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The overarching goal of the project was set on gaining fundamental knowledge on how a critical
step of the angiosperm life cycle (i.e. seed formation, and in particular endosperm development) is
regulated at the epigenetic level. This goal has been fulfilled and evidence that build upon previous
knowledge or is novel about specific genes associated to epigenetic control of seed development in
Arabidopsis and barley had been gathered. In addition, specific target genes that are suggested to
have key functional roles on seed development based on results from this project are being tested
(through directed mutagenesis) and will prove whether direct applications on plant breeding are
feasible.

In terms of the activities related to our Project Part B, the one we are reporting here, our group has
three specific work packages (WP3, WP5 and WP6) and one work package (WP4) shared with
project partner Max Planck Institute of Molecular Plant Physiology (MPI Golm) whose progress
depended much on the advances from previous results (WP1 and WP2) and therefore, had to be
tightly coordinated. All specific goals of each of these WPs have been fulfilled except for WP6 that
involves the combination of distinct mutant lines to generate a single plant reproductive mutant
mimicking apomixis. As the individual reproductive mutants have, at the time point of submission of
this report, not yet reached maturity, the combination of such reproductive modules into a single
plant genotype is envisaged for the coming spring season based upon core budget of our working

group.

The detailed description below follows the originally planned work packages and their specific
objectives.

WP3 - RNA-seq analysis of live tissues of the developing barley grain before and after fertilization

This package is largely based on WP1 and WP2-related analysis of epigenetic mutants indicating that
the combined downregulation of trimethylation of lysine 27 on histone H3 (H3K27me3) and CG
methylation of DNA (mCG) initiate autonomous endosperm formation. The project proposed to
engineer tissue-specific depletion of those epigenetic marks and for doing so, there was a need to
identify barley signalling pathways under control of the sporophytic Polycomb Repressive Complex 2
(PRC2) that may sustain endosperm development as well as tissue-specific promoters for the distinct
seed compartments. Thus, the focus was on 1) the identification of auxin-related genes and their
epigenetic regulators, and 2) the identification of highly expressed endosperm- and integument-
specific genes (and their promoters for possible downstream engineering of apomixis).
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To fulfil the specific objectives of this WP, the original description aimed at the micro-dissection of
three tissues (i.e. endosperm, integuments and pericarp) in unpollinated and post-pollinated pistils.
We used custom-made needles and forked needles (Figure 1) to micro-dissect the four tissue
categories from fresh pistils, i.e., the central cell/endosperm, the integuments (out of which the seed
coat analog develops), the chlorenchyma layer, and the remaining pericarp (i.e. ovary tissue further
surrounding the ovule).

Figure 1. Relative size of spikelets,
pistils and tools. a. Lemma (L),
palea (P), and pistil at anthesis; b.
pistil and scalpel; c. pistil cut in half,
and ovary removed using a custom-
made hook needle. The distance
between the lines on the scale in a
represents 0.5 mm. Scale: 1 mm.

These tissues were sampled at five developmental points in time (stages 1-5; Figure 2). This included
pistils receptive but non-pollinated (stage 1), receptive and just pollinated (stage 2), as well as 1-, 3-
4- and 7-8-days post-pollination (stages 3-5). Due to asynchronous timing in anthesis and pollen
release, we used quantitative (palea and pistil length), embryological and known stage-specific gene
markers for the developmental staging of the samples (Figure 2). We refrained of using manual
pollination for synchronizing developmental stages to avoid gene expression changes caused by the
manipulation of florets.
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Figure 2. Barley developmental staging for RNA-seq sampling. Stage 1 shows a mature embryo sac with an egg-
cell (ec), a central cell (with two conspicuous nucleoli, star) and several antipodals (crosses) before pollination.
Stage 2 shows an embryo sac after pollination with little morphological changes compared to stage 1 (primary
endosperm or endosperm nuclei starting to divide, star). In stage 3, the endosperm has grown, and nuclei
(stars) have divided subsequently forming a coenocyte. Stage 4 shows part of the grown endosperm tissue
after cellularization.
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A total of 60 samples (each containing 5-12 dissected specimen corresponding to one of the above-
mentioned tissue categories) were collected in liquid nitrogen and processed in-bloc. Total RNA was
extracted and ca. 9 Gb data (sequencing reads) per sample were produced. Downstream analyses
used open software and in-house resources (IPK Galaxy Blast Suite, PanBARLEX portal) to identify
highly expressed, tissue-specific genes and their promoters. In addition, we detected differentially
expressed genes (DEGs) and conducted a hierarchical clustering analysis, gene ontology and pathway
analyses of DEGs to identify signals and gene networks associated with genes targeted in WP4 and
WP5. Further miRNA-mRNA interaction, IncRNA-mRNA interaction and co-expression Interaction
Network Analysis provided additional information about the gene expression profiles of our samples
of developing barley caryopses.

Overview of the RNA-seq analysis and gene identification

In total, 2,443,668,068 (>2.44 billion) reads were generated out of the 60 samples. Sequence reads
were trimmed using Trimmomatic v.0.36, and mapped
toHordeum_vulgare.MorexV3_pseudomolecules available on ENSEMBL using the STAR aligner
v.2.5.2b. Almost 72% of reads were mapped to the barley genome and about 61% represented
unique mapped reads (i.e. reads that map to one location in the reference genome and fall within
exon regions). Based on the table of unique gene counts, DESeqg2 (R package v1.6.3, Bioconductor)
was used to compare relative counts (level of gene expression) profiles between group of samples.
Genes with adjusted P values < 0.05 and absolute log2(state 2/state 1) fold changes (LFC) >1 were
called as differentially expressed genes (DEG) in each comparison. Each developmental stage and
tissue category was used in vis-a-vis comparisons (in total, 80 pairwise comparisons). For example, in
the case of between-developmental stages comparisons, 10 pairwise analysis out of 5 stages
provided up to >18,000 DEGs among all comparisons (Table 1).

