days (Supplementary Table S1), PH and ZS did not
significantly correlate (Fig. 3), and the HYDEPL.V allele has similar PH in both genetic backgrounds (Fig. 1). This
indicates that within the two populations, the genetic effects on PH are independent of maturity. Both Beast and
AGTBO0197 contributed environment-specific QTL for some agronomic and physical grain quality traits
(Supplementary Table S3). Additionally, conditions such as heat stress during grain filling period can negatively
affect grain size and weight (Shirdelmoghanloo et al. 2022). Different effects of the HYDEP1.V allele, especially for
GL and GW, in the different genetic backgrounds and environments, highlighted its interaction with the genetic

background and sensitivity to the environmental conditions, especially during the grain filling period.
Agronomic effects

Compared to HYDEP1.GP, the HYDEPL.V allele showed lower yield in all 5 environments, likely due to higher LS,
also observed in 5 environments. In the Beast background, HYDEP1.V showed no significant difference to
HvVDEPL1.WT in terms of yield, and no changein LS, PH, and HLC. While Vlamingh has an erect architecture, it was
observed in this study that HYDEPL.V allele doesn’t contribute to the erect plant phenotype, suggesting other genetic
modifiers from the Vlamingh background. Substituting HYDEP1.WT for HYDEPL.V aso did not provide lodging
tolerance or shorter plant height and did not have an intermediate effect when contrasted with the HYDEP1.GP
alele. In terms of agronomic traits, the HYDEPL.V allele on its own has a negative effect compared to HYDEP1.GP,
whileit has asimilar effect to HYDEPL.WT. Referring to Fig. 3, most agronomic traits negatively correlate with
yield in population 1 while only DAA negatively correlates with yield in population 2. This highlights the role of

plant architecture in yield improvement.

This study demonstrated that the agronomic effects of HYDEPL are both environment- and genetic background-
dependent, particularly influencing PH, LS, HLC, and YLD. These findings underscore the importance of
combining the HYDEPL1 allele with an appropriate genetic background in breeding programs. HLC varied
considerably across environments and there was significant interaction between HYDEP1 and environment for this
trait, likely due to extreme conditions. For instance, RS22 and KV 22 experienced high rainfall and long seasons

ending with hot winds, resulting in elevated HLC across all genotypes. In contrast, RS24 was drought-stressed,
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leading to greater head lossin HYDEPL.GP lines compared to al lines despite having comparable height with
HvVDEP1.V (AGTB0197). Using an object detection model, post-harvest imagery enabled collection of HLC data.
Since mechanical harvest losses can confound true HLC, pre-harvest plot inspections were conducted to ensure ho
significant changes occurred post-harvest. Although direct assays such as pre-harvest head counts (Curry and
Paynter 2019) or wind tunnel tests (Neenan and Spencer-Smith 1975) offer more precise quantification, they are
labor- and resource-intensive. The image-based method applied here provides a practical estimate of head |oss under

real-world mechanical harvesting conditions.

Physical grain traits

When the HYDEP1.GP allele was substituted for HYDEP1.V, significant GL compensation was observed. VIamingh
was previously reported to have a positive grain width QTL (29.6-48.5 cM) and anegative grain length QTL (48.5-
71.1 cM) on chromosome 5H, showing shorter grain in some environments (Watt et al. 2020; Watt et a. 2019).
Consistent with this study, we found when the HYDEPL.WT is subgtituted with the HYDEPL.V alele, it resultsin
wider grain in three environments, shorter grain in 4 environments and rounder grain in 4 environments. This
indicates that the HYDEPL.V allele has an intermediate effect on grain size and shape, with the phenotype being
more similar to the HYDEPL1.WT alele than the HYDEP1.GP dllele. Both populations showed that GL and GA
positively drive important grain quality traits like TGW and GP, highlighting GL and GA as target traits for
improving TGW and GP. Plumper grain and grain size uniformity are preferable in the malting industry, indicating a
potential of using HYDEP1 as a genetic tool to improve grain size and malting quality (Jiang et a. 2025; Wendt et
al. 2016).

HVDEP1.GP has pleiotropic effects on development

HvDEP1 encodes the G protein gamma subunit and is responsible for regulating culm and seed size in barley. The
geneis highly-conserved, highly expressed in meristematic tissues, has an exceptionally long 5 UTR (297bp) and is
suggested to be involved in cellular growth and regulation of differentiation (Bélanger et a. 2014). Our study
demonstrated that HYDEP1 has pleiotropic effects by identifying significant marker effects at the HYvDEP1.GP
position, which is collocated with multiple traitslike PH, LS, YLD, GA, and TGW. Similar results were observed
by Wendt et a. (2016), demonstrating the collocation of DAA, PH, YLD and grain traits with HvDEP1.GP.
Similarly, in rice, the DEP1 gene has been shown to have pleiotropic effects on spike density, grain number per
spike and erectness of the spike (Huang et al. 2009). The loss-of-function mutation HYDEP1.GP is associated with
multi-dimensional effects due to its involvement in most meristematic tissues, but it is still unclear how HVDEPL.V,

a promoter-defect allele, isinvolved in plant architecture modification.

