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Many induced mutants are available in barley (Hordeum vulgare L.). One of the
largest groups of induced mutants is the Erectoides (ert) mutants, which is
characterized by a compact and upright spike and a shortened culm. One
isolated mutant, ert-k.32, generated by X-ray treatment and registered in
1958 under the named “Pallas”, was the first ever induced barley mutant to be
released on the market. Its value was improved culm strength and enhanced
lodging resistance. In this study, we aimed to identify the casual gene of the ert-
k.32 mutant by whole genome sequencing of allelic ert-k mutants. The suggested
Ert-k candidate gene, HORVU.MOREX.r3.6HG0574880, is located in the
centromeric region of chromosome 6H. The gene product is an alpha/beta
hydrolase with a catalytic triad in the active site composed of Ser-167, His-261
and Asp-232. In comparison to proteins derived from the Arabidopsis genome,
ErtK is most similar to a thioesterase with de-S-acylation activity. This suggests
that ErtK catalyzes post-translational modifications by removing fatty acids that
are covalently attached to cysteine residues of target proteins involved in
regulation of plant architecture and important commercial traits such as culm
stability and lodging resistance.
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Introduction

Barley (Hordeum vulgare L.) has a long history as crop plant and was domesticated about
10,000 years ago from its wild progenitor Hordeum vulgare ssp. spontaneum. This is based
on archaeological findings from the Middle East, the area known as the fertile crescent (Badr
etal., 2000; Mascher et al., 2016; Mascher et al., 2017). Barley is grown worldwide with a total
production of around 150 million tons per annum (www.fao.org). Also barley breeding has a
long history. Mutation breeding in barley was introduced shortly after the discovery that
ionized irradiation could increase mutation frequencies in the fruit fly Drosophila

01 frontiersin.org


https://www.frontiersin.org/articles/10.3389/fgene.2023.1213815/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1213815/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1213815/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1213815/full
https://www.frontiersin.org/articles/10.3389/fgene.2023.1213815/full
http://www.fao.org
https://crossmark.crossref.org/dialog/?doi=10.3389/fgene.2023.1213815&domain=pdf&date_stamp=2023-07-04
mailto:shakhira.zakhrabekova@biol.lu.se
mailto:shakhira.zakhrabekova@biol.lu.se
https://doi.org/10.3389/fgene.2023.1213815
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org
https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/journals/genetics#editorial-board
https://www.frontiersin.org/journals/genetics#editorial-board
https://doi.org/10.3389/fgene.2023.1213815

Zakhrabekova et al.

melanogaster (Muller, 1927; Muller, 1928). First, the barley cultivars
Gull and Danish Maja were used. However, the cultivar Bonus,
which was known for its very high tillering capability and extremely
high yield, soon became a favorite for mutation research (Gustafsson
et al,, 1971). Initially, chlorophyll mutants were used to optimize
irradiation dosage and duration of irradiation. Chlorophyll mutants
were useful since they have obvious visual phenotypes already at the
seedling stage of the M, generation as, for example, yellow and white
plants (Gustafsson, 1940). Due to the lack of chlorophyll, the
chlorophyll mutations were lethal and the homozygous mutants
died at the seedling stage. However, it was soon discovered that also
viable mutations could be obtained, which were possible to have in
homozygous form. The most common group was the so-called
Erectoides (ert) mutants, which are characterized by an erect,
compact and dense spike, and a straw that is often short and stiff
(Lundqvist, 1992). Crosses were performed between different ert
mutants that grouped 225 mutants to 31 different loci
(Supplemented Table 1). The ert mutants were isolated during a
time when agricultural practices were largely changed. A major
difference was the use of fertilizers that greatly increased the yield of
crops as fertilizers promote plant growth. However, the culms were
not strong enough to hold the heavy spikes and as a result plants fell
over. Therefore, introduction of stiff and short-culm mutant alleles
in the breeding material was very important (Dockter and Hansson,
2015). An increased interest for lodging resistance has put many
historic mutants with sturdy and shorter culms in focus since they
represent valuable resources for plant breeding. Today, marker
assistant breeding is widely used in breeding programs since a
large number of traits can be followed in many individual plants.
In addition, marker screening can be automated with robotic
systems. Our goal is to identify mutated genes and the exact
genetic identity of the mutant alleles since that will make them
available for marker assistant breeding.

Mutant ert-k.32 was induced by X-ray in Bonus in 1947. This
mutant, together with ert-a.23 (X-ray in Bonus 1944) and ert-a.28
(X-ray and FeSO, in Bonus 1944), was subjected to field trials and all
three mutants showed increased lodging resistance in comparison to
Bonus. Mutant ert-k.32 had superior stem stability and was accepted
as a new cultivar in 1958 under the name Pallas. This was the first
example of an induced barley mutant that was released as a
commercial cultivar. Since then, plant breeders have used Pallas
in crosses to develop other cultivars. For example, Pallas was crossed
to Herta, which resulted in the cultivar Hellas (Gustafsson et al.,
1971). Visir is another cultivar developed from Pallas through a
cross with a “Long glume” barley landrace which improved
resistance to powdery mildew (Gustafsson et al., 1971).