Table 1. Number of DEGs per pairwise comparison.

stagel stage? stage3d staged

DEG DEG DEG DEG
stage 2 i
stage 3 2868 046
stage 4 4191 2593 776

Stages | < 228 1247 1347 3115

For each comparison, principal component analysis (PCA) was performed using the top 500 genes
(selected by highest row variance), and samples were-clustered following similarities (shared gene
IDs and expression levels), while Volcano plots revealed top up-regulated and down-regulated genes
(data not shown).

The gene count matrix was explored using heatmaps to show the most DEGs produced for each
comparison (Figure 3).
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Figure 3. Heatmap of the
30 DEGs with higher LFC
and lower padj values of
the comparison between
developmental stage 1
versus 3. Relative

Stage-1-vs-Stage-3
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respond to the three HORVU MOREX r3 5HG0523630 . 2

biological replicates used
for each sample (bottom).
For instance, numbers 62,
98 and 115 correspond to
the unpollinated central
cell tissue category, 65, 101
and 118 correspond to the
perianth tissue, etc.

HORVU MOREX r3.3HG0296010
HORVU MOREX r3.4HG0384250
HORVU.MOREX.r3.1HG0040680
HORVU.MOREX.r2.5HG0490830
HORVU.MOREX.r3.7HGO717390
HORVU.MOREX.r3.5HG0473830
HORVU MOREX r3. 7HG0730320
HORVU MOREX r3.2HGD131100
HORVU.MOREX.r3.7HG0705500
HORVU.MOREX.r3.3HG0Z96380
HORVU.MOREX.r3.5HGD484660
HORVU.MOREX.r3.3HG0219240
HORVU.MOREX.r3.2HG0178640
HORVU MOREX r3 dHG0379610
HORVU MOREX r3 4HG0D403100

Next, we used the lists of normalized hit counts and the list of DEGs from each pairwise comparison
to perform gene ontology (GO) analyses using the Database for Annotation, Visualization, and
Integrated Discovery (DAVID). It provides a comprehensive set of functional annotation tools
particularly useful to understand the biological meaning behind large gene lists, powered by the
DAVID Knowledgebase that agglomerates species-specific gene/protein identifiers from public
genomic resources (e.g. NCBI, Uniprot, Ensembl, Gene Ontology, KEGG, Reactome, etc.).

Gene functional annotations allowed us to connect gene IDs and expression levels with predicted
functions (Figure 4). Thus, we generated annotated lists of non-DEGs and DEGs for all pairwise
comparisons (80 in total). We used these lists 1) to identify genes with no significant changes in gene
expression while being strongly expressed in different tissues (WP3 and WP4), 2) to identify enriched
biological themes, particularly GO terms related to auxin biosynthesis and histone modifications
(WP4), and 3) to discover enriched function-related gene groups. In addition, this dataset is
providing a huge amount of information on genes and their expression networks (see below),
including expression networks associated with cellular auxin homeostasis and genes related to the

deposition or removal of methylation marks that are ideally suitable for controlled manipulation. In
particular, we are generating an unprecedented and highly detailed view of the dynamic synthesis,
transport (influx/efflux pumps like PINs), inactivation (conjugation to sugars/amino acids, oxidation),
and signaling of auxin-related genes expressed in different maternal-filial tissues and developmental
stages, reinforcing the view that a precise auxin balance is crucial for controlling grain growth and
development in barley (Hojsgaard et al. 20264, in preparation).
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Gene List Report
Help and Manual
Current Gene List: Significant-DEGs_UP_GOdavid2
Current Background: Hordeum vulgare subsp. vulgare
700 DAVID IDs

K Download File

ENSEMBL_GENE_1D T S ™ [
HORVU.MOREX.r3.1HG0000030 -1,257486598 5,20E-05 RRM domain-containing protein (MOWXYS HORVV) RG Hordeum vulgare

subsp. vulgare

HORVU.MOREX.r3.1HG0002630 -1,075576307 0,0056625912 formin-like protein 14(L.0C123427449) RG Hordeum vulgare
subsp. vulgare

HORVU.MOREX.r3.1HG0002770 4,143244164 0,002259916 ADABIGWLY3 HORVV RG Hordeum vulgare
subsp. vulgare

HORVU.MOREX.r3.1HG0005790 1,752707929 0,025720102 putstive clathrin assembly protein At?q25430(L0C123444377) RG 72‘3&25”%\;‘;&—”‘3

HORVU.MOREX.r3.1HGO006580 -1,128536783 3,12E-07 uncharacterized | 0C123447615(L0C123447615) RG Hordeum vulgare
subsp. vulgare

HORVU.MOREX.r3.1HGOD06610 1,012613%6  0,010414079 histone H24.2.1(L0C123447786) RG Hordeum vulgare
subsp. vulgare

HORVU.MOREX.r3.1HGO00B080 2,925041517 0,000683344 7-decxyloganetin glucosyltransferase-like(LOC123450541)  RG 7S§g::"$|”ilmga—re

HORVU.MOREX.r3.1HGO008140 4,294555641 3,1SE-06  7-deoxyloganetin glucosyltransferase-like(LOC123450812)  RG 7:13‘;S:umlvilmg_are

HORVU.MOREX.r3.1HG0009210 1,411712241 2,00E-09 uncharacterized | 0C123395130(L0C123395130) RG Hordeum vulgare
subsp. vulgare

