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Chapter

General introduction



Chapter 1

Plants have developed a wide range of architectural adaptations during evolution
in order to spread and survive in different environments. Plants are mostly
indeterminate, as they have multiple growth axils with meristematic tissue.
Whether these meristems grow, stay dormant or undergo fate changes, gives an
infinite number of architectural options. Due to this indeterminate nature, plants
were able to adapt to their habitat by changing meristem outgrowth or organ
formation and patterning (Chomicki et al., 2017; Sussex & Kerk, 2001). Better
adapted plants were able to survive environmental challenges and propagate.
Through evolution different plant species gained specific architectural traits to
survive their habitat (Joshi, 2023). To prevent against herbivory for example,
some plants have adapted spines or thorns. In dry environments some plants
developed waxy leaves to reduce water loss or deeper roots to reach water
better. Some plants that are living in wet and swampy environments have special
air tissue to provide gas exchange in submerged plant parts. As a consequence,
plant architecture is immensely diverse across the plant kingdom. Variation in
plant architecture did not only arise from evolutionary adaptation, but was also
targeted during crop domestication. Perhaps one of the most famous examples
of such adaptation is modern maize, which was domesticated from the wild
ancestor teosinte about 9,000 years ago in what is now known as southern
Mexico (Matsuoka et al, 2002; van Heerwaarden et al.,, 2011). The primary
progenitor is Zea mays subspecies parviglumis, which shares the closest genetic
relationship with modern maize (llitis, 1983). The transformation from the
progenitor to maize involved drastic changes in plant architecture, especially in
the development of a non-shattering cob, larger, exposed kernels, and a reduced
number of branches (J. Doebley, 2004; Matsuoka et al., 2002; R.-L. Wang et al,,
1999). Also in other cereal crops like rice, wheat and barley, plant architectural
traits were targeted during domestication (Meyer & Purugganan, 2013). In wild
cereals, mature seeds naturally fall off to aid seed dispersal. Domesticated
varieties carry loss-of-function mutations in BRITTLE RACHIS 1 (BTR1) and/or
BRITTLE RACHIS 2 (BTR2), causing the inflorescence and seeds to remain intact
during ripening (Jin et al., 2008; Konishi et al, 2006; Lin et al, 2012
Pourkheirandish et al., 2015). This shift was a fundamental change in cereal
domestication, especially for barley and wheat, allowing for more efficient
harvest. Other traits that were targeted during the domestication of cereals
include: photoperiod insensitivity and flowering time modulation (Faure et al.,
2012; Turner et al., 2005); vernalization requirement (Saisho et al., 2011; Trevaskis
et al., 2003); altered inflorescence architecture (Komatsuda et al., 2007; Ramsay
et al, 2011), and changed branching patterns and synchrony (Meyer &
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Purugganan, 2013). To date, these traits are still of key interest when breeding
for yield optimization. However, yield is a complex trait that depends on different
components such as the grain number and weight, grain size and number of
tillers. These traits are interconnected; changing one often impacts the other,
either directly or indirectly, which makes vyield optimization difficult.
Understanding how yield components are regulated genetically and molecularly
can increase the efficiency and speed of breeding. Here, | will first describe
cereal plant architecture in more detail, followed by how vegetative branching
and inflorescence architecture are regulated.



Chapter 1

Cereal plant architecture

During the vegetative phase of cereal development, leaves are initiated by the
shoot apical meristem (SAM). When the meristem is still vegetative it is at the
ground level with very little space between the internodes; a structure known as
the crown. The SAM coordinates the formation of all above ground organs such
as leaves, axillary meristems (AM), internodes, and eventually the inflorescence.
In the axil of each leaf, typically a single AM is formed, which develops into a tiller
bud. These buds can grow out into tillers (Figure 1). Each tiller resembles a
miniature version of the main shoot, capable of producing its own leaves, AMs,
stem, and inflorescence. The earliest tillers develop from the axils of the lower
leaves, and subsequent tillers emerge. The AMs of primary tillers can also form
new tillers, contributing to the overall branching architecture of the plant. This
way, the number of tillers can grow rapidly during development. Therefore, the
actual outgrowth of a tiller bud into a tiller is tightly regulated, which | will explain
in more detail later in this chapter.

shoot apical meristem
(SAM)
leaf

tiller bud

Tiller bud outgrowth

Figure 1: Tiller bud outgrowth in cereals. In the vegetative state, the shoot apical meristem (SAM)
produces only leaves, with very little space between the internodes. In the leaf axils, axillary
meristems are formed that develop into tiller buds. These buds can grow out into tillers, resulting in
the overall branching phenotype of the plant.
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As the plant matures, a developmental transition from the vegetative to the
reproductive phase occurs. The SAM changes identity and becomes an
inflorescence meristem (IM), initiating the formation of the inflorescence. From
this point onwards, the IM starts moving upwards through the shoot, by
elongation of internodes. The tiller buds that form within the leaf axils while the
IM is moving upwards do not develop into tillers anymore, while already formed
tiller buds at the crown can still develop into tillers (Miralles & Richards, 2000).
Each tiller on a plant has its own apical meristem, meaning that each tiller has
the potential to form an inflorescence. Differences in inflorescence architecture
are controlled by the maintenance and determinacy of the meristems and
primordia formed in time and place. Each meristem transition is tightly controlled,
which means that at each transition, an altered regulation can have architectural
effects. Thanks to this, there is a massive variation in inflorescence architecture
within cereals (Koppolu & Schnurbusch, 2019; C. Wang et al., 2021; Y. Zhang,
Shen, Shi, et al., 2024). In inflorescences like the rice panicle and maize tassel,
branch meristems (BMs) are initiated from the IM (Figure 2). From the BMs,
spikelet meristems (SMs) are initiated. Each SM can form one or multiple floret
meristems (FMs), which, upon pollination, can eventually develop and form grains.
In wheat and barley inflorescences, called spikes, no BMs are formed, but SMs
initiate directly from the IM (Figure 2). For barley specifically, a triple spikelet
meristem (TSM) is formed, containing three SMs: a central spikelet meristem
(CSM) and two lateral spikelet meristems (LSM). These SMs each form one FM.
In two-rowed barley, only the central spikelet develops into a fertile flower,
whereas in six-rowed barley, all three spikelets develop into a fertile flower,
producing a denser spike.
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A Rice Maize tassel

Time

Two-rowed Six-rowed

Figure 2: Cereal inflorescence architecture. A) Modular overview of cereal inflorescence
development. During floral transition the vegetative meristem (VM) transitions into an inflorescence
meristem (IM). Over time, floral meristems (FM) form along the IM. In the rice panicle and maize tassel
branch meristems (BM) are formed, in rice creating both primary and secondary branch meristems
(pBM, sBM). Along these, spikelet meristems (SM) and eventually FMs are formed. In the maize tassel
along the BM, spikelet pair meristems (SPM) are formed consisting of two SMs, which each form two
FMs. In wheat, the SMs are indeterminate, meaning they produce multiple FMs. In barley, a triple
spikelet meristem (TSM) is formed, consisting of three SMs: one central spikelet meristem (CSM),
and two lateral spikelet meristems (LSM). Each of these form a FM. B) Drawing of cereal
inflorescences, with in rice the primary branches (PB) and secondary branches (SB). C) Drawing of
rice spikelet, maize tassel spikelet pair, wheat spikelet, and barley spikelet triplet. In two-rowed barley
cultivars only the central spikelet develops into a fertile flower. In six-rowed cultivars also the lateral
spikelets develop into fertile flowers. Figure is adapted from Koppulu & Schnurbusch, 2019.
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Genetic regulation of tiller bud formation

As described above, the number of tillers is determined by the frequency of leaf
initiation and hence, of AMs between the formed leaves and their stem, and the
subsequent bud development and outgrowth. There are multiple genetic loci
studied that directly regulate AM initiation and tiller bud formation and thus
directly limit tiller number, resulting in no or just a few tillers.

Known mutants in cereals that inhibit or abolish AM initiation are cul2 in barley
and moctin rice (Babb & Muehlbauer, 2003; X. Li et al., 2003). In those plants, no
tiller buds are formed in the leaf axils during plant development. In the moc1
mutant in rice, no AMs are formed at all, whereas in cul2 mutants, some
meristematic tissue is formed in the leaf axils, but that does not develop into a
bud. The underlying gene for the cul2 mutants has not been characterized thus
far. For mocf, the underlying gene belongs to the GRAS protein family, and is
homologous to Arabidopsis LATERAL SUPPRESSOR (LAS). In the las mutant and
the tomato lateral suppressor (Is) mutant, axillary meristem formation is abolished
(Greb et al., 2003; Schumacher et al., 1999).

Some less severe phenotypes are observed in plants that only produce primary
tillers, but no secondary tillers, due to the lack of formation of secondary tiller
buds. The barley mutant low number of tillers (Int1) shows a reduction in tillers
caused by a mutation in the JuBel2 gene, which translates into a protein that is
part of the BELL-family of homeodomain transcription factors (Dabbert et al.,
2010). JuBel2 is homologous to Arabidopsis BELLRINGER (BLR). Absent lower
laterals (als) shows a similar phenotype to Int1, but no underlying candidate gene
has been characterized thus far (Dabbert et al, 2009). Another low tillering
mutant in barley is cul4, of which the underlying gene transcribes a BTB-ankyrin
protein (Tavakol et al., 2015). How these underlying genes inhibit AM initiation and
thus tillering has not been shown thus far.

Regulation of tiller bud outgrowth

The next step in tiller development, assuming the axillary meristems are initiated
and the bud is formed, is the actual outgrowth of the bud. This process is
regulated on multiple levels by internal and external signals, making it a
multifaceted complex trait. Examples of external factors influencing the
outgrowth of tiller buds are light quality, nutrient availability, and drought (Bakht
et al., 2000; Chaturvedi et al., 1981; Skinner & Simmons, 1993).

13
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Phytohormonal regulation of tiller bud outgrowth

Internal perception and signaling of these external factors is usually orchestrated
by phytohormones, which in turn can regulate tiller bud outgrowth (Y. Liu et al.,
2011). Phytohormones are thus important internal signals and disruption on this
level of regulation can lead to altered timing of bud outgrowth, a reduction, or an
increase in the number of tillers, but usually not as severe as in the mutants
described above. One of the phytohormones inhibiting axillary bud outgrowth is
auxin. Auxin is produced in the shoot apex and the leaves, and is actively
transported downwards by auxin efflux carriers (Zazimalova et al., 2010).
Because of this so-called polar auxin transport, outgrowth of tillers is inhibited
(Agusti & Greb, 2013). This phenomenon is called apical dominance and is
conserved throughout many plant species (Beveridge et al., 2023). Although this
response is not only regulated by auxin, but also strigolactones (SL) and sucrose
(Beveridge et al., 2023; Cao et al., 2023; Nahas et al., 2024), the role of auxin is
important. This is also the case in barley, where removal of the shoot apex
resulted in more tillering, while injection of auxin inhibited this response.
Furthermore, application of auxin inhibits tillering, while inhibiting the transport of
auxin has the opposite effect (Leopold, 1949). That means that genetic
modification of auxin synthesis, transport, and signaling also affects tillering. This
can be seen in the barley hnt1 and htd mutants, which were mapped to the same
locus, and show an increased number of tillers, hypothesized to be caused by
inhibition of polar auxin transport (Hua et al., 2020; Ye et al., 2019). Similarly,
homologous genes in rice, NARROW LEAF1 (NAL1) and PLANT ARCHITECTURE
AND YIELD 1 (PAY1), affect tillering, as nall mutants show increased tillering and
overexpression of PAY1 shows decreased number of tillers (Qi et al., 2008; Zhao
et al., 2015). If the bioactive form of auxin (IAA) is inactivated above-ground, which
is the case in the gain-of-function mutant t/d7-D in rice, the number of tillers is
increased (S.-W. Zhang et al., 2009).

Other hormones can interact with this network by regulating auxin transport. This
is the case for SL, which can regulate polar auxin transport by directly modulating
the expression and localization of auxin efflux carriers, PINs, in the plasma
membrane (Shinohara et al., 2013; J. Zhang et al.,, 2020). In line with this,
mutations in SL biosynthesis genes in barley lead to an increase in tillering (H.
Wang et al., 2018). Also, mutations in the SL receptor D14 give an increase in tiller
number (Arite et al., 2009; Kelly et al., 2025). Upstream of SLs, Abscisic acid
(ABA) can regulate SLs, as increased ABA accumulation inhibits SL biosynthesis
(H. Wang et al., 2018).
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Opposite to auxin, cytokinin can increase the bud outgrowth in barley (SHARIF
& DALE, 1980). Normally, cytokinin levels are regulated, amongst others, by
degrading cytokinin by cytokinin dehydrogenase (CKX). Mutations in HYCKX1
cause an increased number of tillers, which is in line with an increased cytokinin
accumulation (Holubova et al., 2018).

Indirect factors influencing tiller bud outgrowth

Next to phytohormones and transcription factors that directly regulate axillary
branching, there are also genes known to indirectly play a role in the number of
tillers a barley plant will produce. For example, genes that alter the plastochron,
the time between the initiation of sequential leaf primordia, influence the number
of tillers. Many noded dwarf (mnd) mutants show an altered plastochron with a
highly increased number of leaves and tillers (Hibara et al., 2021; Mascher et al.,
2014; Walla et al., 2020). Tiller bud outgrowth usually stops shortly after the floral
transition, when shoot elongation begins and the floral meristem is pushed
upwards in the plant (Miralles & Richards, 2000). Therefore, alleles altering the
duration of the vegetative phase, and subsequently the timing of shoot
elongation, influence the number of tillers a plant produces. That means that
changes in the expression or function of VRNT1, VRN2, PPD-H1, and HvCEN,
regulating the duration of the vegetative phase, alter the number of tillers
indirectly (Algudah et al., 2016; Bi et al., 2019; Fernandez-Calleja et al., 2021;
Karsai et al., 2006).