Today, short stem architecture in elite malting barley is often derived
from a deficiency in the gibberellic acid hormone pathway with sdwl
alleles of the gibberellin 20-oxidase gene (HvGA200x2) dominating in
many barley breeding programs (Dockter and Hansson, 2015; Xu et al,,
2017). However, breeders are looking for other genetic possibilities to
provide lodging resistance and ert-k.32 could be an interesting alternative.
In this work, we have identified a candidate gene, which we suggest is the
Ert-k gene. We also describe the likely ert-k.32 mutation responsible for
the Pallas phenotype. The finding will facilitate the use of this allele for
efficient marker-assisted breeding and testing in today’s elite germplasm.
The Ert-k candidate gene encodes an alpha/beta-hydrolase, which has
previously not been associated with changes in plant architecture.
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Materials and methods
Plant material and growth conditions

In this study, we used 14 barley spring cultivars (Supplementary
Table S2) and eight historic ert-k mutant lines (Supplementary Table
S3) obtained from the Nordic Genetic Resource Center (NordGen),
Alnarp, Sweden (www.nordgen.org). These lines and F; plants
obtained from allelism crosses were grown in greenhouses at the
Department of Biology, Lund University, Sweden. Plants were
grown in soil with article number 744704 from SW Horto (www.
swhorto.se) in 5-L pots. Greenhouse conditions were set to 16-h
light/8-h dark cycles and temperature 20°C during the day and 16°C
during the night. All statistical data presented for phenotypic traits
are based on measurement of 6-11 plants of each line.

General DNA methods

Genomic DNA for PCR reactions was extracted from fresh leaves
using the REDExtract-N-AmpTM Plant PCR Kit (Sigma-Aldrich, St.
Louis, MO, USA) according to the manufacturer’s instructions. Sanger
sequencing were performed by Eurofins Genomics, Germany. Used
primers are shown in Supplementary Table S4.

PCR were performed by initial denaturation at 94°C/3 min,
followed by 35 cycles of 94°C/45 s, 56°C-62°C/45 s and 72°C/60-90 s,
with a final extension step of 72°C/10 min.

Purification of PCR products was done by using Illustra
ExoProStar 1-Step (Cytiva, Marlborough, MA, USA), following
manufacturer’s protocol.

Found mutations were confirmed by Sanger sequencing of at
least two independent reactions.

RNA isolation and RT-PCR

In order to analyze whether the eight ert-k mutants are transcription
deficient for the Ert-k candidate gene, RT-PCR (not qRT-PCR) was
performed. Plants were grown in soil and 100 mg material from a single
leaf was harvested and immediately frozen in liquid nitrogen. Porcelain
mortar was used to homogenize leaf material under liquid nitrogen.
Total RNA was isolated using Trizol reagent (Invitrogen Carlsbad, CA,
USA) according to the manufacturer’s instructions. Residual DNA was
removed by DNAse I treatment (Thermo Fisher Scientific, USA). A
500 ng of total RNA was converted to single-stranded cDNA by using
RevertAid First Strand cDNA synthesis kit (Thermo Fisher Scientific,
USA) primed with (dT)15 in a 20 pL reaction volume (Stuart et al,
2021). Primers were designed to amplify a 1006 bp cDNA fragment.
(Supplementary Table S4).

Allelism tests

The ert-k.32 mutant was used as male in each cross. Mutants ert-
k.76, ert-k.93, ert-k.302, ert-k.309, ert-k.435, ert-k.459, ert-k.477 and their
mother cultivars Bonus and Foma were used as female. Pollination was
performed 3 days after emasculation. F; plants were phenotyped and
genotyped. For genotyping, specific primers were designed that could
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FIGURE 1

Genetic (left) and physical (right) maps of barley chromosome 6H
showing the introgression region between markers 1_029 and 1_
0040, linked to ert-k.32 according to (Druka et al., 2011). The mapping
was further improved by (Skov Kristensen et al.,, 2016) (marked in
black). Ert-k candidate gene HORVU.MOREX.r3.6HG0574880 is
located at position 161752829-161757701 Mbp in the physical

map. Positions in Mbp are according to version 3 of the barley cultivar
Morex (Mascher et al,, 2021). Genetic position of SNPs is according to
IBSC (2012) and name of SNP markers is according to (Close et al.,
2009)

amplify either the wild type allele or the mutant allele (Supplementary
Table S4). 6-11 F; plants of each cross were evaluated. The statistical
analyses were based on comparisons between a mutant and its mother
cultivar, or comparisons between a mutant crossed to ert-k.32 and its
mother cultivar crossed to ert-k.32.