Figure 4. Screenshot showing exemplified annotations of a few DEGs, Value 1= LFC; Value 2= padj)

Tissue-specific promoters: Non-DEGs and DEGs were selected and their promotor sequences
retrieved and annotated for use in WP4 and WP5 (data not shown). Specifically, we used ENSEMBL
and our local genome resources to look for the upstream sequence (1-2kb) of 7 highly expressed
genes, 3 specific to integuments (maternal) tissue, 2 specific to the pericarp (maternal) tissue, and 2
specific to the central cell/endosperm (filial) tissue. ElemeNT (https://www.juven-
gershonlab.org/resources/element-v2023/) a web-based navigation tool, and PlantPAN
(https://plantpan.itps.ncku.edu.tw/plantpan4/index.html), an online database resource, were used
to detect and curate core promoter elements (like TATA boxes, Initiator, and Downstream Promoter
Elements) in our sequences, and assess the quality of high-throughput Transcription Start Site (TSS)
data.

Enriched terms among samples: Annotation charts were generated to identify genes associated with
specific terms, and clustered related genes (i.e. genes sharing annotated terms) into functionally
related groups. The functional classification algorithm then generates a group enrichment score that
ranks the biological significance of gene groups (Figure 5). Such ranking is functionally helpful in
unraveling relevant biological processes associated with cellular functions and pathways, such as
those related to histones and auxin.
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Functional Annotation Clustering
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Figure 5. Functional annotation, clusters and parameters set from DEGs in developmental stages 1 versus 3
showing cluster 1 associated to histone-related terms (enrichment score 8.89), and cluster 47 associated to
auxin-related terms (enrichment score 1.65).

In addition, using our gene list reports and the functional annotation tools, we identified functional
related DEGs (Figure 6) involved in auxin homeostasis (particularly biosynthesis and transport
genes), PRC2 genes and histone 2 and 3 modifier genes (particularly demethylases) between
developmental stages (see Table 2 and WP4) and between tissues within and among stages (not

shown).
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Functional Related Genes

Help and Mamnual
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filter. B Download File
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# | Funchionally Related Gens

i probable Indoke-3-pyruvate monooxygenass YUCCATLOCT123413510) .

2 probabie Indods-3-pyruvate monooxygenase YUCCASLOCT23553708) Hordeum vulgare subsp. vulgarse 0.60

3 15-cle-phytoane desaturazs, chioroplasticichromoplasticdike(L OC1 23425685 Hordeum vulgare subsp. vulgars 0.43

4 uncharacierized LOC123438431(LOC1 23428431} Hordewm vulgare subep, vulgare 0.35
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ra profycopans lsomerasa 1 mm{_}nlaaﬂcrLDCﬂﬂMl Hordeuwmn vulgars subsp. vulgars 0.35

Figure 6. Screenshot of DEGs between stages 1 and 3 showing genes functionally related to auxin biosynthesis
with different kappa similarity scores

For each of the pairwise comparisons evaluated, we listed the most significant DEGs and compared
their LFC and timing throughout seed development. Surprisingly, we found parallels in the apparent
pattern of gene expression in our dataset with what is known from Arabidopsis suggesting shared
evolutionary mechanisms of gene regulation and conserved functions across species (Hojsgaard et
al., 20264, in preparation).

Table 2. List of auxin biosynthesis and transport genes significantly upregulated in barley ovules after
fertilization.

ENSEMBL_GENE_ID LFC | padjt Functional annotation

Developmental stage_1 vs 2

HORVU.MOREX.r3.1HG0049910 | 3,92 | 2,09E-4 auxin-responsive protein SAUR32-like(LOC123410425)

HORVU.MOREX.r3.2HG0128980 | 4,06 | 1,04E-13 | indole-3-acetic acid-amido synthetase
GH3.8(LOC123425474)

Developmental stage_1 vs 3

HORVU.MOREX.r3.1HG0073990 | 7,19 | 3,72E-10 | probable auxin efflux carrier component
3b(LOC123445679)

HORVU.MOREX.r3.1HG0069150 | 8,09 | 4,46E-09 | probable indole-3-pyruvate monooxygenase
YUCCA11(LOC123413510)

HORVU.MOREX.r3.2HG0128980 | 4,58 | 1,82E-21 | indole-3-acetic acid-amido synthetase
GH3.8(L0OC123425474)

HORVU.MOREX.r3.3HG0291280 | 4,63 | 7,85E-14 | probable indole-3-acetic acid-amido synthetase
GH3.2(LOC123444492)

Developmental stage_1vs 4

HORVU.MOREX.r3.7HG0647150 | 6,29 | 1,38E-06 | probable indole-3-pyruvate monooxygenase
YUCCA10(LOC123411032)

HORVU.MOREX.r3.4HG0345160 | 7,89 | 1,00E-13 | putative auxin-responsive protein
IAA29(LOC123451188)

HORVU.MOREX.r3.1HG0073990 | 8,26 | 6,75E-17 | probable auxin efflux carrier component
3b(LOC123445679)

HORVU.MOREX.r3.1HG0069150 | 9,49 | 6,04E-17 | probable indole-3-pyruvate monooxygenase
YUCCA11(LOC123413510)

t: all listed genes have a padj < 0.001.
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In addition, we did a Weighted Correlation Network Analysis (WGCNA) in order to find groups
(modules) of genes that have similar expression patterns across samples and therefore, they might
interact in biological pathways or processes during seed development. Our analyses show several
modules (Figure 7) and helped us identify key genes (hub genes and module eigengenes) including
two auxin biosynthesis genes (data not shown), one of which is under evaluation using directed
mutagenesis (WP4).