TB1/BRC1: A key transcription factor in regulating axillary branching

An important regulator of axillary branching in many species is the class Il TCP
transcription factor BRC1 and its orthologs in dicots, and the similar gene TB1
and its orthologs in monocots (J. Doebley et al., 1995; Gao et al., 2016; Gonzélez-
Grandio et al., 2013; Kebrom et al., 2006; Martin-Trillo et al., 2011; Ramsay et al.,
2011; Takeda et al., 2003). In Arabidopsis and maize, it was shown that BRC1and
TB1 directly target ABA biosynthesis and signalling genes in the tiller buds in
order to regulate tillering (Dong et al., 2019; Gonzalez-Grandio et al., 2017; van Es
et al., 2024). Next to that, the TB7 ortholog in rice regulates tillering through
interaction with MADS57, and in that way regulates the expression of the SL
receptor D14 (L. Chen et al., 2018; S. Guo et al., 2013). This shows that BRC1 and
TB1 regulate tillering by regulating hormonal signals important for axillary bud
outgrowth. Expression of BRC1 and TBT orthologs is highly increased under
shade (Gonzalez-Grandio et al., 2013; Kebrom et al., 2006; Kumar et al., 2021; H.
Wang et al,, 2022). This makes it an important transcriptional player in the shade
avoidance response, where apical dominance is increased under shading,

15



Chapter 1

leading to repressed axillary branching. This mechanism is highly conserved as
orthologs of BRC1 in dicots, like tomato (Martin-Trillo et al., 2011), and TB1 in
monocots, like rice (Takeda et al., 2003), all regulate axillary branching and apical
dominance. Also, the barley ortholog of TB1, VRS5, regulates tillering and its
expression is increased under shade (Ramsay et al., 2011; H. Wang et al., 2022).

Overall, tillering can be altered by several internal and external signals, either
directly or indirectly, making it a very complex trait. Understanding how it is
regulated and what other factors are involved is thus crucial and valuable
information for plant breeders.

Genetic regulation of inflorescence development
Each tiller on a plant has its own apical meristem, meaning that each tiller has

the potential to form an inflorescence and thus can bear grains. Just like tillering,
many processes regulate the development and architecture of the inflorescence.

The transition from a vegetative to an inflorescence meristem is a process that
is conserved across plant species. This transition is determined by the
competition of florigens and anti-florigens. FLOWERING LOCUS T (FT) activates
this transition, while TERMINAL FLOWER1 (TFL1)/CENTRORADIALIS (CEN)
represses it. After transition, TFL1/CEN maintains the IM identity, in a negative
feedback loop with AP1/FUL and AP2 (Y. Zhang, Shen, Shi, et al., 2024). tfl1
mutants flower thus early and terminate the inflorescence after just one or a few
flowers (Shannon & Meeks-Wagner, 1991). In barley, mutation of the TFL1
ortholog, HVCEN, also leads to early flowering, but the inflorescence stays
indeterminate (Bi et al., 2019). Not only is the floral transition accelerated, but
also the subsequent determination of the inflorescence is, leading to a shortened
inflorescence with fewer spikelets (Bi et al., 2019). Mutations in an AP2-like gene
in barley, INTERMEDIUM-M, result in a very short, terminal spike, caused by a
lack of inflorescence meristem indeterminacy (Zhong et al., 2021). Also, in other
cereals, mutations or overexpression of FT/TFL1, AP1/FUL, or AP2 genes lead to
changes in inflorescence size and determinacy (Chuck et al., 2008; Danilevskaya
et al,, 2010; Lee & An, 2012; C. Li et al., 2019; Nakagawa et al., 2002; Simons et
al., 2006). As described before, changes in the timing of the floral transition not
only have an influence on the inflorescence but also indirectly on the number of
tillers a plant produces, showing that these traits are linked.

16



General Introduction

Regulation of barley spike development

During the development of the inflorescence, BMs and/or SMs are formed along
the IM (Figure 2). In Triticeae, like wheat and barley, normally no BMs are formed,
meaning that the inflorescence develops along one main axis (Figure 2). The
formation of BMs in the barley spike is genetically inhibited, and changes in these
regulators can therefore lead to a branched spike. Barley mutants that show a
branched spike are the compositum 1 (com1) and compositum 2 (com2) mutants
(Figure 3). These mutants lose the SM identity for some SMs at the bottom of
the spike, reverting them to IMs. COM{, also known as TEOSINTE BRANCHED2
(TB2), and BRANCHED AND INDETERMINATE SPIKELET 1 (BDH), is a class |l
TCP transcription factor that promotes SM identity and therefore represses
inflorescence branching (de Souza Moraes et al., 2022; Poursarebani et al., 2020;
Y. Shang et al., 2020). COMPOSITUM2 (COM?2) is an AP2-ERF transcription
factor that has a conserved function in inhibiting spike branching in barley and
wheat (Poursarebani et al, 2015). Also, in other grasses, this function is
conserved and mutations cause a higher degree of inflorescence branching in
maize, rice, and Brachypodium (Chuck et al., 2002; Derbyshire & Byrne, 2013;
Komatsu et al, 2003). Genetically upstream of both COM? and COM2 is
VULGARE ROW-TYPE SIX 4 (VRS4) (Koppolu et al., 2013; Poursarebani et al,
2015). Vrs4 mutants can form a BM instead of an SM.

Row-type

The barley inflorescence is normally indeterminate and unbranched, so the
inflorescence develops along one main axis. Along that axis, triple spikelet
meristems (TSM) are formed in a zigzag pattern. The TSM consists of three
individual SMs, of which each SM can form one FM in a determinate way. Each
triple spikelet meristem consists of one central spikelet and two lateral spikelets
(Figure 2, Figure 3). Each spikelet has the potential to develop into a fertile floret
and eventually into a grain. The development of the lateral spikelets differs, even
between elite barley lines. This difference is the main architectural difference
within the barley inflorescence and is called row-type. In two-rowed barley, the
development of the lateral spikelets is repressed, so only the central spikelets
develop into a grain, whereas in six-rowed barley, both the central and lateral
spikelets develop into fertile florets and can form grains (Figure 2, Figure 3). The
inhibition of lateral spikelet development is genetically regulated, and thus far,
five VULGARE ROW-TYPE SIX (VRS) genes have been identified: VRS1, VRS2,
VRS3, VRS4, and VRS5. Loss of function of one or more of these leads to the
development of fertile lateral spikelets to differing extents. Thus far, VRST is
genetically the most downstream gene regulating lateral spikelet development,
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and genetically under the control of the upstream regulators VRS3, VRS4, and
VRS5 (van Esse et al., 2017)(Figure 3). Both VRS3 and VRS4 regulate the
expression of VRS7and VRS5 (Bull et al., 2017; van Esse et al., 2017). VRST, VRSS,
VRS4, and VRSS5 are thus part of the same genetic pathway, whereas VRS2 is
not.

VRS1 translates to a HOMEODOMAIN LEUCINE ZIPPER (HD-ZIP) transcription
factor, and is highly expressed in the lateral spikelet primordia specifically during
inflorescence development (Komatsuda et al., 2007). VRS2 encodes a SHORT
INTERNODES (SHI) transcription factor regulating hormonal patterning in the
spike (Youssef, Eggert, et al., 2017). Compared to the other VRS genes, loss of
function of vrs2, leads to a weaker phenotype: developed lateral spikelets, but
mostly limited to the lower part of the spike (Youssef, Eggert, et al., 2017). VRS3
is a histone demethylase, so it is hypothesized to regulate lateral spikelet
development indirectly by changing the chromatin state (Bull et al., 2017; van
Esse et al, 2017). VRS4 encodes a LOB domain transcription factor. Loss of
function of VRS4 leads to a six-rowed spike, but also gives rise to some additional
spikelets caused by a loss of spikelet determinacy (Koppolu et al., 2013)(Figure
3).

VRS5 regulates lateral spikelet development and tiller bud outgrowth

VRS5, also known as INTERMEDIUM-C, is the ortholog of maize TBI, and
homolog of Arabidopsis BRC1, both known for their crucial function in inhibiting
axillary branching (J. Doebley et al., 1995; Gonzalez-Grandio et al., 2013). Loss of
function vrs5 shows developed fertile lateral spikelets, but not awned; this is the
so-called intermedium spike phenotype, which is between two-rowed and six-
rowed (Ramsay et al., 2011). VRS5 is thus not only important for regulating row-
type, but also tillering (Figure 4). In line with this, vrs5 mutants show, next to
fertile lateral spikelets, also an increase in the number of tillers early in
development (Liller et al., 2015; Ramsay et al., 2011; Zwirek et al., 2019).

18



General Introduction

spike shape spikelet shape
unbranched branched two-rowed six-rowed
Al A
A4 QA
N N lateral spikelet
! 7
X/ N\
i ’ ,\\) » i 4 :‘;/f‘/f’;/‘{ central spikelet
v SN
\e/ =WVRR }/‘/
! {

\ }»" 3
VRS1
VRS2
COM2

VRS4 VRS3

Figure 3: Regulatory network of barley spike architecture: Barley normally has an unbranched
spike, mainly caused by COM2 and TB2 (COM1) that inhibit spike branching. Expression of COM2
and TB2 is regulated by VRS4. VRS4 is also part of the VRS network that regulates lateral spikelet
development. Expression of VRS5 and VRST is reduced in vrs4 and vrs3 mutants, while in vrs5
mutants, only the expression of VRS1 is reduced. VRS2 inhibits lateral spikelet development as well,
but its expression is not dependent on the other VRS genes.

Although the mutant phenotype of vrs5 is characterized and some genetic
interactions with VRS5 are known, it remains unclear how VRS5 functions at the
molecular level. Previous studies in maize and Arabidopsis have identified direct
downstream targets of TB1 and BRCH1 in axillary buds, showing some conserved
targets in ABA synthesis and signaling amongst others (Dong et al., 2019;
Gonzalez-Grandio et al., 2017; van Es et al, 2024). This conservation might
suggest similar direct targets for VRS5 in regulating axillary branching, but direct
VRS5 targets in regulating lateral spikelet development are unknown. Next to
that, it is known that TCP transcription factors can interact with other TCP
transcription factors and bind DNA together (Viola et al., 2011). Also VRS5 can
heterodimerize with other class Il TCP transcription factors, including TB2 (de
Souza Moraes et al., 2022). What the implications of VRS5 heterodimerization
with other TCP transcription factors are, and if they can bind DNA as a
heterodimer, remains to be investigated.
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Figure 4: VRS5 regulates both tiller outgrowth and lateral spikelet development
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Outline of this thesis

Understanding both tillering and lateral spikelet development on a molecular level
is crucial to develop strategies to untangle these traits. Therefore, VRSS5 is the
gene of interest in this thesis as it is the key player in regulating both these traits
(Figure 4). Using different strategies, | aim to provide molecular insights in the
role of VRS5 on both tillering and lateral spikelet development.

As a transcription factor, VRS5 directly binds DNA and can regulate downstream
targets. | hypothesize that during tillering and lateral spikelet development a
different set of genes is targeted. Knowing these targets might give new
candidate genes regulating tillering or lateral spikelet development. In Chapter
2, we aim to identify these direct downstream targets of VRS5. Using DNA affinity
purification followed by sequencing (DAP-seq), the genome-wide binding sites of
VRS5 are identified. Using RNA-seq of wild-type and vrs5 mutants, genes
differentially expressed by VRS5 in different developmental stages during
tillering and inflorescence development are identified. Genes both bound by
VRS5 and differentially expressed are classified as bona fide direct targets of
VRS5.

We discovered that VRS5 can produce two different transcripts, potentially
resulting in two different protein isoforms. In Chapter 3, we wanted to know if
these protein isoforms are functionally different. Using CRISPR, plant lines that
can only form one of these isoforms are made that show phenotypical
differences compared to full knockouts of vrs5. Furthermore, we aimed to
understand the underlying molecular causes of the different isoform functions
and hence, phenotypical differences. By looking at the interaction of the different
VRS5 isoforms with another closely related TCP, TB2, and DNA, we found
differences for the two isoforms in DNA binding as a heterodimer.

One of the found direct targets of VRS5 was VRST, thus far the most downstream
gene in the regulation of lateral spikelet development. Despite its crucial role in
regulating lateral spikelet development, the molecular mode of action of VRS1
remains unclear. In Chapter 4, we aim to understand which genes are targeted
by VRS1 in this regulation. We identified the direct downstream targets of VRS1
using a combination of DAP-seq and RNA-seq. Using CRISPR, we knocked out
one of its targets, SOCT1-like, and identified its role in lateral spikelet development.
Next to that, we show that mutations in this target are selected during barley
domestication.
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Experiments in this thesis involved the creation of CRISPR mediated mutations.
This can be a limiting factor during research because of low transformation
and/or editing efficiencies. In Chapter 5, we show how we improved several
aspects of CRISPR editing in barley using a combination of previously published
methods, resulting in a highly increased editing efficiency.