Inrice, the G protein pathway consists of Goi, which provides a foundation for grain size expansion; G, which is
essential for plant survival and growth; and the three Gy: DEP1, GGC2 and GS3 interact to regulate grain size (Sun
et a. 2018). DEP1 and GGC2 can act on their own or together to increase GL when bound with G, while GS3
indirectly reduces GL via competitively interacting with G (Li et al. 2012). Additionally, IPA1 acts as a positive
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regulator of DEPL for PH and panicle length (Jiao et al. 2010) but the two genes have contrasting effects in most
yield components (Xu et a. 2014). This relationship between DEP1 and | PA1 offers opportunity for hybrid super
rice breeding, with heterozygous plants for DEP1 and IPAL showing better yield compared to homozygous plants at
both loci (Xu et al. 2014). Crossing a japonica sterile line carrying desirable DEP1 and GS3 alleles with an indica
restorer line possessing favorable Gnla and IPA1 alleles is anticipated to produce optimal yield components (Xu et
al. 2016). Unravelling the G protein network in barley could provide potential for fine tuning this pathway in crop

improvement.
HVDEPL1.V hints a possible uORF function

It is worth noting that the HYDEP1.V allele does not carry mutations compared to HYDEP1.WT in the coding
sequence (CDS) but has deletions of two key cis-regulatory elements, possible UORFs, and is associated with a 2.6-
fold lower expression of HYDEPL in young inflorescence tissue (Watt et al. 2020). Typically, UORFs regulate gene
expression at the post-transcriptional and/or translation level, by regulating (oftentimes repressing) translation
initiation of MORF and/or inducing non-sense-mediated decay in a cis-acting manner (Wang et a. 2024). Natural
variation in the uORF of HVDEP1, which could be mapped as a grain length QTL, is consistent with the possibility
that some QTL are uORF variants.

Notably, the HYDEP1.V allele results in fewer grains per spike (GPS) compared to both HYDEP1.GP and
HVDEPLWT (Error! Reference source not found.). In two-rowed barley, GPSis influenced by spikelet number,
and previous studies have shown reduced GPS in HYDEP1 mutant lines such as ari-e.1 and HYDEP1.GP relative to
their parental cultivars (Thirulogachandar et a. 2021; Wendt et al. 2016). HYDEPL.V also significantly alters grain
traitsincluding GL, GW, GR, and GP, with limited impact on other agronomic traits compared to HYvDEPL.WT. This
may reflect tissue-specific roles or expression levels of HYDEP1. Bélanger et al. (2014) reported high HYDEP1
expression in 5 mm inflorescences but reduced levels in 20 mm stages. EORNA data (Milne et al. 2021) show high
expression in germinating embryos, root zones, and moderate expression in reproductive tissues. The OzBarley
database reveals that HYDEPL expression in Vlamingh seedlings/germinating grain is substantially lower than in
Compass, 8.91 vs. 18.85 CPM (counts per million reads), but comparable to the HYDEP1.GP-carrying Hindmarsh
(9.18 CPM) (Berger et al. 2025). These findings suggest that upstream open reading frame (UORF) activity may be
tissue-specific and regulated by developmental gene networks. As more transcriptomic datasets become available,

integrating such resources through efficient bioinformatic pipelines will be essential for elucidating gene function.
Conclusions

Our findings demonstrate that the HYDEPL.V allele is associated with increased plant height, reduced yield
potential, and decreased stem integrity compared to the widely adopted HYDEP1.GP semi-dwarf alele. Despite
these drawbacks, HYDEPL.V conferred significant increasesin grain width, length, area, and thousand-grain weight
in severa environments, collaborating the results of the previous study by Watt et al. (2020). Relative to the wild-
type alele (HVDEP1.WT), HVDEP1.V exhibited similar phenotypic profiles, though it was associated with fewer

grains per spike, increased head loss counts, wider grain, and shorter grain in specific environments.
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Future research should investigate the interaction of HYDEP1.V with other semi-dwarfing genes and its performance
across diverse genetic backgroundsto further elucidate its breeding potential. Incorporation of HYDEPL.V into
breeding programs may be feasible when combined with erect plant architecture or complementary dwarfing loci.
Additionally, detailed analyses of the regulatory modifications and tissue-specific expression patterns of HYDEP1.V

will help clarify the gene’s functional mechanisms and support more targeted deployment in barley improvement.
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Supplemental data

1. Supplementary Table S1: Multi-environment BLUES of agronomic traits associated with two genetic
backgrounds and three HYDEP1 alleles. Agronomic traits collected in field trials including maturity, yield,
plant height, lodging score, brackling score, head loss. Significant differences are annotated into groups as
different alphabetical letters using post-hoc Tukey test

2. Supplementary Table S2: Multi-environment BLUES of grain traits associated with population genetic
background and HVDEPL1 alleles. Significant differences are annotated into groups as different alphabetical
letters using post-hoc Tukey test

3. Supplementary Table S3: QTL associated with agronomic and grain characteristics in two biparental
populations across multiple environments

4. Supplementary Figure S1: Genetic structure of HYDEP1.GP and HVYDEPL.V aleles compared to the
wildtype, adapted from Watt et al. (2020)

Supplementary Figure S2: Spikes and grain traits from X-ray CT
Supplementary Figure S3: Head loss detection model (A) Accuracy graph of the images predicted (B)
Validation metrics of the head loss detection model trained in Y olov8 for the validation and test sets

Supplementary Figure S1: Genetic structure of HYDEP1.GP and HVDEPL.V alleles compared to the wildtype,
adapted from Watt et al. (2020)

Supplementary Figure S2: Spikes and grain traits from X-ray CT. Mean gray value (Hounsfield unit) = average
gray value of the seeds on the spike, correlates to seed density; CAT radius = radius of the circle that has the same
area as the seed maximum transverse section. Error barsindicate standard error between 5 genotype replicates x 3
technical replicates. Significant differences are denoted as alphabetical characters, as determined by one-way
ANNOVA test

Supplementary Figure S3: Head loss detection model (a) Accuracy graph of the images predicted (b) Validation
metrics of the head loss detection model trained in Y olov8 for the validation and test sets
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