Whole genome sequencing and data
analysis

Genomic DNA for whole genome sequencing was extracted by a
modified CTAB protocol (Doyle, 1991) as described in (Stuart et al.,
2021). Genomic DNA was sent to the Earlham Institute (Norwich,
UK, www.earlham.ac.uk) where DNA libraries were prepared and
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where DNA sequencing was performed on an Illumina HiSeq4000.
150 bp paired-end reads were obtained.

BWA mem (version 0.7.17) was used to align reads to the barley
MorexV3 reference genome (Li and Durbin, 2010; Mascher et al.,
2021). Samtools fixmate (samtools version 1.10) was used to fill in
mate coordinates. Aligned reads were further processed to remove
PCR duplicates by running Samtools markdup (Li et al., 2009). To
get vcf files, beftools mpileup (beftools version 1.17) was used with
the following filtering options: q 60 -Q 30 -D (where -q is mapping
quality for the alignment, -Q is minimum base quality, -D is
instruction to run the BAQ algorithm not only in problematic
regions, but on all reads) (Li, 2011). To identify alleles observed
in a mutant sample and not found in the control (mother cultivars
Bonus or Foma), beftools in combination with the “contrast” plugin
was used. Bcftools view was used to exclude sites with heterozygous
genotypes (-ghet), and to exclude sites with the reference genotype
(-e ‘GT = "ref"”). Functional annotation of variants was performed
with Ensembl Variant Effect Predictor (McLaren et al., 2016).

Results

Genomic sequencing of ert-k mutants to
identify an Ert-k candidate gene

The Ert-k locus is represented by eight different alleles
(Franckowiak and Lundqvist, 2012), which have been generated
through treatment by X-rays, gamma-rays, neutrons and ethyl
methanesulfonate  of the cultivars Bonus and Foma
(Supplementary ~ Table S3). Early mapping experiments
demonstrated that Ert-k is located on chromosome 6H (https://
bgs.nordgen.org/). More recently, mutant ert-k.32 was backcrossed
to the cultivar Bowman to create a near-isogenic line; BW314. By
genotyping BW314 with 3,072 single nucleotide polymorphisms
markers (SNPs), the introgression region was defined by 14 SNP
markers spanning 22.3 cM (Figure 1) (Druka et al,, 2011).

In our previous research, we further fine mapped the Ert-k locus
by using three mapping populations; one double-haploid population
derived from BW314 (ert-k.32) crossed to cultivar Quench, and F,-
mapping populations derived from crosses of BW314 to Bowman
and Quench. The analysis confirmed the centromeric location of
Ert-k on barley chromosome 6H and mapped Ert-k to a 15.7 cM
region between markers 2_0291 and 1_0040 (Skov Kristensen et al.,
2016). With help of the barley reference genome sequence (Mascher
et al.,, 2021), it is now possible to translate the genetic map to the
physical map. The distance between 2_0291 and 1_0040 is more
than 400 Mbp comprising 73% of chromosome 6H (Figure 1). There
are 1,986 high-confident genes between markers 2_0291 and
1_0040. Since

centromeric regions, fine mapping is problematic. We therefore

recombination events are less frequent in
decided to search for the Ert-k gene by whole genome sequencing of
allelic ert-k mutants. Among the eight ert-k mutants, we selected the
five mutants which had been induced by X-rays, gamma rays and
ethyl methanesulfonate (Supplementary Table S3). In total, severe
homozygous mutations were found in seven genes on chromosome
6H of the five mutants compared to their respective mother cultivar
(Table 1). These mutations are likely to be caused by the mutagenic
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TABLE 1 Ert-k candidate genes identified through genomic DNA sequencing of five ert-k mutant lines. The candidate genes have homozygous mutations causing
severe disruptions of the corresponding proteins. The gene HORVU.MOREX.r3.6HG0574880, encoding an alpha/beta hydrolase, was mutated in three out of the
five mutants.

Annotation Location on chr 6H (bp) Mutant/ Mutation Mutant
Mother cv
HORVU.MOREX.r3.6HG0545860 = Leucine-rich repeat receptor-like protein kinase | 16,575,397 C/T missense ert-k.32
family protein
HORVU.MOREX.r3.6HG0565880  Polyubiquitin 96,640,536 A/G missense ert-k.32
96,640,536 A/G missense ert-k.76
HORVU.MOREX.r3.6HG0567140 = Pentatricopeptide repeat-containing protein 106,308,104 A/G missense ert-k.435
HORVU.MOREX.r3.6HG0574080 = Recombination-associated protein RdgC 155,029,203 C/G stop-gain ert-k.32
HORVU.MOREX.r3.6HG0574880 = Alpha/beta-Hydrolases superfamily protein 161,755,966-161,755,969 4 bp deletion frameshift ert-k.32
161,755,966-161,755,969 4 bp deletion frameshift ert-k.76
161,757,170 1 bp insertion frameshift ert-k.309
HORVU.MOREX.r3.6HG0575620 = NAC (No Apical Meristem) domain 167,929,576 T/C missense ert-k.32
transcriptional regulator superfamily protein
167,929,576 T/C missense ert-k.76
HORVU.MOREX.r3.6HG0624670 = BED zinc finger, hAT family dimerization 540,945,225 T/A missense ert-k.477

domain

treatment and cause frameshifts or missense mutations changing
amino-acid residues in their respective protein.