In Chapter 6, | discuss the major findings and integrate them into the current
state of the art in this field of science.
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Chapter 2

Abstract

Variation in shoot architecture, or tillering, is an important adaptive trait targeted
during the domestication of crops. A well-known regulatory factor in shoot
architecture is TEOSINTE BRANCHED 1 (TB1). TB1 and its orthologs have a
conserved function in integrating environmental signals to regulate axillary
branching, or tillering in cereals. The barley (Hordeum vulgare) ortholog of TB1,
VULGARE ROW-TYPE SIX 5 (VRS5), regulates tillering and is involved in
regulating row-type by inhibiting lateral spikelet development. These discoveries
predominantly come from genetic studies; however, how VRS5 regulates these
processes on a molecular level remains largely unknown. By combining
transcriptome analysis between the vrs5 mutant and the wild type at different
developmental stages and DAP-sequencing to locate the genome-wide DNA
binding sites of VRS5, we identified bona fide targets of VRS5. We found that
VRS5 targets abscisic acid- related genes, potentially to inhibit tillering in a
conserved way. Later, in inflorescence development, VRS5 also targets row-type
gene VRST and several known floral development genes, such as MIKCc- type
MADS-box genes. This study identifies several significant genes for mutational
analysis, representing a selection of bona fide targets that will contribute to a
deeper understanding of the VRS5 network and its role in shaping barley
development.
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Introduction

Variation in shoot architecture is one of the most important adaptive traits that
have been targeted during crop domestication (J. F. Doebley et al., 20086). In
cereals like barley and wheat (Triticum aestivum), the aboveground architecture
is determined by the number of branches, called tillers, and inflorescence (spike)
architecture (Dixon et al., 2022). Tillers are formed during vegetative growth of
the shoot apical meristem, which produces successive leaves with (vegetative)
axillary meristems (AM) in the leaf axil. The regulation of tillering usually happens
after AM initiation, where the developing AM can enter a stage of dormancy as a
bud (Hussien et al., 2014; Riaz et al., 2023; Q. Shang et al., 2021). The trigger to
develop a bud into a tiller, or to remain dormant, depends on both internal and
external cues (Dixon et al., 2022; Shaaf et al., 2019; H. Wang et al., 2018).

One of the key players that is involved in the control of bud outgrowth is
TEOSINTE BRANCHED 1 (TB1). TB1 orthologs have been targeted during
domestication for their impact on plant architecture and development (Clark et
al., 2004; Martin-Trillo et al., 2011; R.-L. Wang et al., 1999). In maize (Zea mais) for
example, increased expression of ZmTB1 contributes to a complete suppression
of the lateral tillers and increased crop yield (J. Doebley et al., 1995; A. Studer et
al, 201). TB1 is a member of the TEOSINTE BRANCHED
1/CINCINNATA/PROLIFERATING CELL FACTOR (TCP) family. TCP family
members regulate gene expression through DNA binding and act as
transcriptional regulators. Recent studies in maize indicate that at the molecular
level TB1 directly regulates genes involved in hormone signaling, including
abscisic acid (ABA), gibberellic acid (GA), and jasmonate (JA), and sugar
signaling (Dong et al., 2019).

Besides its function in the control of tiller outgrowth, TB1 plays an additional role
in orchestrating spike architecture in the Triticeae. In wheat, high levels of TaTB-
D1 result in reduced expression of meristem identity genes, thereby promoting
paired spikelet formation (Dixon et al., 2018). In barley, the TB? ortholog,
VULGARE ROW-TYPE SIX 5 (VRS5), which is also known as INTERMEDIUM-C
(INT-C), impacts not only tiller development, but also represses lateral spikelet
development. When compared to wild-type lines, vrs5 (int-c) mutants exhibit an
increased tiller number at early developmental stages and developed lateral
florets of the triple spikelet meristem, leading to a six-rowed spike phenotype in
contrast to a two-rowed spike in wild-type barley (Liller et al., 2015; Ramsay et
al., 2011; Zwirek et al., 2019). In two-rowed cultivars, the formation of lemma and
carpel primordia stagnates in the lateral florets, making them infertile, which
means the lateral florets do not form a grain. In contrast, carpel primordia are
formed and fully developing in vrs5 mutants, making them fertile, which means
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the lateral florets do develop into grains (Zwirek et al., 2019). Taken together,
functional VRS5 in two-rowed cultivars, prevents the formation of carpel
primordia in the lateral spikelets. In line with the mode of action of VRS5 in tiller
and lateral spikelet development, VRS5 is expressed in the tiller buds and the
lateral spikelet primordia of developing inflorescences (Thiel et al., 2021; H. Wang
et al., 2022).

Despite the key role of VRS5 in orchestrating tillering and lateral spikelet
development in barley, the molecular mode of action remains poorly understood.
To gain a better understanding of the regulatory network by which VRS5 controls
both tiller and inflorescence development, we have profiled transcriptional
changes associated with altered development in the wvrs5 mutant. This
comprehensive analysis enabled us to define the vrs5-related transcriptional
changes over development. In combination with a genome-wide transcription
factor (TF) binding site mapping using DNA affinity purification (DAP-seq), we
identified bona fide VRS5 targets. Amongst these bona fide targets are floral
homeotic and meristem identity genes. In addition, our transcriptional profiling
combined with DAP-seq using VRS5 as bait, reveals an evolutionarily conserved
and divergent role of VRS5 in the regulation of tiller and grain development. Taken
together, this study shows a comprehensive view of the core molecular network
downstream of VRS5 and provides candidate genes that can be exploited in the
regulation of tillering and inflorescence architecture in cereals.
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Results

VRSS5 regulates both tillering and row-type

Previous mutant analysis revealed a role for VRSS5 in tillering and in determination
of the row-type in the spikelet (Liller et al., 2015; Ramsay et al., 2011; H. Wang et
al., 2022). Significant differences in tillering between vrs5 and Bowman were
observed already early in development (Figure 1A-B, Figure S1A), corroborating
previous reports (Liller et al., 2015; Ramsay et al., 2011; H. Wang et al., 2022;
Zwirek et al., 2019) . To identify genes regulated by VRS5, we performed a
transcriptome analysis on shoot apexes of WT (Bowman) and vrs5 (int-c.5)
mutants at four distinct developmental stages. This approach enabled us to
investigate the role of VRS5 across early and later stages of development,
including tiller bud outgrowth and inflorescence development. The vegetative
apex (VA) and transition apex (TA), were sampled as two early developmental
stages (Figure 1B). These samples include the entire crown, which comprises of
the (vegetative) meristem and tiller buds. To identify differentially regulated genes
early in spikelet and floral organ development we isolated RNA for transcriptome
profiling from developing inflorescences at the triple mound (TM), and lemma and
stamen primordia stage (LP/SP), respectively. At these stages, the central and
lateral floret primordia are initiated, and the first floral organ primordia are formed
(Figure 1B, Figure S1B).

From the generated transcriptomes, principal component analysis (PCA) of all
expressed transcripts showed that developmental stage (PC1) and the genotype
(PC2) contribute the most to the observed variation (Figure $2). To gain further
insight into the differentially expressed genes between vrs5 and Bowman, we
compared the transcriptomes in two different ways, namely at each
developmental stage specifically (VA, TA, TM, and LP/SP), and throughout
development using a generalized linear model (GLM) taking all four stages into
account (Table S1). When comparing differentially expressed transcripts (DETSs)
at each developmental stage, most DETs (1286) were found at TM, whereas at
VA the least DETs (598) were found (Figure 1C). Comparing the overlap in DETs
in the different stages revealed that 133 transcripts were different between vrs5
and Bowman in all developmental stages (Figure 1D). Of the total amount of
DETs found, the majority (~75%) was downregulated in vrs5 compared to
Bowman, indicating that VRS5 mainly acts as a transcriptional activator (Figure
1).
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Figure 1: VRS5 regulates both tiller number and lateral spikelet development in barley. A) Four-
week-old plants, dried spike and spikelet triplet of Wild type (WT) (Bowman) and vrs5 (int-c.5)
respectively. The lateral spikelets of WT have not developed, whereas the lateral spikelets of vrs5
have developed into grains. B) Binocular images of developing inflorescence meristems representing
the four stages used for transcriptome data, namely: vegetative apex (VA), transition apex (TA), triple
mound (TM), and lemma and stamen primordia (LP/SP).Images were digitally extracted for
comparison. The white bar represents a length of 200 um. C) Bar graph showing number of
differentially expressed transcripts (DETs) per developmental stage (VA, TA, TM, and LP/SP) and
throughout development using a general linear model (GLM). The direction of differential expression
in vrs5 compared to Bowman is shown in blue (down) and red (up). For each developmental stage,
three biological replicates were used. D) Venn-diagram showing overlap of DETs at different
developmental stages (VA, TA, TM, and LP/SP).
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Transcriptional profiling of genes differentially regulated in vrs5

To gain a deeper understanding of differential gene expression between the wild
type and wrs5 mutant over development, a co-expression clustering was
performed using 2,872 DETs that were differentially regulated in one or more
stages, or independent of development. This yielded 39 clusters, which were
subdivided into three main groups based on their expression pattern (Figure 2A,
Figure S3, Table S2): Group 1 represents genes that are highly expressed at VA
and show a downward expression trend towards LP/SP stage; Group 2
represents genes that are lowly expressed at VA, and show an upward
expression trend towards LP/SP stage; Group 3 represents genes that have a
similar expression over the developmental stages (Figure 2A). Group 1 has
clearly the most DETs, from which the majority, are in group 1A (1,776, ~62%),
which consists of DETs that go down in expression over time and have lower
expression in vrs5 (Figure 2A).

To gain insight in the downstream processes VRS5 regulates during
development, GO-term enrichment was performed on the expression groups.
Genes that are highly expressed during VA (Group 1), and differentially regulated
in vrs5 when compared to wild-type lines are significantly enriched for GO-terms
related to protein phosphorylation and phytohormone response and signaling
(Figure 2B). DETs in group 1, annotated with these GO terms include several
Jasmonate ZIM-domain containing proteins (JAZ), involved in jasmonic acid (JA)
signaling: JAZ11 (HORVU.MOREX.r38.2HG0163880), TIFY10C
(HORVU.MOREX.r3.5HG0480600), JAZ2 (HORVU.MOREX.r3.4HG0405240),
and JAZ6 (HORVU.MOREX.r3.2HG0125430), which are all downregulated in vrs5
(Figure 2C, Figure S4). Genes involved in abscisic acid (ABA) biosynthesis and

signaling are also enriched in group 1, like NCED1
(HORVU.MOREX.r3.5HG0508150) a 9-cis-epoxycarotenoid dioxygenase
(NCED) involved in ABA biosynthesis and PYL5

(HORVU.MOREX.r3.4HG0383820), an ABA receptor. Orthologs of these genes
are also differentially expressed in maize tb1 mutants compared to WT (Dong et
al., 2019), suggesting a conserved regulation by the transcription factor proteins
encoded by the orthologous genes ZmTB1 and VRS5. Next to GO-terms involved
in phytohormone signaling, GO-terms involved in stress response are highly
enriched early in development.

Genes in group 2 are highly expressed at LP/SP stage when compared to VA and
TA stages. GO-overrepresentation analysis of DETs between Bowman and vrs5
lines showed that in this group genes that are involved in “regulation of meristem
development”, “plant organ development”, and “cell differentiation” are
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overrepresented (Figure 2B). This may reflect the subsequent development of
lateral florets in vrs5 in contrast to their repression in WT. In line with this, we also
identified floral homeotic genes amongst the upregulated genes including
MADS4 (HORVUMOREX.r3.1HGO065060), homologous to Arabidopsis
PISTILLATA; and all identified E-class MIKCc MADS box genes in barley: MADS1
(HORVU.MOREX.r3.4HG0396400), MADS5 (HORVU.MOREX.r3.7HG0654930),
MADS34 (HORVU.MOREX.r3.5HG0511250), MADS7
(HORVU.MOREX.r3.7HG0684020), and MADS8
(HORVU.MOREX.r3.5HG0494190) (Figure 2C, Figure S4) (Kuijer et al., 2021).
Also other MIKCc MADS box genes were differentially expressed in vrs5,
including AGL6 (HORVU.MOREX.r3.6HG0604360), orthologous to rice MADSS,
and wheat AGL6, which is also upregulated in vrs5 (Figure 2C) (Kuijer et al.,
2021). In barley and wheat, agl6 mutants are infertile due to defective pistils.
Moreover, TaAGL6 was shown to act upstream of several floral homeotic genes
(Kong et al., 2022; Shen et al., 2024).