Cluster Dendrogram
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Module colors

Figure 7. Dendrogram of Weighted Correlation Network Analysis showing groups of genes (by color) linked to
specific seed development processes. For example, genes in the blue module are enriched for cell wall
biogenesis/degradation, transcriptional regulation, plant defense, cytokinin-activated pathway, auxin signaling,
and gibberellin biosynthetic process.

Overall, while auxin homeostasis is better understood in Arabidopsis, our initial analysis of gene
expression patterns and auxin related genes during pre- and post-fertilization ovules in barley
provides new evidence for a specific dynamic of auxin biosynthesis and transport between
gametophytic and sporophytic tissues. Our data suggests that after fertilization, early endosperm
drives the biosynthesis of auxin and transports to sporophytic tissues, but at the time of
cellularization, auxin biosynthesis increases substantially and is taken up by nucellar and
integumentary tissues. As our study fills a gap in the transcriptomics of barley ovules by covering
transcriptomic profiles from micro-dissected tissues (all previous studies are based on complete
ovules or tissues from advanced developmental stages), our dataset reveals a novel interplay
between auxin biosynthesis and transport in both maternal and filial tissues to coordinate early seed
development (Hojsgaard et al., 20264, in preparation). This solves an outstanding puzzle in grasses,
where the endosperm is a much more prominent component of the grain compared to Arabidopsis
and dicot seeds in general. The evidence supports the view that auxin-induced endosperm
development is a conserved mechanism for seed initiation in angiosperms and gives emphasis to our
proposition that modifying auxin biosynthesis loci hold an untapped potential for the engineering of
autonomous endosperm formation in angiosperms.

To sum up, we have 1) Identified barley genes driving auxin biosynthesis and genes likely to have a
central role in auxin homeostasis and endosperm development, 2) identified PRC2 genes and
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histone 3 modifier genes involved in the turnaround of epigenetic signals and regulation during
seed development, and 3) highly expressed tissue-specific genes and their promotors.

We would like to highlight the quality and novelty of the dataset generated, which is providing
comprehensive information on differentially expressed gene populations from fertilization to
endosperm cellularization in the developing barley grain. This has allowed us not only to uncover the
role of gametophytic and sporophytic tissues on auxin homeostasis, but also to pinpoint genes
known to play relevant roles in other model plants and new genes in barley ovules, whose
transcriptional profiles suggest critical roles during seed development. Thus, our comprehensive
analysis provided a robust list of candidate genes (Tables 2, 3 and 4) that fulfill the goals of WP3 and
even goes beyond it to generate an improved and detailed view of probable key players and their co-
expression networks during grain development of grasses. The dataset will be integrated into the
PanBARLEX database and made available to the public.

WP4: Engineering apomictic-like endosperm in barley

The focus of this WP was on engineering tissue-specific depletion of epigenetic marks controlling
autonomous endosperm formation. For this, we have identified 12 DEGs associated with the core
histone 3 protein, methyltransferases and DNA demethylases (Table 3). As histone 3 genes produce
histone variants that are heavily modified (e.g. H3K4me3, H3K36me2/3) and interact with numerous
chaperones and regulatory proteins, altogether the listed genes are suitable targets for manipulation
using the identified central cell/early endosperm and sporophyte-specific promoters (WP3) to drive
tissue-specific depletion of H3k27me3 and mCG.

Table 3. Genes differentially expressed in barley ovules after fertilization and by the time of endosperm
cellularization.

Gene ID Functional annotation

24 hs after fertilization

HORVU.MOREX.r3.6HG0601950 histone H3.v1-like(LOC123403498)

HORVU.MOREX.r3.7HG0709110 histone H3.2-like(LOC123407027)

histone-lysine N-methyltransferase family member SUVH9-

HORVU.MOREX.r3.1HG0008950 )
like(LOC123405127)

histone-lysine N-methyltransferase, H3 lysine-9 specific SUVH1-

HORVU.MOREX.r3.5HG0475650 )
like(LOC123395002)

HORVU.MOREX.r3.7HG0655960

histone-lysine N-methyltransferase CLF-like(LOC123410743)

HORVU.MOREX.r3.1HG0024370

lysine-specific demethylase JMJ25-like(LOC123397138)

HORVU.MOREX.r3.1HG0063430

RNA demethylase ALKBH10B(LOC123441748)

96 hs after fertilization

HORVU.MOREX.r3.6HG0601950

histone H3.v1-like(LOC123403498)

HORVU.MOREX.r3.7HG0709110

histone H3.2-like(LOC123407027)

HORVU.MOREX.r3.3HG0310010

probable histone acetyltransferase HAC-like 1(LOC123440696)

HORVU.MOREX.r3.5HG0475650

histone-lysine N-methyltransferase, H3 lysine-9 specific SUVH1-
like(LOC123395002)

HORVU.MOREX.r3.7HG0655960

histone-lysine N-methyltransferase CLF-like(LOC123410743)
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In parallel, research from our colleagues at the MPI Golm identified a list of genes involved in the
pathways under the control of H3k27me3 and mCG (results from WP1 and WP2 that are being
validated). Genes in these pathways are listed in Table 4.

Thus, in order to mimic the phenotype of the epigenetic mutants observed in Arabidopsis, we look
for orthologs in barley involved in the pathway under the control of H3k27me3 and mCG (Table 4).
Then, we looked at which of those genes were differentially expressed among ovular tissues and
developmental stages. Out of this analysis, HvFIE (HORVU.MOREX.r3.7HG0702190) and HvICE
(HORVU.MOREX.r3.4HG0337970) were DEG (LFC=1.49 in filial tissues and LFC=4.24 in maternal-filial
tissues, respectively) and identified as most promising genes for targeted mutagenesis aimed at
manipulating tissue-specific depletion of H3k27me3 and mCG and sustain autonomous endosperm
proliferation in barley ovules.