Since the ert-k mutants are supposed to be allelic, we especially
looked for genes where all five mutants would have a mutation. Such
gene was not found. However, the gene
HORVU.MOREX.r3.6HG0574880 got our attention since this
gene was mutated in the coding region of three of the five
analyzed mutants (Table 1). The gene encodes an alpha/beta
hydrolase of 399 amino-acid residues, has 6 exons and contains a
fermentation-respiration switch protein FrsA domain (Figure 2).
Sanger sequencing of HORVU.MOREX.r3.6HG0574880 in all eight
available ert-k mutants revealed an identical 4-bp deletion in exon
3 in both mutant ert-k.32 and ert-k.76, and a one-bp insertion in
exon 5 in ert-k.309. In ert-k.32 and ert-k.76, the 4-bp deletion causes
a truncated protein of 193 native amino-acid residues followed by an
alanine residue. In ert-k.309, the one-bp insertion in exon 5 causes a
frameshift. The truncated protein has 333 native amino-acid
residues followed by glutamine and arginine (Figure 2). No
mutations in HORVU.MOREX.r3.6HG0574880 were found in
ert-k.93, ert-k.302, ert-k.435, ert-k.459 or ert-k.477. We therefore
analyzed whether we could detect any mRNA of the candidate gene
in the eight mutants. mRNA was detected by RT-PCR in all ert-k
mutants, which suggested that the mutants are not transcript
deficient (Figure 3). Since genomic DNA sequence information
was available for ert-k.435 and ert-k.477, we looked for mutations
in the intergenic regions in the vicinity of the candidate gene. In ert-
k.477, we found a “C/T” SNP variation at position 6H:161619756.
The mutation was confirmed by Sanger sequencing. The SNP is
133,213bp  upstream  from  the
HORVU.MOREX.r3.6HG0574880. Three genes are located
between the SNP and HORVU.MOREX.r3.6HG0574880, namely,
HORVU.MOREX.r3.6HG0574850,
HORVU.MOREX.r3.6HG0574860

start codon of

and
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HORVU.MOREX.r3.6HG0574870. It is known that enhancers
can be located hundreds of thousands base pairs away from the
target gene and do not necessarily operate on the closest promoter
(Pennacchio et al., 2013).

Diallelic crosses to identify allelic ert-k
mutants

In order to analyze if the eight ert-k mutants are truly allelic, we
crossed ert-k.32 with the other seven ert-k mutants or with cultivars
Bonus and Foma. Mutant ert-k.32 was used as father in the crosses and
the success of the crosses was verified by the heterozygous presence of
the ert-k.32 allele in the resulting F, plants. If two recessive mutants are
deficient in the same gene, i.e., truly allelic, the F; generation will show
the mutant phenotype. In contrast, if the two recessive mutants are
deficient in two different genes, a wild-type phenotype is expected in F,
plants. F; seeds were planted in the greenhouse together with Bonus,
Foma and each of the eight ert-k mutants. The plants were phenotyped
by visual inspection (Figure 4) and spike length and the length between
rachis internodes 5 and 15 were measured (Table 2). The allelism test
suggested that mutants ert-k.93 and ert-k.302 might be non-allelic to
ert-k.32, which would explain why no mutations in
HORVU.MOREX.r3.6HG0574880 were found in these two mutants.
Also ert-k.435 and ert-k.459 showed no mutations in this gene although
the obtained F; plants displayed a mutant phenotype. Since we have no
genome sequence data of ert-k.459, we could not analyze this mutant for
intergenic SNP variation. In our previous work with barley mutants, we
used to identify approximately 75% of the mutations in historic
accessions that are supposed to be allelic (Zakhrabekova et al., 2012;
Zakhrabekova et al., 2015; Matyszczak et al., 2020). Because the ert-k
phenotype is similar to other ert phenotypes, we sequenced all ert-k
mutants for the miRNA172 binding site of Ert-r (APETALA2)
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FIGURE 2

(A) Structure of the barley gene HORVU.MOREX.r3.6HG0574880,
suggested to be Ert-k, and the position of detected mutations. (B) The
cDNA and deduced polypeptide of the suggested Ert-k gene encoding
analpha/beta hydrolase. The 4-bp deletion of ert-k.32 and ert-k.76

is underlined. The mutation in ert-k.309 is an insertion of “a” between
the underlined “cg”. The last native amino-acid residue in the truncated
proteins of ert-k.32/76 and ert-k.309 are indicated in grey.

(Houston et al, 2013). The reason why we sequenced only the
miRNA172 binding site of Ert-r is that it is known that only
mutations within this domain are causing a dwarf phenotype
(Houston et al., 2013). No mutations were found (not shown).