Our results show that VRS5 during early, tiller developmental stages, is targeting
amongst others, phytohormone and stress signaling associated genes. In
contrast, during inflorescence development mainly genes involved in meristem
development and floral organ identity are differentially regulated in the absence
of VRSS5. Together, our results suggest that VRS5 regulates different genes and
processes depending on the specific developmental stage.
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Figure 2: Transcriptional profiing of VRS5 shows changes in gene expression during
development A) Line graphs of z-scores of differentially expressed transcripts (DETSs) in three main
co-expression cluster groups: group 1 showing a downward expression trend, group 2 showing an
upward expression trend, and group 3 showing no differential expression throughout development.
Lines are colored red for Wild type (WT) and cyan for vrs5. Each plot has the developmental stages
used for RNA-seq on the x-axis: vegetative apex (VA), transition apex (TA), triple mound (TM), and
lemma and stamen primordia (LP/SP). For each developmental stage, three biological replicates were
used. The groups are divided in A (lower expression in vrs5 compared to WT), and B (higher
expression in vrs5 compared to WT). B) Enriched GO-terms for Biological Processes per cluster
group where the more blue means a lower p-value. A grey color means that the GO-term is not
enriched in that cluster group (p > 0.01) or the number of DETs belonging to that GO-term are lower
than three. C) Heatmap of z-scores of expression of a selection of DETs at each developmental stage:
vegetative apex (VA), transition apex (TA), triple mound (TM), and lemma and stamen primordia
(LP/SP), for Wild type (WT) and vrs5.
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Genome wide identification of the bona fide VRS5 targets

The transcriptome profiling showed that there are differences in the differentially
regulated genes between early, tillering, versus later inflorescence
developmental stages. As a transcription factor, VRS5 is expected to regulate
the expression of downstream target genes by directly binding to the (distal)
promoter region of these genes. As key regulator, VRS5 may only bind to a limited
number of downstream genes to trigger a wider transcriptional response.
Alternatively, VRS5 may directly activate the majority of the genes identified as
DET. To gain more insight into which genomic regions are bound by VRS5, and
which of these are within a promoter region of a gene, we performed a DNA-
affinity purification followed by genome wide sequencing (DAP-Seq) (Bartlett et
al., 2017). To construct our DAP-Seq libraries, we used DNA isolated from barley
developing inflorescences (Waddington stage ~4) . VRS5 fused to a FLAG-tag
was used as bait, while GFP, which is expected not to bind DNA, fused to a FLAG-
tag was used as negative control. Regions in the genome enriched for VRS5-
binding compared to GFP are called peaks and considered genomic VRS5
binding sites. Only the peaks with an adjusted p-value smaller than 1° were kept,
which resulted in 99,567 peaks (Table S3). The sequences of all the peaks were
analyzed for de-novo enriched motifs. The most frequently abundant motif was
GGGNCCCAC, found in 72% of the peaks (Figure 3A). This motif was distributed
closely around the peak summit (Figure 3B), indicating the GGGNCCCAC motif
is the primary DNA motif bound by VRS5. This motif resembles a consensus class
Il TCP-binding motif (GGGNCCAC), and the consensus binding motifs found for
homologous TCP transcription factors in Arabidopsis and maize (Dong et al.,
2019; Gonzalez-Grandio et al., 2017; Kosugi & Ohashi, 2002; van Es et al., 2024).
This supports the association of identified peaks as likely genomic VRS5 binding
sites.

To assign peaks to putative target genes, we selected a region of 15kb up and
downstream of all predicted barley open reading frames. Within these genomic
regions, we found 21% of all identified VRS5-DAP-seq peaks. The other peaks
were located outside this region and classified therefore as “Distal intergenic”.
Only a few binding sites, 01% of the total number of peaks, were identified in
intronic regions (Table S4). To further understand where the peaks are located
in the upstream and downstream region of the gene, we generated a frequency
plot of all peaks that were found in genes that are expressed in at least one of
the VA, TA, TM, or LP/SP stages. Results showed that peaks in expressed genes
were mostly found to bind the up-and downstream region (15 kb) of the gene
body which includes the promoter and terminator, rather than the gene body
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itself (Figure 3C). By combining the VRS5 binding peaks with the DETs found in
our expression analysis between vrs5 and WT, we identified putative direct
downstream targets of VRS5 (bona fide VRS5 targets). We identified DAP peaks
corresponding to all three co-expression groups (Figure 3D) with: Group 1
representing genes highly expressed at the vegetative apex (VA) and
downregulated at late reproductive stages, and enriched for ABA and JA
hormone pathways; Group 2, representing genes highly expressed during
inflorescence development and low expressed during the early developmental
stages, genes in this group include key regulators of inflorescence and floral
organ development, such as MIKC-type MADS-box genes and the barley Igm1
candidate; and group 3, which mainly contains genes over represented in
development and defense responses (Figure 2B). To evaluate if these are equally
distributed over the three expression groups identified in the co-expression
clustering, we compared the percentage of genes that were differentially
regulated in the transcriptional profiling, and of which the upstream and/or
downstream region was bound by VRS5 within the DAP-Seq experiment. Results
showed that in all three expression groups, the percentage of DETs with a VRS5-
DAP-Seq peak was similar (~20-25%). This suggests that VRS5 is directly
regulating transcription of its targets throughout the developmental stages
tested. Next, we extended our data set that comprises 675 bona fide targets
through reanalysis of publicly available transcriptome data. These set include
differentially regulated genes of vrs5 (int-c.5) versus wild type of the stamen
primordia (SP) and awn primordia (AP) stages (van Esse et al., 2017) and the tiller
buds only (H. Wang et al., 2022). Inclusion of these additional stage resulted in
754 bona fide targets (Table $5-S7). Taken together, our analysis results in the
identification of bona fide VRS5 targets.
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Figure 3: DAP-Seq of VRS5 on barley genomic DNA library. A) Enriched sequence logo in the VRS5
bound DAP-seq peaks, identified using STREME. B) The position of the motif shown in A relative to
the center of the VRS5 DAP-seq peak as a probability percentage of bins of 10 bp. C) Frequency
distribution plot of the VRS5 peaks 15kb upstream of the TSS and 15 kb downstream of TTS along
expressed genes in the developmental stages sampled. D) Differentially regulated transcripts (DETs)
per group that have a VRS5 binding peak within 15kb of their open reading frame in the DAP-Seq
experiment. n= 6 DAP-Seq libraries for VRS5 with n=6 controls.
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VRS5 controls genes involved in inflorescence development
To further explore the role of VRS5 in regulating genes involved in inflorescence

development, we focus on the bona fide VRS5 targets identified in group 2, which
comprises DETs that are low at VA and TA and high at the LP/SP stages. We
identified several known genes in inflorescence and flower development. For
example, a C2H2 zinc finger (HORVUMOREX.r3.2HG0170820), which is
identified as candidate for the long glume mutant (lgm1) in barley (Z. Zhang et al.,
2024) was significantly upregulated in vrs5 when compared to wild type and
amongst the bona fide targets. Its ortholog in wheat is causing awn suppression
(DeWitt et al., 2020; D. Huang et al., 2020). Other targets known in inflorescence
and flower development include several MIKC-type MADS-box genes, which
have a conserved role in the specification of floral organ identity (Kuijer et al.,
2021). Amongst these are orthologs of floral organ development genes such as:
MADS4 (HORVU.MOREX.r3.1HG0O065060), MADS1
(HORVUMOREX.r3.4HG0396400), AGL6 (HORVU.MOREX.r3.6HG0604360),
and SOCT1-like (HORVU.MOREX.r3.1HG0054220), that also contained a DAP-Seq
peak and were differentially upregulated in vrs5 mutants when compared to wild
type lines in the RNA-Seq (Figure 2C, Table S3).

CENTRORADIALIS (HvCEN; HORVU.MOREX.r3.2HG0166090), is a gene
involved in the regulation of meristem development, and downregulated in vrs5
throughout development compared to Bowman (Figure 4B, Figure S4). Next to
that, a VRS5 DAP-peak was found ~7 kb upstream of the coding sequence of
CENTRORADIALIS. HvCEN acts as a floral repressor and mutants show early
flowering, shorter spikes and less tillers at maturity (Bi et al., 2019; Comadran et
al., 2012). To confirm the DAP-Seq results, we performed an EMSA using probes
of DNA sequences extracted from the DAP-peak that contained the VRS5
binding site GGGNCCCAC. We used the DAP-peaks identified within upstream
regions of HVCEN, MADS4, and SOC1-like. The peak upstream of HvCEN
contained two putative VRS5 binding sites, while in the peaks upstream of
MADS4 and SOCT1-like , one was found. Our results showed that VRS5 can indeed
bind to the core VRS5 binding motif GGGNCCCAC in these peaks (Figure 4C).
To further confirm the binding of VRS5 to the core motif GGGNCCCAC and its
role in regulating target gene expression, we performed a dual-luciferase
transactivation assay. Regions identified in the DAP peaks upstream of HvCEN,
MADS4, and SOCT1-like were cloned upstream of the luciferase reporter gene.
Transactivation was then tested in Nicotiana benthamiana using VRS5 as the
effector and Renilla luciferase as an internal control (Figure 4D).
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Figure 4: VRS5 binds to regions upstream of genes involved in inflorescence development. A)
VRS5 DAP-seq peaks identified upstream of MADS4, SOCT1-like and HvCEN. The green bars
represent the peak significant compared to the control. The purple bars mark the VRS5 binding sites
within the peaks. B) Heatmap of z-scores of expression of a selection of DETs at each developmental
stage: vegetative apex (VA), transition apex (TA), triple mound (TM), and lemma and stamen primordia
(LP/SP), for Wild type (WT) and vrs5. C) Confirmation of the VRS5 binding to DAP-Seq peaks using
EMSAs on the VRS5 binding sites identified upstream of HYCEN (pCEN), MADS4 (pMADS4), and
SOCt1-like (pSOC1-L). The peak upstream of HYCEN contained two putative VRS5 binding sites within
the DAP peak, which are indicated as pCEN_1 and pCEN_2. Each probe is ~80 bp long and the
sequence of the TCP binding site is indicated. For each probe the first lane contains only labeled
DNA probe, the second lane contains labeled DNA probe and expression mix without VRS5 plasmid,
and the other lanes contain labeled DNA probe and expression mix with VRS5 plasmid. Unlabeled
competitor or unlabeled shuffled competitor (MT competitor) is added to indicated lanes in 1x, 5x,
and 10x concentrations compared to labeled probe. D) Schematic overview of the different reporter
and effector combinations used. For the reporter constructs, the VRS5 DAP-peak was cloned before
the CDS of Luciferase. E) Data shows relative LUCIFERASE (LUC)/RENILLA (REN) ratio in a dual-
luciferase assay in Nicotiana benthamiana leaves. The mean LUC/REN ratios are relative to the mean
LUC/REN ratio of the dummy for each reporter. The red bar shows the mean LUC/REN ratio when
VRSS5 is used as effector. Black dots indicate individual measurements (n=6). Error bars indicate
standard deviation. Asterisks designate significant differences of the mean (Student’s t-test, **:
p<0.01, ***: p<0.001, and ****: p<0.0001).

Co-expression of VRSS5 significantly increased luciferase expression for all three
reporters when compared to the control (Figure 4E). Our data thus confirms that
VRS5 is able to bind to the selected upstream regions, and regulate the
expression of the downstream target, in this case luciferase. While our RNA-seq
data showed that MADS4 expression is increased in the absence of VRS5,
suggesting that VRS5 reduces MADS4 expression, the transactivation assay
showed an increase in MADS4 expression when VRS5 was present (Figure 4A-
E). This suggests that the actual direction of regulation in vivo may be influenced
by the presence of additional cofactors that are not present in the transactivation
assay.

Taken together, our data shows that VRS5 binds to a core GGGNCCCA motif
present upstream of genes involved in inflorescence development to regulate
their expression.
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DAP-Seq and RNA-Seq reveal a conserved mode of action of VRS5

In the dicot model plant Arabidopsis BRC1, a homolog of VRS5, directly binds to
the promoter of HD-Zip genes HB21, HB40, and HB53 to regulate their
expression (Gonzalez-Grandio et al., 2017; van Es et al., 2024). The regulation of
HD-Zip genes is conserved in maize, where ZmTB1 directly binds to the promoter
of GRASSY TILLERS (ZmGT1). Given the conserved role of TB1 and BRC1 in
regulation of HD-ZIP transcription factors, we first explored if amongst our bona
fide targets HD-ZIP TF were present. Interestingly, the row-type related gene
VRS1 (HORVU.MOREX.r3.2HG0184740) was amongst the bona fide downstream
targets of VRS5, showing a decreased expression at AP in vrs5 compared to WT
(Figure 5A, Table S7). VRS1 encodes a HD-ZIP protein that is closely related to
ZmGT1 and the Arabidopsis HD-Zip genes. VRS1 is well known for its role in
lateral spikelet development in barley. Plants that do not have functional VRS1
exhibit a six-rowed spike architecture (Komatsuda et al., 2007; Liller et al., 2015;
Zwirek et al., 2019). Our targeted mutagenesis using CRISPR corroborated the
crucial role of VRS in inhibiting the outgrowth of lateral florets (Figure 5B-C).
The VRS5 binding peak in our DAP-seq experiment was found around 7kb
upstream of the VRST translational start site. Sequence analysis of the region of
this DAP-peak showed that there are three putative VRS5 binding sites within the
center of this peak (Figure 5D). To verify if VRS5 was indeed capable of binding
to the core VRS5 binding motifs found in this region, we performed an EMSA
targeting all three putative VRS5 binding sites separately. This assay revealed
that VRS5 was capable of binding to all three putative binding sites (Figure 5E).
Next to that, a dual-luciferase transactivation assay was done to show that VRS5
cannot only bind to this peak, but also use it to regulate Luciferase expression
(Figure 5F). Together, this provides evidence that VRS5 can directly bind
upstream of VRST to regulate VRS1 expression.