Table 4. List of candidate genes for autonomous endosperm development in Arabidopsis and its barley

homologs.

Gene name (ID) Brief description Putative barley orthologé

ARID2 (AT2G17410) AT-rich domain protein. HORVU.MOREX.r3.7HG0726280

FIE (AT3G20740) Encodes a Polycomb group protein controlling HORVU.MOREX.r3.7HG0702190
the anterior-posterior axis in the endosperm.

FIS2 (AT2G35670) Encodes a negative regulator of seed HORVU.MOREX.r3.2HG0095780
development in the absence of pollination.

SWN (AT4G02020) Encodes a polycomb group protein. HORVU.MOREX.r3.7HG0655960

ICE1 (AT3G26744) Encodes a MYC-like basic helix-loop-helix HORVU.MOREX.r3.4HG0337970
(bHLH) transcriptional activator that binds the
CBF3 promoter.

ICE2/SCRM2 Encodes ICE2 (Inducer of CBF Expression 2), a HORVU.MOREX.r3.4HG0337970

(AT1G12860) transcription factor of the bHLH family

CBF1 (AT4G25490) Transcriptional activator that induces cold- HORVU.MOREX.r3.6HG0603700
regulated gene expression.

CBF3 (AT4G25480) Encodes a member of the DREB subfamily A-1 HORVU.MOREX.r3.6HG0603700
of ERF/AP2 transcription factor family.

§: in most cases, more than one gene was identified based on homology. The ones listed are those showing
significant changes in expression levels during ovule development.

In Arabidopsis, FIE is a transcriptional repressor and acts as an essential scaffolding protein within
the PRC2 that in turn catalyzes the trimethylation of lysine 27 on histone H3 (H3k27me3). This
modification is associated with condensed chromatin and gene silencing, effectively turning off
target developmental genes. On the other hand, ICE1/ICE2 (inducer of CBF expression) genes work
with other factors (such as the MYB protein CDC5) and promote an active chromatin state,
characterized by H3k4me3 (a mark of active transcription). Thus, both FIE and ICE genes are
primarily characterized by their complementary roles in chromatin-based gene regulation,
particularly during stress responses and developmental transitions.

Since the targeted mutagenesis approach is like that one used in WP5, which necessarily requires a
detailed description owing to its complexity, and due to the limited length of this report, we direct
the reader to the next section for methodological details.

Altogether, we have 1) annotated (in-house) promoter sequences of selected tissue-specific and
highly expressed genes, 2) identified promising candidate genes for autonomous endosperm
development in Arabidopsis (WP1 and WP2) and their barley orthologs, and 3) targeted PRC2
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genes and histone 3 modifier genes specific to barley for tissue-specific manipulation of epigenetic
marks.

WP5: Generation of barley featuring apomeiosis and autonomous embryo formation

The focus of this WP was on 1) generating apomeiotic barley by site-directed mutagenesis of the
orthologs of REC8, PAIR1 and OSD1 genes, and 2) generating parthenogenetic barley capable of
fertilization-independent embryo formation by egg cell-specific expression of BBM.

With the aim of generating apomictic barley plants, we identified barley putative orthologs of the
rice MiMe genes REC8, PAIR1 and OSD1 using the amino acid sequences of the rice proteins and the
BLAST tools against the Golden Promise genomic sequence contained in the Barley Pan-Genome
data (IPK Galaxy Blast Suite). Candidate sequences were confirmed using the EnsemblPlants and
GrainGenes platforms. This search resulted in two potential barley orthologs (paralogs) for all three
genes, as shown in Table 5. Sequence identity (similarity) between putative paralogs in barley was
97% for HYREC8, 79% for HVPAIR1 and 41.5% HvOSD1. All barley candidate orthologs were subjected
to detailed manual annotations of structural elements as is needed for targeted mutagenesis.

To further confirm the resulting gene orthologs of barley, the syntenic relationship between the
OsMiMe genes and their putative orthologs was also investigated by comparing rice and wheat gene
order and genomic sequences (wheat was used as a proxy reference for barley). Barley genes
showing syntenic relationships to rice genes are shown in bold (Table 5).

Table 5. Barley orthologs resulting from BLASTP of the Oryza sativa japonica Group (IRGSP-1.0) MiMe genes
against the cv. Golden Promise genomic sequence GPv2.

Rice MiMe genes Barley orthologs Barley ortholog | Protein
short names § | similarity
REC8 (LOC_0s05g50410) | HORVU.MOREX.r2.1HG0075790 | HVREC8A 54%
HORVU.MOREX.r2.1HG0050790 HVREC8B 78%
PAIR1 (LOC_0s03g01590) | HORVU.MOREX.r2.4HG0345750 HvPAIR1A 65%
HORVU.MOREX.r2.2HG0141790 HvPAIR1B 64%
OSD1 (LOC_0s02g37850) | HORVU.MOREX.r2.6HG0489140 | HvOSD1A 54%
HORVU.MOREX.r2.2HG0144560 HvOSD1B 68%

§ given names in the mid-term report: HYREC8_790, HvPAIR1-750, HYPAIR1-790, HvOSD1.

In addition, gene expression of the barley putative orthologs was investigated using gene expression
databases (i.e., BarleyExpDB and PanBARLEX). The barley orthologs showed the highest expression in
meiocytes, young spikes, immature anthers, and inflorescence tissues, as expected from their
putative roles (Figure 8). Reference projects in the BarleyExpDB database are SRA BioProjects
PRJNA558196, PRIEB19243, and PRIEB14349.