Genotyping suggests that ert-k.32 and ert-
k.76 have different origin

Mutants ert-k.32 and ert-k.76 were found to have the same 4-bp
deletion, which was unexpected since the mutagenic process is random
and they were induced with different mutagens and were isolated in
different years (Supplementary Table S3). To rule out whether the two
mutant lines have been mixed up over the years or if they represent two
identical mutations generated independently of each other, we analyzed
the SNP variation in a 40 Mbp region around the suggested Ert-k
candidate gene HORVU.MOREX.r3.6HG0574880. Due to the tight
linkage in the centromeric region around this gene, it is very likely
that existing homozygous SNPs are inherited together. The presence of
identical SNPs around the mutation would indicate a common origin of
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the mutants, ie., seeds had been mixed up over the years. In contrast, the
presence of unique SNPs would indicate that the two mutants are the
results of two independent mutagenic events. In ert-k.32 and ert-k.76 we
identified 17 and 12 SNPs, respectively, within the 40 Mbp region. Six of
these were present in both mutants, whereas the remaining 11 and 6 SNPs
were unique to each mutant (Figure 5). The six common SNPs probably
reflect differences between the Bonus line used for mutagenesis in
1947 and 1955 that generated ert-k.32 and ert-k.76, respectively, and
the Bonus accession we sequenced in this experiment. The unique SNPs
were likely obtained through the mutagenic treatment. In order to
investigate whether the 4-bp deletion was a result of the mutagenic
treatment or was already present in an “ancient” Bonus line, we
sequenced the site of the 4-bp deletion from all Bonus accessions
available at the Nordic Genetic Stock Center (www.nordgen.org) and
the cultivars Gull, Opal Abed, Maja Abed, Binder Abed, Guld Svalof,
Seger and Hanna, which are in the pedigree of Bonus. None of the listed
cultivars showed the 4-bp deletion, which supports that the deletion is a
result of the mutagenic treatment.

Analysis of Pallas accessions and Pallas
derived cultivars

Since Pallas was used in plant breeding shortly after it was
released as a cultivar, we analyzed cultivars with Pallas in their
pedigree and four accessions of Pallas that are available at the Nordic
Genetic Stock Center (www.nordgen.org) (Supplementary Table S5).
The 4-bp deletion seen in ert-k.32 and ert-k.76 was found in all
cultivars except Jenny, which in addition did not show the
characteristic compact spike phenotype of Pallas (Figure 6). The
fact that all four Pallas accessions and the cultivars Hellas, Senat
and Visir contained the 4-bp deletion further supports that
HORVU.MOREX.r3.6HG0574880 is the Ert-k gene.

Identification of a catalytic triad

Alpha/beta hydrolases are characterized by an active site
composed of a catalytic triad of three involved amino-acid
residues. Typically, a serine residue plays the role of a nucleophile
in the reaction. The serine is activated by a catalytic base and a
catalytic acid, which are typically a histidine and aspartate residue,
respectively. To analyze if the ErtK candidate has a catalytic triad and
to identify the involved residues, we performed an alignment of the
ErtK candidate with several alpha/beta hydrolases with published
protein structures (Mindrebo et al., 2016) (Figure 7). The alignment
suggested that Ser-167, His-261 and D-232 are the essential amino-
acid residues for the activity of the suggested ErtK hydrolase
(Figure 7). The 4-bp deletion in ert-k.32 and ert-k.76 is located
before the codon corresponding to His-261 and D-232, whereas
the 1-bp insertion in ert-k.309 is located after.

Discussion

Genetic validation of genes and genomic regions associated with
target traits for crop improvement is possible today thanks to recent
advancements in genomic studies of cereals and other crop plants.
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FIGURE 3
RT-PCR analysis of HORVU.MOREX.r3.6HG0574880, suggested to be Ert-k. The gene can be amplified in all ert-k mutants and their mother
cultivars.
Bonus Foma ert-k.32 ert-k.76 ert-k.93 ert-k.302 ert-k.309
ert-k.435 ert-k.459 ert-k.477 ert-k76 xert-k32  ert-k93xert-k32  ert-h302xert-k32  ert-k.309 x ert-k.32
ert-k435x ert-k.32  ert-k459 x ert-k.32  ert-k.477 x ert-k.32 Bonus x ert-k.32 Foma x ert-k.32
FIGURE 4

Spike phenotypes of ert-k mutants, their mother cultivars Bonus and Foma, and F; plants from crosses. Scale bar 5 cm
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TABLE 2 Phenotypic characters of F, plants obtained from crosses. The data is based on 6-11 plants of each line. The awns were not included in the spike length.
The rachis internode length is the length between rachis node 5 and 15 as counted from the base of the spike. The p-values are based on comparisons between a
mutant and its mother cultivar, or comparisons between a mutant crossed to ert-k.32 and its mother cultivar crossed to ert-k.32.