Aside from VRS, our transcriptional profiling combined with GO annotation
showed that genes which are highly expressed at VA and low at the LP/SP stages
(Group 1) are overrepresented for ABA and JA related genes. Previously, it was
demonstrated in maize that ABA and JA related genes are among the putative
downstream targets of ZmTB1in tiller development (Dong et al., 2019). To further
explore which bona fide VRS5 targets are conserved in maize, we used ZmTB1
targeted ABA and JA related genes and identified their orthologous genes in
barley. All of the identified barley orthologs were downregulated in vrs5
compared to WT and most were grouped in cluster group 1A, based on their
expression pattern (Table S$8). This suggests that these genes are mostly import
early in development, when the tillers are formed. We found that indeed ZmTB1
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and VRS5 share overlapping bona fide ABA and JA-related targets: AP2/B3
transcription factor RELATED TO ABI3/VP 2 (RAV2)
(HORVU.MOREX.r3.3HG0281730); several lipoxygenases, including
TASSELSEED1 (HORVU.MOREX.r8.2HGO0171680); and JAZs (Table S8, Figure
S4). This shows that the regulation of ABA and JA related genes is a conserved
function between barley VRS5 and the maize ortholog TBH1.
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Figure 5: VRS5 binds to the promoter of VULGARE ROWTYPE SIX 1 (VRS1) to regulate its
expression. A) Heatmap of z-scores of expression of VRS1 at developmental stages: lemma and
stamen primordia (LP/SP), and awn primorida (AP) for Wild type (WT) and vrs5. Data is reanalyzed
from GSE102191 (van Esse et al., 2017). B) Gene editing of VRS? with targeted mutagenesis (CRISPR).
C) Phenotype of gene edited vrs? mutant in the genetic background of GOLDEN PROMISE (GP)
compared to the GP parental line. VRS1 lines have a six-rowed spike architecture. D) VRS5 binding
region identified with DAP-Seq upstream of VRS1. There are three putative VRS5 binding sites within
this peak. E) EMSA confirms the DAP-Seq data that demonstrated binding of VRS5 to the three VRS5
binding sites upstream of VRS (pVRS1_1, pVRS1_2, and pVRS1_3). Each probe is ~80 bp long and the
sequence of the TCP binding site is indicated. For each probe the first lane contains only labeled
DNA probe, the second lane contains labeled DNA probe and expression mix without VRS5 plasmid,
and the other lanes contain labeled DNA probe and expression mix with VRS5 plasmid. Unlabeled
competitor or unlabeled shuffled competitor (MT competitor) is added to indicated lanes in 1x, 5x,
and 10x concentrations compared to labeled probe. F) Dual-Luciferase transient transactivation
assay. Data shows relative LUC/REN ratio in a dual-luciferase assay in Nicotiana benthamiana leaves
using the DAP-peak identified upstream of VRS1 + 1kb promoter of VRS1 in front of Luciferase. The
mean LUC/REN ratios are relative to the mean LUC/REN ratio of the dummy. The red bar shows the
mean LUC/REN ratio when VRS5 is used as effector. Black dots indicate individual measurements
(n=8). Error bars indicate standard deviation. Asterisks designate significant differences of the mean
(Student’s t-test, ****: p<0.0001).
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Discussion

VRS5 is an important domestication gene in barley that plays a crucial role in
tillering and row-type determination (Liller et al., 2015; Ramsay et al., 2011; Zwirek
et al.,, 2019). Using a combination of transcriptomics and localizing genome-wide
binding sites of VRS5, we identified its putative direct downstream targets.
Different from ChlIP-sequencing, which is a more in vivo method to find
transcription factor binding sites (TFBS) and where inaccessible DNA cannot be
bound, DAP-sequencing is a method where naked DNA is used, so chromatin
context is not kept (Bartlett et al., 2017; Hajheidari & Huang, 2022). Nevertheless,
despite the lack of chromatin context in DAP-seq, the overlap between DAP-seq
and ChlP-seq peaks is generally high (O’'Malley et al., 2016). Of the DAP peaks
found for VRS5, a significant part was found distal intergenic. A recent study
performed DAP-sequencing of a large number of transcription factors in Triticum
urartu, that has a genome size comparable to barley. They found for the majority
of transcription factors that more than 50% of the DAP-seq peaks were located
more than 10kb from the gene body (Y. Zhang et al., 2021). Similarly, in strawberry
DAP-Seqg of a TCP transcriptional regulator revealed also presence of the
majority of peaks in the distal intergenic region (X. Chen et al., 2024). Together,
this indicates that for DAP-sequencing on a large genome such as barley, a large
portion of distal intergenic peaks can be expected. As an in vitro technique, DAP-
sequencing might yield binding sites that would never be accessible under in vivo
circumstances. In part, this could result in a higher number of distal intergenic
DAP-peaks (Maher et al., 2018). To what extend distal intergenic DAP-peaks in
general, and for VRS5 in this study, represent biological relevant long distal
regulatory elements still needs to be elucidated. In barley, the most accessible
chromatin regions (ACRs) are found between 10 and 100 kb from the nearest
gene (Lu et al., 2019). Recent studies using STARR-Seq indicate that about ~37%
of the enhancers had potential target genes at a distance of 10kb, suggesting
that only a minority of the genes in barley is regulated by adjacent enhancers
(Zhou et al., 2024). In our study, we focused on DAP-peaks found within 15 kb of
their nearest gene whilst a significant portion of the DAP-Seq peaks was found
in distal-intergenic regions. Given the observation that in barley, enhancers may
lie up to 100 kb (Zhou et al., 2024) from a target gene, biological relevance of
other DAP-peaks beyond our window cannot be excluded. Knowing the ACRs in
tissues where VRS5 is expressed and under different environmental
circumstances could give a better understanding and biological relevance to
these other peaks. Taken together, to truly place distal-intergenic peaks into a
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biological context, a more in-depth study of the 3-D genome makeup at high
resolution is imperative.

Nevertheless, in our analysis we identified >700 bona fide VRS5 targets and
reveals an overlap in ABA and JA-related targets in maize and barley (Figure 6).
This suggests that the network of tiller development via ABA and JA signaling is
partially conserved between barley and maize. In the model plant Arabidopsis,
ABA related genes are directly targeted by the class Il TCP transcription factor
BRC1 to regulate axillary branching (Gonzalez-Grandio et al., 2017; van Es et al.,
2024). This implies that the regulation of ABA signaling by BRC1/TB1 proteins is
evolutionarily ancient and precede the divergence of monocotyledonous and
dicotyledonous plants (van Es et al., 2024). Interestingly, some of these genes
found as bona fide VRS5 target may have a role in inflorescence development,
from which the most known gene is VRST (Figure 6). Intriguingly, VRS1 and VRS5
alleles have been co-selected for increased lateral grain size in six-rowed
cultivars (Ramsay 2011), and vrs5 vrs1 double mutants have an additive effect
when compared to the respective single mutants (Zwirek et al., 2019). In addition,
vrs5 mutants have an intermediate phenotype, whereas vrs? lines have a
complete six-rowed phenotype (Liller et al., 2015; Zwirek et al., 2019). Combined,
this suggest that there are other activators of VRS? that may act redundant, or in
parallel to VRS5.

Aside from VRS1, our analysis also revealed other genes involved ininflorescence
development amongst the bona fide VRS5 targets. For example, we identified a
ortholog of TASSELSEED1 as bona fide target of VRS5. In maize, TASSELSEED1
is a lipoxygenase involved in JA biosynthesis and known for its important role in
sex-determination of maize florets by repressing carpel development (Acosta et
al., 2009). Furthermore, in our data we observed an upregulation of genes
involved in flowering and floral organ identity, such as MIKC-type MADS-box
genes, in vrs5 compared to WT. MIKC-type MADS-box genes, which include the
ABCDE-genes that are known for regulating floral homeotic patterning, are
mostly upregulated during inflorescence development in barley (Digel et al., 2015;
Kuijer et al., 2021; H. Liu et al., 2020). Our observation that floral homeotic genes
are upregulated in vrs5 when compared to Bowman may reflect an increased
expression of these genes in lateral spikelet primordia in vrs5. However, the
presence of a VRS5 DAP-peak within the promoter region of some of these
MIKC-type MADS-box genes suggests a more direct effect of VRS5 on the
regulation of these floral homeotic genes. Intriguingly, HvMADS1, which in barley
regulates lemma and awn development and prevents inflorescence branching
under high ambient temperatures (G. Li et al., 2021; Y. Zhang, Shen, Li, et al,
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2024) is among the bona fide VRS5 targets. Moreover, an ortholog of AGL6 was
identified as bona fide VRS5 target that is significantly upregulated in the vrs5
mutant when compared to WT. In barley, agl6 mutants are infertile due to
defective pistils and homeotic conversions from two stamens into lemma-like
structures in the central spikelets. In the lateral spikelets the underdeveloped
stamens showed a homeotic conversion to bract-like structures in the aglé
mutant (Shen et al.,, 2024). In wheat, agl6 mutants are also infertile and TaAGL6
acts upstream of several other floral homeotic genes (Kong et al., 2022). These
results suggest that VRS5 may also inhibit lateral spikelet development in two-
rowed cultivars by directly reducing the expression of these genes that are
involved in floral organ development (Figure 6). In agreement with this
hypothesis, row-type genes prevent the development of carpels in the two-rowed
spike architecture (Zwirek et al., 2019), while loss of function mutants of vrs5 and
other row-type genes have an increased lateral floret fertility. While
ZMTASSELSEED1 was found as target of ZmTB1, orthologs of the other genes
involved in floral development targeted by VRS5 were not found as target of
ZmTB1 or AtBRCA1. This implies a more specific group of targets for barley VRS5
in lateral spikelet development, which is a barley specific function of VRS5
compared to its orthologs, although differences due to sampling between our
experiment and previous data sets generated on ZmTB1 and AtBRC1 (Dong et
al.,, 2019; van Es et al., 2024) cannot be excluded. So next to a more conserved
set of VRS5 targets in tillering a more barley specific set of targets is found in
regulating lateral spikelet development.

Aside from the floral homeotic genes, HYCEN is also identified amongst the bona
fide targets VRS5. HVCEN acts antagonistically to FLOWERING LOCUS-T (FT)
in regulating floral transition (Bi et al., 2019; Colleoni et al., 2024). In wheat and
Arabidopsis, TaTB-D1 and AtBRC1 respectively, are shown to interact with the
FT1 ortholog of their species (Dixon et al., 2020; Niwa et al., 2013). To what extent
binding of VRS5 to the HVYCEN promoter impacts on floral transition, flowering or
meristem development remains to be elucidated (Figure 6). However, our results
do suggest a role of VRS5 in the direct regulation of PEBP genes through binding
to the promoter to activate the expression aside from the previously described
regulation through protein-protein interaction.

In conclusion, with this study, we showed that barley VRS5 binds a class Il TCP
DNA motif GGGNCCCAC and acts mainly as a transcriptional activator. Bona fide
VRS5 target genes include genes involved in ABA-signaling, which seems to be
a conserved role for TB1-like proteins in both monocots and dicots to regulate
tillering or axillary branching. We also revealed a role for VRS5 in regulation of
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floral homeotic and meristem identity genes. Our study exemplifies that it is
essential to not only identify the molecular networks in model plants like
Arabidopsis, but also in key crops such as barley to reveal conservation, but more
important to identify divergence explaining the species-specific architecture.
The study presented here offers a solid and crucial starting point for mutant
analyses of a selection of bona fide targets to gain a deeper understanding of
the VRS5 network and to enlighten its mode of action in shaping barley
development.

ABA/JA
synthesis and signalling
genes

Lateral spikelet development
Tiller outgrowth

Barley development

Figure 6: VRS5 network over development

VRS5 inhibits tiller outgrowth through regulating ABA/JA synthesis and signalling genes early in
development. Later in development, VRS5 inhibits lateral spikelet development directly via VRS1.
VRS5 also inhibits expression of AGL6, MADS1, and MADS4 directly, which might play a role in lateral
spikelet development. Additionally, VRS5 induces the expression of HYCEN. On the right a barley
spike is shown next to a barley triple floret, where the central spikelet is shown in yellow and the two
lateral spikelets in blue.
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Materials & Methods

Phenotypic analysis

Seeds of Bowman and int-c.5 (GSHO 2003) were stratified on wet tissue paper
in the dark at 4°C for three days, before sowing them in 1.3L pots. Plants were
grown in the greenhouse under 16h light 21°C, 8h dark 18°C conditions. Tiller
number was counted per plant at 7, 10, and 14 days after emergence (DAE). The
same procedure, and growth conditions were used for Golden Promise, and vrs1
mutants in this background. Pictures of the spikes were taken after flowering
when the seeds were filling.