Based on the above information, and evidence in other model systems that indicate that REC8 and
PAIR1 have a functional role during meiosis, but OSD1 copies shows a functional divergence to either
meiosis or mitosis, our cloning strategy targeted identical sequences from REC8 and PAIR1 paralogs
using the same target motifs (TMs) but different ones in OSD1A and OSD1B (see details below).
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Figure 8. Screenshot of the pan-transcriptome database (PanBARLEX) listing expression profiles of gene
HvOSD1B across tissues via heatmaps of Transcripts per Million (TPM) values. Shoot and root tissues show low
expression levels and were omitted in this graph.

Selection of target motifs, designing of guide RNAs, and vector cloning

To generate apomeiotic-like barley by site-directed mutagenesis of MiMe orthologs, two target
motifs were selected for every ortholog using the Benchling (RRID:SCR_013955) online tool.
Secondary structures of cognate guide RNAs featuring an improved scaffold established in our group
were modeled using the RNAfold web server. Eight out of 198 modelled gRNAs for all genes were
selected as being the most suitable ones based on several features including 2-D structure, micro-
homologies and off-target sites (Table 6).

To dissect the function of both HvOSD1 paralogs, mutants with different target gene combinations
were generated: 1) quadruple mutants (rec8, pairl, osd1a and osd1b), 2) triple mutants (rec8, pairl
and osd1a) and 3) triple mutants (rec8, pairl and osd1b) (Figure 9). The CasCADE vector system
established in our group allows the assembly of up to four gRNAs (targeting 2 genes considering the
use of 2 TMs per gene) in a single vector for simultaneous expression. In the SEEDMAKER project, we
therefore established a novel protocol for targeting simultaneously up to 4 genes, with one or two
target motifs being addressed in each of those, and used it in barley for co-transformation of the
targeted candidate genes HVREC8, HvPAIR1 and HvOSD1A and HvOSD1B.
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Table 6. Selected target motifs and cognate gRNAs for the barley orthologs HVREC8, HVPAIR1, HYOSD1A and
HvOSD1B. Numbers of gRNAs follow the sequential order in the pre-selection list for each gene.

Target gene

Target motif (5> 3°)

Selected gRNA with modeled

secondary structure

Predicted mutagenesis
efficiency score (0-100)

HVREC8 GGATTCATTGAAGGAGCAAG gRNA27 ﬁ 63.2

GGAAATATATATCAGTCA gRNA33 //“ﬁ 59.9

HVPAIR1 GCAAATGGAAGGTCGCAG gRNA37 ﬂﬁ 57.4
e

GTAGCAAATGGAAGGCCCC gRNA41 /‘ﬁ 56.8

HvOSD1A GTCACCGTCCAGCAACA gRNA8c (ﬁ 59.8

GCGTGGACTGCACCCAAG gRNA12 ;f, 65.2

HvOSD1B GCGTCGCCCTCCAGCAACA gRNA16 —ﬁ 57.7
A

GAAGGCTACGCCACCCAGG gRNA20 /ﬁ 68.9

Mutant Line 1)

RECS-gRNAl1 — RECS-gRNAZ2 - PAIRI-gRNA3 — PAIRI-gRNA4 - OSDIA-gRNAS = OSDIA-gRNAG _—

Mutant Line 2)

RECS-gRNA1 - RECS-gRNA2 - PAIR1I-gRNA3 — PAIRI-gRNA4 — OSDIA-gRNAS — OSDIA-gRNAG

Mutant Line 3)

RECS-gRNA1 - RECS-gRNA2 - PAIRI-gRNA3 = PAIRI-gRNA4

Figure 9. Vectors with combined target gene-specific gRNA expression units used for the generation of MiMe

mutants in barley.

Our novel approach was based on the creation of a template for 2x guide cloning (Figure 10a) that
could later be incorporated as modules in our CasCADE system (Figure 10b). This method enables
the simultaneous targeting of multiple genes for co-transformation (multiplex editing) to address
complex traits that are often polygenic (controlled by many genes) or involve gene redundancy.
Thus, the novel protocol expands the group’s capacity to manipulate plant traits, and can drastically
shorten breeding cycles when combined with traditional crossing schemes to stack multiple

desirable traits rapidly into elite cultivars.
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Figure 10. Graphic architecture and cloning concept to generate binary transformation vectors for the targeted
mutagenesis of MiMe genes of barley. a: template for 2x guide cloning showing two built-in gRNAs and
priming sites for HvOSD1B (purple lines), b: Overview and sequential steps of the CasCADE modular system.

Using this approach, we created plasmids for protoplast transformation (carrying a GFP marker) and
plasmids for stable transformation of explants. Polyethylene-mediated DNA transfer is used to
transfect barley protoplasts with plasmid DNA. Transient expression of GFP was used to estimate the
transformation efficiency (ranged between 83 and 94% for all plasmids; Figure 11a-c). Genomic DNA
was then extracted from the protoplasts and target regions PCR-amplified and sequenced for
analysis of Cas9-induced mutations on target sites. Plasmids with GFP, cas9, and gRNA combinations
are depicted in Figure 11d-f.