Spike Rachis internode
Name of the plant Length (cm) Standard deviation Length (mm) Standard deviation p-value
ert-k.32 752 11.37 29 % 10°° 26.6 1.63 35x 107
ert-k.76 79.7 10.15 55x10°° 26.8 2.07 13x107%
ert-k.93 75.6 11.64 6.6 x 10°° 252 2.02 33x 107!
ert-k.302 827 8.45 0.18 267 143 48 x10°°
ert-k.309 69.3 6.71 1.5x 10 244 1.88 32x10°
ert-k.435 83.6 7.8 03 23.1 1.34 7.9 x 107
ert-k.459 825 8.63 0.17 25.7 0.98 1x 107
ert-k.477 79.9 9.22 6.3 x 1072 22.1 2.01 1,6 x 10°°
Bonus 105.5 12.46 352 1.85
Foma 89.6 12.40 315 1.74
ert-k.76 x ert-k.32 86 10.18 1.9 x 107° 26.0 1.23 44 x10°®
ert-k.93 x ert-k.32 91.6 9.72 11x 107 33.0 238 0.4
ert-k.302 x ert-k.32 104.4 8.71 0.38 30.8 0.85 1x 10
ert-k309 x ert-k.32 78.8 9.67 38 x10°° 252 1.49 42 % 10°°
ert-k.435 x ert-k.32 96.5 7.78 39 %1072 29.5 1.51 1x10*
ert-k.459 x ert-k.32 882 5.83 73 % 10°° 29.7 1.91 7 x10°°
ert-k.477 x ert-k.32 89.8 7.06 13 %107 26.7 0.94 3.1 x 107
Bonus x ert-k.32 104.3 9.05 323 1.12
Foma x ert-k.32 108.9 10.2 33.6 1.60
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FIGURE 5

Location of homozygous SNPs in mutants ert-k.32 and ert-k.76 on chromosome 6H between Mbp 135 and 175. Black, SNPs common to ert-k.32
and ert-k.76; green, SNPs unique to ert-k.32; blue, SNPs unique to ert-k.76; red, the location of the 4-bp mutation at bp 161,755,966-161,755,969.

The game changer in barley research came in 2017 when the barley
reference genome was published (Mascher et al,, 2017). The aim of
the current study was to identify and validate the genetic cause of the
ert-k.32 mutation present in the cultivar Pallas, which was the first
induced mutant to be released as a commercial barley cultivar on the
market (in 1958). Pallas was known for its superior stem stability
and increased lodging resistance. The reason to include semi-dwarf

traits in plant breeding is to protect the plants against lodging under
high nitrogenous fertilizer regimes. However, mutations providing a
shorter and more sturdy plant architecture often have pleotropic
effects, which affects other traits such as heading day (Kuczynska
et al,, 2013) and malt quality (Hellewell et al., 2000). Therefore,
mutations giving a mild short-culm phenotype have been favored by
plant breeders over mutations giving a stronger phenotype (Vu etal.,
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ert-k.32 Pallas

Bonus

FIGURE 6
Spike phenotype of cultivars with Pallas in their pedigree. Scale bar 5 cm.

2010; Dockter and Hansson, 2015). In certain barley types, breeders
introgressed loss-of-function alleles of the semi-dwarfing gene Sdw1
(Dockter and Hansson, 2015; Xu et al., 2017). Other alleles, such as
uzul.a and ari-e.GP, are less widespread. The uzul. a allele is a
mutation in the brassinosteroid receptor and selected in East Asian
cultivars (Chono et al., 2003; Dockter et al., 2014). The Scottish
malting cultivar Golden Promise contains the ari-e.GP mutation,
which is a one-bp insertion in the gene encoding the alpha-subunit
of a heterotrimeric G protein, and the semi-dwarfing allele of
HvAPETALA2 called Zeo2 (Houston et al., 2013; Braumann
et al, 2018). In comparison, mutations in Ert-k are relatively
mild and we therefore believe that ert-k mutant alleles would be
good alternatives to sdwl and other alleles to provide lodging
resistance also in modern barley lines. Since the ert-k mutant
phenotype is less obvious to recognize without training, the
genetic validation of the Ert-k gene and the ert-k.32 allele is
important to provide genetic markers that can be followed in
breeding programs rather than tracking ert-k mutant alleles by
phenotyping. We validated that the 4-bp deletion in
HORVU.MOREX.r3.6HG0574880 of ert-k.32 was not present in
any analyzed Bonus cultivar or any cultivar included in the pedigree
of Bonus. Therefore, we suggest the 4-bp deletion to be the genetic
deficiency responsible for the stem stability and increased lodging
resistance of ert-k.32, Pallas, Hellas, Senat and Visir, which are
carrying the mutation.