RNA isolation and RNA-Sequencing

Seeds of cv. Bowman and int-c.5 were sown in 84-well trays. A stratification
treatment by exposing the seeds at 4°C in the dark for three days was provided
to enhance equal germination. After stratification, plants were transferred to soil
in a growth chamber under long day (LD) conditions (16h light/ 8h dark) at 20°C.
Developmental stages of the meristems were scored using the Waddington scale
(WADDINGTON et al., 1983) by dissecting three plants of each genotype on the
day of sampling. Shoot apical meristems were sampled over time at four different
stages: WO, vegetative apex (VA); W1, transition apex (TA); W2.25, triple mound
(TM); and W3-3.5, lemma and stamen primordia (LP/SP). Samples were taken in
the afternoon (6 hours before the end of the LD period). Leaves surrounding the
apex were removed manually, before cutting the apex. Apexes were immediately
frozen in liquid nitrogen and stored at -80°C before RNA isolation. Three
biological replicates were taken for each developmental stage, each consisting
of 10-20 apexes. Frozen tissue was disrupted using the Tissuelyser LT (Qiagen).
RNA extraction was performed on disrupted tissues using columns from the
GeneJET plasmid miniprep kit (Thermo Fischer Scientific), as described
previously (Yaffe et al., 2012). Extracted RNA was treated with DNase | (Qiagen)
and RiboLock (Fermentas). Extracted RNA samples that were used for RNA-Seq
were sent to Novogene Europe (Cambridge Science Park, United Kingdom),
where mRNA was purified from total RNA using poly-T oligo-attached magnetic
beads. After fragmentation, the first strand cDNA was synthesized using random
hexamer primers, followed by the second strand cDNA synthesis. Samples were
sequenced using the lllumina platform with a sequencing depth of 20 million
reads per sample using 150 bp paired-end reads.
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Differential gene expression analysis

Raw paired RNA-seq reads were cleaned using Trimmomatic 0.39 (Bolger et al.,
2014) with parameters: ILLUMINACLIP:adapters.fa:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36. The file adapters.fa contains
nucleotide sequences of lllumina adapters used for library construction. From the
trimmed reads, transcripts were quantified with the MorexV3 transcriptome as
reference (Mascher et al., 2021) using salmon (Patro et al., 2017) and the softclip
parameter (Table S$9). Differentially expressed genes were identified using the R
package DESeq?2 (Love et al., 2014) per developmental stage (VA, TA, TM, and
LP/SP), and over development by adding developmental stage to the model
(GLM). Identified differentially expressed genes were considered significant
when the false discovery rate (FDR) < 0.05 and the absolute log2 fold change
(LFC) was more than 0.58. Data from the later developmental stages, namely the
stamen primordia stage (SP), and the awn primordia stage (AP), when the carpels
are formed and the first phenotypical differences between Bowman and int-c.5
in spike development emerge, are extracted from Gene Expression Omnibus
(GEO) expression data set GSE102191 (van Esse et al., 2017). The data from
these stages were re-analyzed against the Morex V3 genome in the same way
as the newly generated RNA-Seq samples from the VA, TA, TM and LP/SP
developmental stages (Table $5). Data from the tiller buds specifically of int-c.5
and Bowman were extracted from microarrays performed before (H. Wang et al,,
2022). The differentially expressed genes between int-c.5 and Bowman tiller
buds under control conditions were reannotated to MorexV3 by blasting the
sequences of the harvEST:Barley ID against MorexV3 (Table S6).

qPCR

RNA from the above described samples was used to make first strand cDNA
from 1 ug RNA per sample using iScript cDNA Synthesis Kit (Bio-Rad). gPCR was
performed using iQ SYBR Green Supermix (Bio-Rad). Relative expression
compared to HvActin is calculated (Gines et al., 2018). Primers used are
described in Table S10.

Gene names, Gene Ontology (GO) term annotation, enrichment and cluster
analysis

Unless previously characterized, gene names are based on the orthologous
genes in rice according to ensemble plants release 60
(https://plants.ensembl.org/index.html). Naming of MIKCc MADS box genes is in
accordance with Kuijer et al., 2021. Using Pannzer2 (Téronen et al., 2018), the
coding sequences of MorexV3 reference genome (Mascher et al., 2021) were
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annotated and assigned GO-terms (accessed 21-06-2023). Genes that were
significant differentially expressed in at least one developmental stage and/or
independent of developmental stage were clustered based on their expression
pattern per genotype using the degPatterns function from the R package
DEGreport. In total, 2,869 transcripts show differential expression with
|Log2FoldChange| > 0.58 and FDR < 0.05 in at least one of the developmental
stages or independent of developmental time in the GLM. Clusters were grouped
manually based on their global trend over time in six cluster groups. GO-term
enrichment of the differentially expressed genes was done for each cluster group
using the R package topGO using the “classic” algorithm as parameter followed
by the Fisher’s Exact Test, taking into account only those GO-terms that have at
least 10 annotated genes in the designated term.

DNA affinity purification and sequencing (DAP-seq)

DNA libraries for DAP-Seq were made as previously described (Bartlett et al.,
2017). For each replicate, genomic DNA was extracted from 100 mg developing
inflorescences of barley cv. Morex, four weeks after sowing in 84-well trays
(Waddington stage ~W4) using the DNeasy Plant Mini kit (Qiagen). The DNA was
fragmented with ten sonication steps of ten seconds using the Sonicator 150
(MSE) and allowing 45 seconds of rest on ice between each step. The
fragmented DNA was end-repaired using the End-It kit (Lucigen) and A-tailed
using Klenow fragment (3’-5’ exo-; NEB). The truncated lllumina Y-adapter was
ligated to the DNA using T4 DNA ligase (Promega).

The CDS of VRS5 (cv. Bowman) without the stop codon was cloned, via Golden
Gate cloning, together with a C-terminal 3xFLAGtag (MoClo toolbox;
pICSL50007) (Engler et al., 2014) behind the SP6 promoter into the pSPUTK
expression vector (Stratagene) that was made Golden Gate compatible as
described (Kerstens et al., 2024). Similarly, eGFP was cloned from plCH41531.
The FLAG-tagged VRS5 and GFP were expressed in vitro using 2 ug plasmid and
TnT® SP6 High-Yield Wheat Germ Protein Expression System (Promega).
Expressed FLAG-tagged proteins were bound with prepared DNA libraries for 2
hours at RT followed by immobilization by anti-FLAG magnetic beads (SIGMA).
The mix was washed, and eventually DNA was eluted by competition with
3xFLAG peptide (APExBIO). Eluted DNA was amplified by PCR with primers
completing the lllumina sequencing adapter of which one primer was indexed
(Table S$10). Amplified products were run on a 1.5% agarose gel, and DNA
between 200 and 600 bp was cut out and purified using GeneJET Gel Extraction
Kit (Thermo Scientific). Six replicates (Figure S5) were sequenced using the
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HiSeq X-ten platform with a sequencing depth of 50 million reads per sample
using 150 bp paired-end reads (BGI Europe).

DAP-seq analysis

Raw paired DAP-seq reads were cleaned using Trimmomatic 0.39 (Bolger et al.,
2014) using parameters ILLUMINACLIP:adapters.fa:2:30:10 LEADING:3
TRAILING:3 SLIDINGWINDOW:4:15 MINLEN:36 , where adapters.fa is a file
containing nucleotide sequences of the used adapters (Table $10). Paired reads
were mapped to the Barley MorexV3 reference genome (Mascher et al., 2021)
using BWA-MEM v0.717 (Li, 2013, preprint; Li and Durbin, 2010). Peak calling was
done using MACS2v2.2.71 (Y. Zhang et al., 2008), using the callpeak function,
where the VRS5 samples were compared to the GFP control samples. The
genome size parameter was set to 5.4e9, corresponding to the barley genome
size. The “KEEP-DUP” parameter was set to “auto”, meaning that the MACS2
algorithm calculates the number of reads that are allowed to be identical, leading
to a maximum of two identical reads. Genomic regions that had a high number of
reads in the control samples (GFP-FLAG) were identified using the “greenscreen”
method (Klasfeld et al., 2022). Called peaks overlapping with a “greenscreen”
region were filtered out using bedtools intersect function (Quinlan & Hall, 2010).
Peaks with a q < 10"° were kept and considered true peaks. The DNA sequences
of the true peaks were used for de novo motif discovery using STREME from
MEME-suite v5.4.1 (Bailey, 2021; Bailey et al., 2015). The bdg files from MACS2
output were converted to tdf files for visualization using the Integrative Genomics
Viewer v.2.11.9 (Robinson et al., 2011).

Overlap with ZmTB1 targets

To check if previously identified ZmTB1 targets (Dong et al., 2019) are also
targeted by VRS5, we used Orthofinder (Emms & Kelly, 2019) to infer the barley
orthologs of the ZmTB1 targets. As input the following proteomes are
downloaded from Phytozome: Arabidopsis thaliana TAIR10 (Lamesch et al., 2012),
Brachypodium distachyon v3 (Vogel et al., 2010), Hordeum vulgare (barley)
MorexV3 (Mascher et al., 2021), Lolium perenne MPB_Lper_Kyuss_1697 (Frei et
al., 2021), Triticum aestivum (wheat) IWGSC (ENA: GCA_9005191051), Oryza
sativa (rice) IRGSP 1.0 (Ouyang et al., 2007), and Zea mays (maize) AGPv3.31
(NCBI: GCF_000005005.1), which was used as reference by Dong et al., 2019.

Electrophoretic Mobility Shift assay (EMSA)
EMSA was performed as described previously (Smaczniak et al., 2012). Briefly,

DNA probes of around 50 bp are designed from genomic regions and
corresponding primers were synthesized (Biolegio). Synthesized primers were
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annealed and obtained probes were cloned into pGEM-T. Subsequently, the
probes were labeled using CY5.5 labeled primers using PCR based amplification.
The VRS5 CDS was cloned into pDONR201 (Gateway), and subsequently, into a
gateway compatible pSPUTK expression vector (Stratagene), which uses a SP6
promoter to induce expression (Jiang et al., 2022). The VRS5 protein was
prepared in vitro using TNT SP6 Wheat germ protein expression system
(Promega). Using the VRS5 protein, a EMSA binding reaction was performed for
45 minutes on ice using a binding reaction mixture (1.2mM EDTA (pH 8.0),
0.25mg/ml BSA, 7.2mM HEPES (pH 7.3), 0.7mM DTT, 60ug/ml salmon sperm
DNA, 1.3mM spermidine, 2.5% CHAPS, 8% glycerol, 6.6 nmol/ml single-labelled
dsDNA, and 2l of in vitro-synthesized proteins). When an unlabelled competitor
probe was used, 6.6 nmol/ml (1x), 33 nmol/ml (5x), or 66 nmol/ml (10x) was added
to the binding reaction mixture. The mixture was then loaded on a 5%
polyacrylamide gel. The gel was run in 1x TBE buffer at 75V for about 90 min.
Labelled DNA shifts were visualized using a LiCor Odyssey imaging system at
700 nm.

Dual-luciferase transactivation assay

To test transactivation of luciferase by VRS5 constructs were created using
Golden Gate cloning (Engler et al., 2014). Synthesized DNA fragments containing
identified DAP-peaks were synthesized and cloned in front of an minimal 35S
promoter followed by Luciferase CDS terminated by a NOS terminator, using an
in-house vector (available at Addgene: #231035), to form the expression vector.
Next to that the CDS of VRS5 was cloned into pLO-CDS (pICH41308) and
subsequently into pL1-F2 (pICH47742) behind a 2xCaMV 35S promoter
(pICH51288) and terminated by a NOS terminator (pICH41421) to form the
effector vector. A third pL1 construct was used to normalize luciferase activity.
This control vector contains the Renilla Luciferase coding sequence, made
Golden Gate compatible from pGreenll-0800 (Hellens et al., 2005), and a
2xCaMV 35S promoter and NOS terminator. For all combinations, the three L1
vectors were assembled in a pL2 (pAGM4723). As negative controls the effector
plasmid was replaced by a pL1-F2 dummy (pICH54022). The assembled L2
constructs were transformed into A. tumefaciens strain AGL1 pSOUP.
Transformed cells were grown overnight at 28°C in LB. This culture was used to
inoculate YEB containing 200uM Acetosyrengone and 10mM MES. This culture
was grown overnight at 28°C to an ODggo of ~1. These cell cultures were spun
down and resuspended in 15mL MMA containing 200uM Acetosyrengone and
left at 28°C for 2-3 hours. For transfection, the abaxial side of leaves of 4-5 week
old (non-flowering) Nicotiana benthamiana plants were infiltrated with the A. tum
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cell culture with an OD ~ 1, using a needleless syringe. At least five different plants
were infected with the same construct and were treated as biological replicates.
The plants were grown for 2 days in a growth chamber. Samples of infiltrated leaf
parts were taken and snap-frozen in liquid nitrogen. For luciferase measurement
of the samples, the Dual-Luciferase Reporter Assay kit (Promega) was used.
Measurements were done using a GlowMax Navigator Microplate Luminometer.
For each sample the ratio of Firefly/Renilla Lucifarase was calculated relative to
the mean ratio of each expression vector combination without VRS5 TF.
Statistical difference was tested using Student’s t-tests, for each expression
vector.