14.985 bp

Figure 11. a-c: Image of barley protoplasts transformed using plasmid pDH13 carrying the construct for mutant
line 2 (Figure 10) and a GFP marker; a: under bright field; b: using a blue light excitation filter; c: composite
image of a and b. d-f. Graphic overview of vectors used for transformation of barley protoplasts carrying a
superfolder Green Fluorescent Protein (green dot) and different combinations of cloning templates; d: vector
pDH9 carrying four 2x guide cloning templates (and TMs) for REC8 (green star), PAIR1 (orange star), OSD1A
(light blue star) and OSD1B (blue star); e: vector pDH11 carrying three 2x guide cloning templates (REC8, PAIR1
and OSD1A); f: vector pDH13 carrying t three 2x guide cloning templates (RECS8, PAIR1 and OSD1B). The scale
in a-c represents 20 um.
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Binary plasmid derivatives without GFP were used for stable transformation (Figure 12a-c). A total of
650 barley immature embryos were transformed with Agrobacterium tumefaciens (AGL1) using the
standard protocol established in the group. Transformed embryos were transferred to callus
induction media and later to a plant regeneration media where regenerated plantlets are recovered
which were then transferred to soil (Figure 12e-f). Final genetic and phenotypic characterization of
the transformants will be completed once the plants flower in the coming months, which will be
conducted based upon the group's core budget.

pDH15

20.809 bp

pDH16

19.856 bp

17.946 bp

. .i" ', . “ 3
R T s
d botk 207 (-
Pw & \..:
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Figure 12. a-c. Graphic overview of vectors used for stable transformation of barley explants; a: vector pDH15
carrying four double guide RNA expression units for REC8 (green star), PAIR1 (orange star), OSD1A (light blue
star) and OSD1B (blue star); b: vector pDH16 carrying three 2x double guide RNA units (REC8, PAIR1 and
0OSD1A); c: vector pSD6 carrying two standard CasCADE modules (black star) each with one TM for the HvFIE
gene (see WP4). d-e. transformed explants after callus induction and during the regeneration phase; d: callus
and shoot formation after transformation with pDH15 and close up image of shoot emergence; e: callus and
shoot formation after transformation with pSD6 and close up image of shoot emergence; f: regenerated GP DH
1-6 plant before flowering.

To sum up, we have 1) generated transformants using a novel multiplex editing method for
simultaneously targeted mutagenesis of HYREC8, HVPAIR1 and HvOSD1A and HvOSD1B, and 2) a
parthenogenetic barley line for fertilization-independent embryo formation expressing an egg-cell
specific BBM construct was available through a cooperation partner.

WP6 - Generation of apomictic barley plants.

The focus of this WP was to combine the lines producing parthenogenic clonal embryos (WP5) with
those producing autonomous endosperm (WP4), with the aim of producing autonomous apomictic
plants. The use of consecutive transformations is here discarded as this requires plants to flower for
proper assessment of phenotypic mutants. Thus, autonomous apomictic barley will be created based
on our group's core budget by conventional crossing of the plants generated in WP4 and WP5.
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Most important items of the numerical evidence

Position Cost incurred
Postdoc 214.500,00 €
Technician 110.000,00 €
Material costs 72.500,00 €
Travel 3.000,00 €

Total 400.000,00 €

Necessity and appropriateness of the project work carried out

The project could not have been financed from the own resources of the participating academic
institutions. The costs incurred are considered reasonable in relation to the work required and the
results achieved. This project places a landmark for the development of barley genotypes with
changed reproductive modules which are of much interest in breeding programs (for instance,
through induction and exploitation of unreduced gametes), and will allow further advances in the
establishment of a synthetic apomixis phenotype.

Expected benefit, in particular the usability of the result - including concrete plans for the near
future - in terms of the updated utilization plan

No applications for property rights were filed by IPK. However, while targeted mutagenesis of the
combined genes for inducing apomeiosis has been already established in other crops (e.g., the MiMe
phenotype in rice), its combination to parthenogenetic BBM mutants and targeted mutants inducing
autonomous endosperm formation (putatively our HvFIE and HvICE mutant genotypes) would
altogether provide a proof of a novel concept for grain formation without requiring pollen. This
certainly has -under the appropriate legal framework- promising prospects for agricultural
deployment and enormous use in the seed industry.

Here, we see that our project made a big leap toward synthesising apomixis, but a time horizon for
deployment of apomixis in a barley cultivar will largely dependent upon funding availability. The next
steps will involve the identification of modifier genes that augment trait penetrance and increase
seed set to a level suitable for commercialization. With enough resources, and based on our current
knowledge on synthetic apomixis approaches and case studies in other crops like rice (see also
below Hojsgaard and Trigiano, 2025) and the genome architecture of barley, we can venture that
this may be achieved within 10-12 years.

Within the scope of the project, a new approach was successfully established that widens the
genome editing platform available in the group, from being able to target 1-2 genes to
simultaneously targeting 3 and 4 genes. Moreover, the approach is expandable to simultaneously
target even more genes. This certainly impacts that group’s capabilities and projection in future
contributions to the national development of improved crops. As the international scientific
community and research speed up a shift from crop improvement focusing solely on single-gene
mutations to engineering multiple genes simultaneously to address complex, polygenic traits, the
development of this novel approach in barley (which can be applied to any crop of interest) places
the PRB group at the forefront of scientific research and development in temperate cereals.
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In terms of scientific data, the massive collection of transcriptomic data of this project -coming from
four ovular tissues and five developmental stages- will be integrated to the PanBARLEX database at
IPK (https://apex.ipk-gatersleben.de/apex/f?p=284:10), thus contributing high-quality gene
expression data of specific cell-tissue types of the developing barley grain. In addition, the data will
be available as a reference in ongoing tests to fine-tune a high-resolution technique and new
platform for spatial transcriptomics (SpaceEx, in progress).