The suggested Ert-k gene (HORVU.MOREX.r3.6HG0574880)
encodes a protein of the alpha/beta-hydrolase superfamily. Alpha/
beta-hydrolases have a broad range of functions. For example,
they play important roles in primary and secondary metabolism as
peptidases, lipases, peroxidases, esterases, thioesterases and
dehalogenases (Ollis et al,, 1992; Nardini and Dijkstra, 1999;
Mindrebo et al,, 2016; Dimitriou et al., 2017). Although the
primary structure of alpha/beta-hydrolases differ significantly,
the superfamily possesses a very conserved three-dimensional
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Hellas

Senat Visir Jenny

core structure. The core fold of alpha/beta-hydrolases is made
by a beta-sheet, which consists of eight beta-strands and is
The
catalytic triad of alpha/beta hydrolases represent the most
conserved elements of the alpha/beta hydrolase fold (Ollis
et al.,, 1992; Mindrebo et al., 2016; Denesyuk et al., 2020). We
identified Ser-167, His-261 and Asp-232 as the likely amino-acid
residues to be involved in the catalytic triad. Interestingly, the fold

surrounded by alpha-helices. acid-base-nucleophile

of alpha/beta-hydrolases is also found in the major structure of
phytohormone and ligand receptors of the gibberellin, karrikin
and strigolactone signaling pathways in plants (Hotelier et al,
2004; Ueguchi-Tanaka et al., 2005; Ueguchi-Tanaka et al., 2007;
Hamiaux et al., 2012; Waters et al., 2015). The receptors do not
have the catalytic activity of a classic alpha/beta hydrolase. It was
reported that loss-of-function mutations in the gibberellin
receptor encoded by GID1, which is known to have the fold of
an alpha/beta-hydrolase, produces a dwarf phenotype (Ueguchi-
Tanaka et al., 2005). The gibberellin receptor lacks the histidine
residue of the canonical catalytic triad and therefore does not have
catalytic activity (Mindrebo et al., 2016). The finding of a complete
catalytic triad in ErtK suggests that we have identified an
enzymatically active alpha/beta hydrolase, which affects plant
architecture. A search for proteins similar to ErtK in The
Arabidopsis Information Resource (TAIR) database revealed
AT3G01690 as the most similar protein (62% identical amino-
acid residues). This protein is an Alpha/Beta Hydrolase Domain-
containing Protein 17-like acyl protein thioesterase (ABAPT),
which functions as a de-S-acylation enzyme (Liu et al.,, 2021).
A cyclic S-acylation and de-S-acylation is an important post-
translational modification of proteins in eukaryotes. In the
S-acylation process, a fatty acid such as palmitate is covalently
attached to a cysteine residue in the target protein via a thioester
bond (Zaballa and van der Goot, 2018). The modification controls
the localization and function of the target protein in the cell under
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Ertk  -----—- YAASEENIILYGQSVGSGPTLDLASRLPRLRA----VVVHSPILSG-—------ 195
GID1 SQPFMRSGEDAQARVFLSGDSSGGNIAHHVAVRAADEGVKICGNILLNAMFGGTERTES - 234
SLE = —msmmesese GIDCCAYVGHSVSAMIGILASIRRPEL---FSKLILIGASPRFLNDE--- 129
KAI2 ~  ———mmmmm—- KIESCIFVGHSVSAMIGVLASLNRPDL---FSKIVMISASPRYVNDV--— 128
EH —APNEEKVEFVVAHDWGALIAWHLCLFRPDK---VKALVNLSVHFSKRNPKMNV 141
MKS1 ~ ————————= PANEKLILVGHALGGLAISKAMETFPEK---ISVAVFLSGLMPGPNID---— 120
HNE ~ — i—==mm—e—s PPGEKVILVGESCGGLNIAIAADKYCEK---IAAAVFHNSVLPDTEHC--- 113
PNAE = - —-PPDEKVVLLGHSFGGMSLGLAMETYPEK---ISVAVFMSAMMPDPNHS - -— 120
SABP2 = ——-————-—- SADEKVILVGHSLGGMNLGLAMEKYPQK---IYAAVFLAAFMPDSVHN-—--— 114
ErtK ---LRV-—-——————— MYPVKHTYWFDIYKNIDK---—--—-——————————————————— 216
GIDI  —--—- ERRLDGKYFVTLODRDWYWKAYLPEDADRDHPACNPF---GP---—=-=——=————— 213
SLE = e DYHGGFE-QGEIEKVFSAMEANYEAW-VNGF---AP--LAVGADVP-AA 170
KAIZ ~  —-mmm—————- DYQGGFE-QEDLNQLFEATIRSNYKAW-CLGF---AP--LAVGGDMDSIA 170
EH VEGLKAIYGEDHYISRFQVPGEIEAEFAPIGAKSVLKKILTYRDPAPEFYFPKGKGLEAIP 201
MKsS1 ~  ----- ATTVYTKAASAVI--GQLDNCVTYENGPTNPPTTLIA---GP-KFLATNVYHLSP 169
HNL - PSYVVDKLMEVEFP--DWKDTTYFTYTKDGKEITGLKL---GF-TLLRENLYTLCG 162
PNAE = -—-—-- LTYPFEKYNEKCPADMMLDSQFSTYGNPENPGMSMIL---GP-QFMALKMFQNCS 171
SABP2 ~  —-——- SSEFVLEQYNERTPAENWLDTQFLPYGSPEEPLTSMFF---GP-KFLAHKLYQLCS 165
EftK = —eomcmesmmss s s s s s e s e s s s s e e e i i IPLVSCPVLVIH 228
GIDI ~  mmmmm e oo NGRRLGGL--—-——--— PFAKSLIIVSGLDLT 296
SLE VREFSRTLENMRPDIT---LFVSRTVFNSDMRGV-——-—————————— LGLVKVPCHIFQ 213
KAI2 VQEFSRTLFNMRPDIA---LSVGQTIFQSDMRQI-————-———-—————— LPFVTVPCHILQ 213
EH DAPVALSSWLSEEELDYYANKFEQTGFTGAVNYYRALPINWELTAPWTGAQVKVPTKFIV 261
MKS1 IEDLALATALVRPFYLYLAEDISKEIVLSSKRY-—-———-—————————— G---SVKRVFIV 2i1.1
HNL PEEYELAKMLTRKGSLFQ-NILAKRPFFTKEGY-———-—=———————— G-—--SIKKIYVW 203
PNAE VEDLELAKMLTRPGSLFF-QDLAKAKKFSTERY G---SVKRAYIF 212
SABP2 PEDLALASSLVRPSSLFM-EDLSKAKYFTDERF--—--—-—-———————— G---SVKRVYIV 206
ErtK GTADEVVDCSHGR-—-—--— ALWEL--AKVKYEPLWVKGGNHC-NLELYPEYIKHLKKEVGA 280
GID1 CDRQLAYADALRE-—---- DGHHVKVVQCENAT---VGFYLLPNTVHYHEVMEEISDFLNA 348
SLE TARDHSVPASVAT-Y-—-——--— LKNHLGGKNTVHWLNIEGHLPHLSAPTLLAQELRRALSH 266
KAI2 SVKDLAVPVVVSE-Y-——-—— LHANLGCESVVEVIPSDGHLPQLSSPDSVIPVILRHIRN 266
EH GEFDLVYHIPGAKEYIHNGGFKKDVPLL-EEVVVLEGAAHFVSQERPHEISKHIYDFI-Q 319
MKS1 ATESDAFKKEFLE---—---— LMIEKNPP-DEVKEIEGSDHVTMMSKPQQLFTTLLSIA-N 262
HNL TDODEIFLPEFQL--——-—— WQIENYKP-DKVYKVEGGDHLLOLTKTKEIAEILQEVA-D 254
PNAE CNEDKSFPVEFQK-—--—-—- WFVESVGA-DKVKEIKEADHMGMLSQPREVCKCLLDIS-D 263
SABP2 CTEDKGIPEEFQR-——-——--— WQIDNIGV-TEAIEIKGADHMAMLCEPQKLCASLLEIA-H 257