CRISPR-Cas9 mutagenesis

For CRISPR-Cas9 targeted mutagenesis of VRS1, three guides were designed,
targeting different regions of the coding sequence. (guide 1. 5-
ACGTGGACACGACTTTCTTC-3, guide 2: 5-GAGGAGGGGACCCCAAGAAG-3’,
and guide 3: 5-GGAGGTGCGGCGCCTCAGGT-3)). Final vectors were created
using both our in-house CRISPR vector system (available at Addgene: #231030
- #231033) and already available modular cloning toolkits (Engler et al., 2014;
Lawrenson et al., 2015). Guides were synthesized as complementary oligos
(Table S10) and cloned in an optimized Cas9 scaffold (Dang et al., 2015; Parry et
al, 2016) (scaffold sequence, where NNNNNNNNNNNNNNNNNNNN
corresponds to the guide:
5’GNNNNNNNNNNNNNNNNNNNNGTTTCAGAGCTATGCTGGAAACAGCATAG
CAAGTTGAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTC
GGTGCTTTTTTTCTAGACCCAGCTTTCTTGTACAAAGTTGGCATTACGCTAGA
GACCACGAAGTG-3'). The level 1 backbone vector with the modified scaffold
has been designed so that the digestion-ligation of the double-stranded guide
using the Type IIS restriction enzyme BsmBI removes the mRFP1 expression
cassette (Engler et al., 2014). This allows for a pink-white screening of the
recombined level 1 vectors. The final level 2 vector used for plant transformation
contains the intron-optimized hygromycin resistance cassette (pICSL11059), the
Cas9 expression cassette (pICSL11056), and the three single guide RNAs
targeting VRST1 coding sequence under the control of the TaU6 promoter. The
sequence-verified construct was introduced in the hypervirulent Agrobacterium
tumefaciens strain AGL1 pSOUP, and used for Agrobacterium-mediated
transformation of barley cv. Golden Promise immature embryos (Hensel et al,,
2009). T, plants were genotyped for CRISPR cuts using the Phire Plant Direct
PCR Kit (Thermo Fisher Scientific) using primers described in Table S10.
Amplified fragments were sequenced directly.
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Data availability

The data generated in this publication have been deposited in NCBI's Gene
Expression Omnibus (Barrett et al., 2013; R. Edgar et al, 2002) and are
accessible through GEO Series accession number GSE272367 and
GSE272368.
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Supplementary Figure S1: VRS5 influences tillering and row-type. A) Line graph of mean number
of tillers per plant over time with int-c.5 shown in red and Bowman in blue. n=13 for each genotype.
Differences at each timepoint are calculated using student’s t-test; asterisks indicate significance (*:
p < 0.05, **: p < 0.01, ***: p < 0.001). Error bars indicate standard error of the mean. B) expression
pattern of VRS5 (HORVU.MOREX.r3.4HG0336690) retrieved from the ePlant expression atlas that
uses the Thiel et al,, 2021 dataset. Red indicates high expression, whereas yellow indicates low
expression.
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Supplementary Figure S2: RNA-seq quality control A) Principal component analysis of the TPM
values of RNA-seq samples. Dots indicated with the same color represents replicates of the same
sample group. B) Clustered heatmap of z-scores per sample of expression levels of differentially
expressed transcripts (DETs) between WT (Bowman) and vrs5 (int-c.5) over developmental stages
tested, namely: vegetative apex (VA), transition apex (TA), triple mound (TM), and lemma and stamen
primordia (LP/SP). For each developmental stage and genotype combination three biological
replicates are used. The columns represent the different samples, grouped by genotype and
developmental stage. Each row represents a DET.
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Supplementary Figure S3: Grouping of co-expression clusters. Co-expression clusters of
differentially expressed genes between vrs5 and WT over development using R package
degPatterns, grouped in three main groups: 1) downward expression throughout development; 2)
upward expression throughout development; 3) static expression throughout development; and lastly
ungrouped clusters that do not follow either of the trends. The groups are sub-divided in A (lower
expression in vrs5 compared to WT), and B (higher expression in vrs5 compared to WT). Each cluster
shows the z-score of expression of the genes within the cluster, colored by genotype (red: WT
(Bowman), cyan: vrs5 (int-c.5)) over developmental stages tested, namely: vegetative apex (VA),
transition apex (TA), triple mound (TM), and lemma and stamen primordia (LP/SP). The boxes indicate
median +/- quartile, the whiskers indicate minimum and maximum values excluding outliers. For each
developmental stage and genotype combination three biological replicates are used.
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Supplementary Figure S4: g-PCR confirmation of RNA-seq data for a selection of targets A)
Relative expression of HYCEN, JAZ11, TIFY10C, RAV2, TASSELSEED1, and MADS34 compared to
Actin using qRT-PCR and B) Normalized expression of HYCEN, JAZ11, TIFY10C, RAV2, TASSELSEED1,
and MADS34 in our RNA-seq dataset at each developmental stage tested: vegetative apex (VA),
transition apex (TA), triple mound (TM), and lemma and stamen primordia (LP/SP) in WT (red) and
vrs5 (cyan). The error bars indicate standard deviation. For each developmental stage and genotype
combination three biological replicates are used. Significance in A is tested using a Student’s t-test
at each developmental stage and indicated using asterisks (*: p< 0.05, **: p< 0.01, ***: p<0.001).
Significance in B is tested using DESEQ2 and indicated using asterisks (*: FDR< 0.05, **: FDR< 0.01,

***: FDR<0.001).
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A

Supplementary Figure S5: Set-up DAP-Seq experiment VRS5. A) generation of DAP-Seq libraries
that are sequenced. B) Bioinformatic analysis scheme for the DAP-Seq libraries.
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Supplementary Tables

Supplementary Tables can be accessed at the online version of the published
chapter at: https://doi-org.ezproxy.librarywur.nl/10.1093/plphys/kiaf309

Supplementary Table S1: DESEQ2 results for each gene

Supplementary Table S2: division of differentially expressed genes over
expression cluster groups.
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Abstract

The transcription factor TEOSINTE BRANCHED1 (TB1) and its orthologs have
been central to crop domestication due to their roles in suppressing axillary
branching. Our analysis of conserved TB1 domains showed that in Poaceae
(Grasses), which include rice, maize and barley, there is an alternative
transcriptional start sites (aTSS) in TB1. To understand the impact of the aTSS
on plant development, we used barley (Hordeum vulgare), a key crop and model
plant within the Poaceae. In barley, the TB1 ortholog Vulgare Row-type Six 5
(VRS5) regulates tiller and spike development. The identified aTSS results into
two distinct VRS5 isoforms, VRS5a and VRS5B. Through targeted mutagenesis,
we show that expression of only VRS5p enables untangling of pleotropic effects
of VRS5 on tillering and lateral spikelet development, with VRS5a being essential
for repressing tillering, but not for lateral spikelet repression. Furthermore, we
show that VRS5 regulates lateral spikelet development together with HvTB2
through forming a protein-protein interaction. Intriguingly, VRS5a and VRS58
differ functionally from each other through different DNA binding in complex with
HvTB2. Our findings show that the generation of VRS5 transcript isoforms adds
an additional, not yet recognized regulatory layer, allowing fine-tuning of plant
and spike architecture in barley.
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Introduction

Modification of plant architectural traits have been a central strategy in crop
improvement since the earliest stages of domestication, when humans started to
select enhanced performance and resilience in a particular growth habit (X.
Huang et al., 2021). A classic example is the suppression of spike brittleness to
prevent natural dispersal of seeds, a trait that was targeted in major cereals such
as rice, wheat and barley (Konishi et al., 2006; Pourkheirandish et al., 2015;
Simons et al,, 2006). Shoot architecture has played a similarly central role, as
underscored by the success of the green revolution with semidwarf rice (Oryza
sativa) and wheat (Triticum aestivum) cultivars carrying reduced-height alleles
such as semi-dwarf1 (sd1), which conferred lodging resistance and improved
harvest index under high-input conditions (Khush, 2001; Spielmeyer et al., 2002).
Similarly, the domestication of maize (Zea mays) from its wild ancestor teosinte
(Z. mays ssp. parviglumis) required discarding highly branched phenotypes in
favor of a single dominant stem bearing a terminal tassel and paired lateral ears,
a transformation largely orchestrated by the increased expression of TEOSINTE
BRANCHED1 (TB1) gene (L. Liu et al., 2019). The pursuit of higher crop
productivity through optimization of plant architecture stands as both a
promising frontier and an enduring challenge (van Esse, 2022). Yield is a complex
trait, governed by not a single attribute but by an interplay between
interdependent components such as grain number and size, branching patterns,
and inflorescence architecture. Changing one of these yield components often
influences others, making it hard to optimize yield through changing a single trait.
The correlations that underlie tradeoffs have been well described in cereals. For
example, enhancing grain number often reduces grain size due to limitations in
resource allocation (Peltonen-Sainio et al., 2007; Slafer et al., 1996). While
resource distribution plays a role in yield-related trade-offs, it is not the sole
factor; genetic regulation, hormonal signaling, and developmental timing also
contribute to these complex interdependencies. Recent studies suggest that
overlapping developmental windows for grain number and grain size
determination also contribute to this trade-off (Vicentin et al., 2024; Xie &
Sparkes, 2021). Moreover, genetic analyses have revealed that many loci
influencing grain number and grain weight co-localize and exert inverse effects,
indicating a strong genetic basis for this trade-off (Sukumaran et al., 2018; Xie &
Sparkes, 2021). Similarly, genes that influence both shoot and inflorescence
architecture often act across multiple developmental axes, which makes the
genetic decoupling of these traits inherently difficult (Liller et al., 2015). TB1 was
targeted during the domestication of several cereal crops for its role in tiller
development (Clark et al., 2004; Igartua et al., 2020; Ramsay et al., 2011; Takeda
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et al.,, 2003). Beyond tillering, TB1 also affects inflorescence determinacy, plant
height, and root architecture, underscoring its pleiotropic impact on plant form
(Dixon et al., 2018, 2020; Gaudin et al., 2014; Hubbard et al., 2002). Similar
multifunctionality has been observed across cereals: in barley, its homolog
VRS5/INT-C regulates tillering and spikelet fertility (Liller et al., 2015; Ramsay et
al., 2011); in wheat, elevated TB1 dosage alters growth rate, spikelet number, and
shoot morphology (Dixon et al., 2018, 2020). Despite these insights, no study has
successfully decoupled TBf?s effects on vegetative and reproductive traits,
highlighting a regulatory constraint conserved across cereal species.

We performed a detailed phylogenetic analysis of TB1 orthologs in monocots and
identified a conserved alternative transcriptional start site present in only the
Poaceae. Using barley, a cereal plant model, we show that this alternative
transcriptional start site gives rise to a second TB7 isoform. With targeted
mutagenesis, we generated lines that only harbor one isoform, causing an
untangling of pleiotropic vrs5 phenotypes on tillering and inflorescence
development in barley. We also show that the protein isoforms bind differentially
at different VRS5 target gene loci. Taken together, our results provide unique
insights into the core role of alternative TB1 transcriptional start sites in
orchestrating plant architecture and development, representing core
domestication-related traits in cereals.
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Results

TB1 structure and phylogeny

To gain more insights into the overall protein structure of TB1 orthologues, we
first performed a detailed analysis of TB1 in monocots. TB1, as well as dicot
BRANCED1 (BRC1), belong to the CYC/TB1 subgroup of the class Il TCP
transcription factors (TFs) in plants (Martin-Trillo & Cubas, 2010). The TCP TFs
are characterized by a conserved TCP domain with a non-canonical basic-helix-
loop-helix (bHLH) structure, which facilitates DNA binding. Phylogenetic analysis
of TB1 and BRC1 across monocots and dicots shows that the evolutionary
divergence between TB1 and BRC1 occurred after the monocot-dicot split
(Figure S1A, Table S1, Table S2). Next to a conserved TCP-domain (Figure S1B),
the CYC/TB1 TCPs also have a conserved R-domain (Figure S1C). Further
analysis of the monocot-specific branch (Figure $2) shows two clades; the TB1
clade and a sister clade (Figure S1A), corroborating previous reports (Bai et al.,
2012; de Souza Moraes et al., 2022). The TB1 clade contains ZmTB1, OsTBH,
VULGARE ROW-TYPE SIX 5 (VRS5, HvTB1), and the Triticeae-specific
duplication proteins, including HvTBi1-like. The grass-specific sister clade
includes BRANCHED ANGLE DEFECTIVE 1 (ZmBAD1), TILLER INCLINED
GROWHT 1(ZmTIG1), and TEOSINTE BRANCHED 2 (HvTB2). Protein alignment
of the monocot-specific branch shows that this last clade has lost several amino
acids in the R-domain, while the TB1 clade still has an R-domain, like the CYC/TB1
proteins in the dicots (Figure S2A). To understand more about the conserved
domains of TB1 specifically, we generated alignments of TB1 and most closely
related clades. Previously, a phylogenetic study in TB1 orthologs in grasses
revealed another conserved domain in the N-terminal part of the protein, rich in
serine and proline residues, named the SP-domain (Lukens & Doebley, 2001). In
our alignment, we also find this domain, but only in the subclade containing VRS5,
ZmTB1, and OsTB1 (Figure S2B). Intriguingly, we also observed a conserved
methionine in this clade, further downstream (Figure 1A). Although proteins can
contain multiple methionines, we hypothesized that such a highly conserved
methionine may point towards the presence of an alternative translational
initiation site (aTIS) within TB1. Translational initiation, which marks the beginning
of protein synthesis, can happen on a different methionine on the same mRNA,
but alternatively can also be forced by a different mRNA isoform from the same
locus as a consequence of an alternative transcriptional start site (aTSS). To
understand TB7 on a transcriptional level, we reanalyzed published long-read
sequencing of pooled barley RNA (Coulter et al., 2022) and maize (B. Wang et
al., 2016). Intriguingly, there are two distinct VRS5 RNA transcripts present in
barley (Figure 1B), and of TB1 in maize (Figure S3), suggesting that a different
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mRNA is formed through an aTSS. The shorter transcript, VRS586, starts after the
annotated translational start present in the long VRS5a isoform (Figure 1B). To
gain more insights into these transcripts, we focused on barley VRS5. We
performed a gPCR with two sets of primers, one set only amplifying VRS5«, while
the other set can amplify both. Three developmental stages at which VRS5 is
expressed were tested: double ridge (DR), lemma and stamen primordia (LP/SP),
and awn primordia (AP). Significant differences between the total transcript
(VRS5a and VRS58) and VRS5a were observed at the DR and AP stage, with the
highest VRS58/VRS5a ratio in the AP stage (Figure 1C), highlighting the
presence of both the VRS5«a and VRS58 isoforms and their differential regulation.
Our data point to the presence of two transcript isoforms, the long VRS5a and
short VRS58 transcripts, formed through aTSS, and both present at different
levels in subsequent developmental stages.
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Figure 1. Conserved domains in TB1, and closely related orthologues. A) Protein alignment of TB1
and closely related TCPs from various species showing the conserved methionine specifically in the
TB1 sub-clade. B) Alignment of long-read RNA sequencing reads of pooled barley RNA of cv. Barke
(Coulter et al., 2022) mapped against VRS5 in Golden Promise (Jayakodi et al., 2024). The dashed
lines represent the location of the transcriptional start site (TSS) and start codon (ATG) of VRS5a
and VRS58 respectively, showing a schematic overview of the two VRS5 isoforms and their
corresponding coding sequences (CDS) for VRS5a and VRS5B. C) gPCR of VRS5 isoforms in cv.
Golden Promise relative to HvActin at different developmental stages: double ridge (DR), Lemma and
stamen primordia (LP/SP), and awn primordia (AP). Primers for VRS5a are designed on the 5’UTR of
VRS5a to only amplify the long VRS5a transcript. Primers that amplify both VRS5 transcripts are
designed on the CDS that is shared between both transcripts. Statistical difference between VRS5«a
and total VRS5 transcripts is calculated using a paired t-test with asterisks indicating significance (*:
p<0.05, **: p<0.01). n = 3 biological replicates.
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Control of tillering and row-type through different VRS5 isoforms