In terms of the scientific production associated to this project, a total of four manuscripts have been
published or are in press, and another four manuscripts are planned and will be submitted in the
coming months. The published manuscripts are a book chapter providing an overview of
experimental plant embryology and its impact on crop innovation (under review) plus two review
articles that relate directly to aspects relevant for the exploitation of apomixis, one dealing with the
population genetics of apomixis (Karunarathne et al., 2025, Crit. Rev. Plant Sci. 44:4), and another
one dealing with the development and commercial exploitation of apomictic forage grass cultivars
(Jank et al., 2025, Crit. Rev. Plant Sci. 44:5). While these are not a direct output from results of this
project, the publications are relevant in the framework of the project as they provide critical
information about innovation in crop science and about aspects that will have to be considered in
the near future, once the possibility of marketing apomictic barley genotypes is considered (see
references details below). Another review (Hojsgaard and Trigiano, 2025, Crit. Rev. Plant Sci. 44:4)
explores the cross-cutting nature of apomixis and the fact that apomixis is expected to become part
of the breeder’s toolkit for several crops in the coming years, stressing the relevance of the present
project towards advancing on the synthesis of apomixis in barley. Other planned manuscripts related
to direct results from this project have been mentioned in the previous section and are listed below.

As a last but still relevant observation, our design of target sequences when working with
multifunctional proteins (such as REC8 and PAIR1) serves as a double test. On the other hand,
expected knock-out mutants will reveal the functional roles of those genes. On the other hand,
knock-out mutants produce truncated, abnormal proteins which drastically affects a plants” fertility.
In order to circumvent mutants’ sterility resulting from knocked-down mutations, our design
deliberately focussed on sequence motifs targeting all known allelic copies (in REC8 and PAIR1) and
repeated sequences associated with structural motifs for specific DNA recognition (B-sheets in
PAIR1), seeking to increase the chances of generating insertions or deletions that would create a
frameshift mutation instead of a knock-out protein. Thus, given that all or most published
approaches have knocked-out these genes in other crops and shown a drastic reduction in mutant
fertility, it is expected that a frameshift mutation (especially in PAIR1) will abolish its active domain
(thus cancelling the formation of double-strand breaks) without affecting its ability to interact with
other proteins (thus providing more stable progression through meiosis by stabilizing chromosome
segregation). Provided that our target motif design is effective, it will serve as an example for
targeting similar multifunctional proteins that bind to DNA, regardless of their function.

Progress in the field of the project made known to the grant recipient by other bodies during the
implementation of the project

So far, no studies have been published that address the challenges set by this project in relation to
the induction of apomixis-like traits in barley.

However, some progress has been made in other crops (e.g., rice and sorghum) toward inducing a
moderately high penetrance apomixis trait (i.e., formation of unreduced gametes and
parthenogenetic development of the unreduced egg-cell; see for example Heidemann et al., 2025
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Plant J. 121; Simon et al. 2025, Plant Biotechnol. J. 5*" Nov.). However, the induction of autonomous
endosperm development is a topic that has not been explored in any crop. We are not aware of
other research groups focused on a similar approach.

Publications made or planned of the results in accordance with No. 5 of the NKBF/NABF
1) accepted peer-reviewed publications

Kumlehn, J. & Hojsgaard, D. (2026). Experimental Embryology in the Genomic Era. In: Molecular
Embryology of Angiosperms, Hojsgaard and Pullaiah (Eds.), Springer Nature (under review).

Karunarathne, P., Reutemann, A. V., James, J. E., Zhou, Q., Sassone, A., Rose, L. E., & Hojsgaard, D.
(2025). Navigating the Challenges in Apomixis Population Genetics: Insights from Past, Present, and
Future Perspectives. Critical Reviews in Plant Sciences 44(4), 261-292.
https://doi.org/10.1080/07352689.2024.2440296

Jank, L., Rios, E., Santos, M F.., Jauregui, R.N., Vigna, B.B.Z., Barrios, S.C.L., Acuia, C.A,, Zilli, A.L.,
Borges do Valle, C., Reyno, R., Raposo, A., Altpeter, F., Simedo, R., Griffa, S., Dall’Agnol, M., Pich
Brunes, A., Tomaszewska, P., Vilela, M., Gesteira, G., De Vega, J.J., Lopez Colomba, E., Brugnoli, E.A,,
Marcon, F., Martinez, E.J., Do Canto, J., Dalla Rizza, M., Sousa Azevedo, A.L., Narancio, R. & D.
Hojsgaard. (2025). Apomixis in Farmers’ Fields: Overview, Case Studies from Forage Grasses and
Considerations for Future Apomictic Crops. Critical Reviews in Plant Sciences 44(5), 345-397.
https://doi.org/10.1080/07352689.2025.2578983

Hojsgaard, D., & Trigiano, R. N. (2025). The dawn of apomixis as a cross-cutting research topic and a
model trait in plant science. Critical Reviews in Plant Sciences 44(4), 209-217.
https://doi.org/10.1080/07352689.2025.2572144

2) non-peer reviewed manuscripts

Datta S. 2025. Establishment of apomictic processes in barley. Bachelor and Master Thesis, dual
degree. Kalinga Institute of Industrial Technology, India, 61 pp.

3) planned publications

Hojsgaard D, Sassone A, Thiel J, Hartmann A, Hertig C, Figueiredo D, Kumlehn J. 2026a. Auxin
dynamics in the maternal-filial interphase during early seed development. In preparation.

Hojsgaard D, Hertig C, Schaefer N, Hoffie I, Otto I, C Bollmann, Kumlehn J. 2026b. Skipping meiosis in
Barley. In preparation.

Hojsgaard D, Datta S, Salatin C, Hertig C, Figueiredo D, Kumlehn J. The role of HvVFIE and HVICE in the
initiation and progression of endosperm development in barley. Planned.

Hojsgaard D, Kumlehn J. The use of mutant reproductive modules to synthesize apomixis in barley.
Planned.
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