FIGURE 7

Alignment of the suggested ErtK polypeptide with a number of alpha/beta hydrolase plant proteins with known structure (Mindrebo et al.,, 2016).
SABP2 - Salicylic acid binding protein (NP_001312442.1). HNL - Hydroxynitrile lyase (XP_021647581.1). MKS1- Methyl ketone synthase 1 (NP_
001333340.1). PNAE - Polyneuridine aldehyde esterase (AAF22288.1). EH- Epoxide hydrolase (NP_001275417.1). SLE- Probable strigolactone esterase
DAD2 (AFR68698.1/J9U5U9). GID1—Gibberellin receptor GID1 (XP_040380112.1). KAI2 - Karrikin receptor (OAO98902).

different conditions (Lanyon-Hogg et al., 2017). The S-acylation is
a reversible biochemical process that is mediated oppositely by
S-acyltransferases and de-S-acylation enzymes. We believe that we
have identified a gene putatively encoding a de-S-acylation
protein with thioesterase activity that has a mild regulatory
effect on plant architecture that we suggest is of relevance for
plant breeding. In order to further understand the function of the
suggested Ert-k candidate gene product, the target protein needs
to be identified. It is possible that such protein is associated with
the signaling or metabolism of the classic plant hormones
architecture such as culm

regulating plant length or

inflorescence density.

Conclusion

In the present study, we have analyzed the genetic deficiency of
Pallas (ert-k.32), which was the first induced barley mutant to be
released on the market as a commercial cultivar. We suggest that the
dwarf phenotype of Pallas is caused by a 4-bp deletion in the gene
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HORVU.MOREX.r3.6HG0574880, which encodes an alpha/beta-
hydrolase. The identified gene can be used in marker assistant
breeding for cultivars with improved lodging resistance based on
the identified Ert-k candidate gene.
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