The shorter transcript, VRS56, starts after the annotated translational start
present in the long VRS5a isoform, meaning that translation of VRS5 cannot
occur from this transcript (Figure 1B). Using the hypothesis that the conserved
methionine in VRS5 (Figure 1A) can indeed be used as an alternative
translational initiation site, the shorter transcript can form a protein VRS58
(Figure 1B). The longer transcript would be able to translate VRS5 protein,
hereafter named VRS5a, but potentially VRS58 as well (Figure 1C). Predictive
modeling using AlphaFold predicted that both the VRS5a and VRS58 would give
rise to a DNA-binding protein, with main difference being the absence of the SP
domain in the VRS5B-isoform, while the DNA-binding TCP domain is unaltered
(Figure S4). To understand the function of the VRS5 isoforms in barley, we
performed gene editing to generate lines that can only form the short isoform
VRS58. This resulted in two independent lines, vrs5a-1 and vrs5a-2, that have
deletions in the coding sequence of VRS5a, causing a frameshift, while the CDS
of VRS5p remains unchanged (Figure 2A, Figure S5A). For comparison in an
isogenic background, we also included a full knockout of both isoforms, vrs5,
which has an 857bp deletion (Figure 2A, Figure S5A). The vrs5 mutant showed
a significantly increased tiller number compared to WT and an intermediate row-
type phenotype (Figure 2B,C,D), corroborating previous reports (Liller et al.,
2015; Ramsay et al., 2011; Zwirek et al., 2019). Also, a difference in plant height
and flag leaf emergence was observed between vrs5 and WT (Figure S6A,B,C),
as reported previously (Zwirek et al., 2019). Intriguingly, vrs5a-1 and vrs5a-2,
which can only translate the short VRS5B protein, showed a significantly
increased tiller number compared to WT (Figure 2B), but a two-rowed spike like
WT (Figure 2C,D). This suggests that VRS5B can regulate lateral spikelet
development, but not tiller development. Moreover, although vrs5a mutant spikes
are two-rowed, the spikes are shorter and the central spikelets are smaller
compared to WT (Figure S7, Figure S8). Expression of only the VRS58 isoform
thus results in an uncoupling of the tillering and row-type phenotypes of vrs5, as
well as an uncoupling of the row-type phenotype with other spike architectural
traits, such as spike length and central spikelet size.

Taken together, our results show that there are two isoforms of VRS5, from which
the long isoform VRS5a is essential to regulate tiller development while having
only the short isoform VRS58 is enough to regulate lateral spikelet development.
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Figure 2. CRISPR mutagenesis of VRS5 results in untangling pleiotropic effects on tillering and
row-type. A) schematic protein overview of both VRS5a and VRS58 and the created mutants. B) Plant
pictures of vrs5a lines compared to the full knockout vrs5 and WT (cv. Golden Promise). Pictures
were taken at flowering. The white bars represent a length of 10 cm. C) Number of tillers at flowering
of vrs5a and vrs5 lines in comparison to WT (cv. Golden Promise). Significant differences are
calculated using a one-way ANOVA followed by Tukey’s HSD. Different letters indicate significant
differences between the lines (p<0.05). n = 12 biological replicates. D) Spike phenotype of vrs5a« lines
compared to the full knockout vrs5 and WT (cv. Golden Promise). Lower images show triple spikelets,
showing developed lateral spikelets for vrs5 only. The white bars represent a length of 0.5 cm.
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Figure 3. HvTB2 has an additive effect to VRS5 on the regulation of row type. A) EMSA of VRS5
isoforms binding to a labeled DNA probe containing the VRS5 binding site in the promoter of VRS1.
B) DAP-Seq trace file of VRS1 promoter showing DAP-peaks for both VRS5 and TB2; C) EMSA of
VRSS5 isoforms and TB2 binding to a labeled DNA probe containing the TCP binding site in the DAP
peak of VRS5 and TB2 in the promoter of VRS (pVRS1). The colored bars represent the (expected)
heights of the protein complexes. D) Spike images of vrs5tb2, vrs5atb2, and WT (cv. Golden Promise
Fast (GPF)). Lower images show triple spikelets, showing developed lateral spikelets for vrs5tb2 only.
The white bars represent a length of 0.5 cm. Plots showing E) average lateral spikelet (LS) width and
F) lateral spikelet (LS) thousand grain weight (TGW) of vrs5 and vrs5tb2. Significant difference is
calculated using a One-way ANOVA, with asterisks indicating significance (****: p<0.0001). n > 15
biological replicates. G) Representation of lateral spikelet width showing 10 lateral spikelets of vrs5
and vrs5tb2. White bars indicate a length of 0.5 cm. H) gPCR showing relative expression of VRS
compared to HvActin in developing inflorescences at lemma and stamen primordium (LP/SP) stage
in vrs5, vrs5a, th2, cv. Golden Promise (GP), vrs5tb2 and cv. Golden promise fast (GPF). Error bars
indicate standard deviation. n = 3 biological replicates. Asterisks indicate statistical significance
calculated using a student’s t-test between the mutants and their corresponding WT (* : p<0.05, ** :
p<0.01).

VRS5 regulates row-type through interaction with HvTB2
Phenotypically, the vrs5 mutants showed a six rowed-intermediate spike

architecture, while vrs5a-1 and vrs5a-2 do not have a row-type phenotype (Figure
2D). We therefore hypothesized that both isoforms are still capable of binding
and activating VULGARE ROW-TYPE SIX1 (VRS1). This gene is directly
downstream of VRS5 in the regulation of lateral spikelet development
(Winkelmolen et al., 2025)(Chapter 2). To test this hypothesis, we performed an
Electro Mobility Shift Assay (EMSA) on the VRST1 promoter fragment containing
the VRS5 binding site. Both VRS5a and VRS5B can bind to the VRS5 binding site
present in the promoter of VRS? (Figure 3A). Previously it was show that another
class Il TCP transcription factor, HvTB2 (also referred to as COMPOSITUM 1)
can form a protein-protein interaction with VRS5 (de Souza Moraes et al., 2022).
Moreover, our DNA Affinity Purification Sequencing (DAP-seq) of VRS5 and TB2
showed that both VRS5 and TB2 bind to the same region within the VRS1
promoter (Figure 3B). We therefore hypothesized that VRS5 and TB2 may
together bind in a protein complex to the VRS promoter. To test this hypothesis,
we performed an EMSA to evaluate the interaction of the VRS50/TB2 and
VRS5B/TB2 protein complexes with the VRST promoter. These confirmed that
both VRS5 isoforms, TB2, as well as the VRS5a/TB2 and VRS58/TB2 complexes
can bind to the VRS promoter fragment (Figure 3C, Figure S9A,C). This also
suggests that VRS5 and TB2 may act together in the regulation of row-type
through VRST1. To test this hypothesis, we generated vrs5tb2 double mutants. The
vrs5tb2 double mutants have fully fertile awned lateral spikelets that develop into
grains (Figure 3D). These lateral spikelets of vrs5tb2 are wider and heavier
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compared to vrs5 lateral spikelets (Figure 3E-3G), showing an additive effect on
lateral spikelet development compared to the vrs5 single mutant (Figure 3D). In
line with this, the VRST expression was significantly downregulated in the vrs5
and vrs5tb2 mutants at the lemma and stamen primodium (LP/SP) stage, while
VRS1 expression in vrs5a was not reduced (Figure 3H). Moreover, vrs5atb2,
which can still express VRS58, showed no six-rowed spike architecture, but a
spike resembling tb2, with indeterminate spikelets at the basal part of the spike,
and further two-rowed (Figure 3D)(de Souza Moraes et al., 2022; Poursarebani
etal,, 2020; Y. Shang et al., 2020). Together, our data suggest that VRS5 and TB2
act additively in the regulation of row-type through VRS7 and that VRS58 on its
own is sufficient to activate VRS1.

VRSS5 isoforms show altered binding to the HvGT7 promoter

In the regulation of row-type, both VRS5 isoforms bind to the VRS1 promoter
together with TB2. This is in line with the two-rowed spike architecture of the
vrs5a-1 and vrs5a-2 lines, in which only the short VRS58 isoform can be formed.
However, the presence of a tillering phenotype in these lines (Figure 2C)
suggests that the long VRS5« is essential for regulation of tiller bud outgrowth.
Previously, it was shown that in maize and Arabidopsis, TCP transcriptional
regulators regulate bud outgrowth through homeobox transcription factors
closely related to VRS1; GRASSY TILLERS (ZmGT1) in maize, directly
downstream of ZmTB1 (Dong et al., 2019; Whipple et al., 2011), and HOMEBOX
PROTEINS (HB21, HB40, and HB53) in Arabidopsis, directly downstream of
BRANCHED1 (BRC1) (Gonzalez-Grandio et al., 2017). To measure expression of
HvGT1 in barley vrs5 and tb2 lines, we performed g-PCR on crown tissue of the
mutant lines at the double ridge stage. We show that HvGT7 expression is
significantly downregulated in vrs5 and tb2, as well as in vrs5tb2 (Figure 4A). We
therefore postulated that the role of HvGT7 in axillary bud outgrowth and its
upstream regulation may be conserved across species. In barley, HvGRASSY
TILLERS (HORVU.MOREX.r38.4HG0399240) has been described in relation to tip
degeneration, and mutants in this gene produced more rachis nodes
(Shanmugaraj et al., 2023). We generated two independent mutants of HYGTY,
gt1-1and gt1-2. These lines showed indeed an increased number of rachis nodes,
corroborating previous reports (Figure S$10)(Shanmugaraj et al, 2023). As
postulated, both gt1-1 and gt1-2 showed an increased number of tillers compared
to WT (Figure 4B), similar to vrs5 (Figure 4B), indicating its importance in the
regulation of tiller bud outgrowth. Although HvGT1 is downregulated in vrs5, no
direct binding of VRS5 to the HvGT1 locus was observed in our DAP-Seq
experiment (Figure 4C). In contrast, the DAP-Seq of HvTB2 showed a peak ~ 1kb
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upstream of HvGT1 (Figure 4C). To confirm binding of HVvTB2 to this region, an
EMSA was performed using the TCP binding site in the TB2 binding peak as a
probe. HYTB2 was able to bind to the HvGT1 promoter fragment, while both VRS5
isoforms were not, corroborating both DAP-seq experiments (Figure 4D). We
also tested the binding of the VRS5/HvTB2 protein complex. VRS5a was only
able to bind to the HvGT1 promoter together with HvTB2. This suggests that
VRS5 requires the presence of HVTB2 to bind to the HVGT1 promoter (Figure 4D,
Figure S9B,D). Intriguingly, VRS5B was unable to bind to the HvVGT71 promoter,
even in the presence of HVTB2 (Figure 4D, Figure S9B,D). This shows that the
long VRS5a isoform is required for binding of the VRS5/TB2 complex to the
HvGT1 promoter, suggesting that VRS5a is essential to regulate tillering via
HvGT1. This corresponds to our observation that both vrs5a and hvtb2 showed a
significant increased tillering (Figure 2B,C, Figure 4B). In line with this, also the
vrs5tb2 and vrs5atb2 showed an increased number of tillers at flowering
compared to WT (Figure 4E). Taken together, VRS5 binding to the HvGT1
promoter depends on the isoform and the presence of TB2. This points towards
a mechanism, where the different isoforms have distinct DNA binding properties,
depending on the protein complex.
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Figure 4: The long VRS5a isoform is required for tiller development. A) gPCR showing relative
expression of HYGT1 compared to Actin in crown tissue at double ridge stage in vrs5, vrs5a, tb2, cv.
Golden Promise (GP), vrs5tb2, and cv. Golden promise fast (GPF). vrs5, vrs5a, and GP are grown
together, while tb2 and another GP are grown at a different time. Therefore, both corresponding GPs
are shown. Error bars indicate standard deviation. n = 3 biological replicates. Asterisks indicate
statistical significance calculated using a student’s t-test between the mutants and their
corresponding WT (** : p<0.01, *** : p<0.001). B) Tiller number of vrs5, tb2, gt1-1, gt1-2, and WT (cv.
GP) at flowering. Different letters indicate significant differences (p < 0.05) between the lines,
calculated using Kruskal-Wallis test followed by Dunn’s to adjust for multiple testing. n = 14 biological
replicates. C) DAP-Seq trace file of HVGT1 promoter. Bar below the trace file shows significant
enrichment compared to control, only for TB2, but not VRS5. D) EMSA of VRS5 isoforms and TB2
binding to a labeled DNA probe containing the TCP binding site in the DAP peak of TB2 in the
promoter of HvGT1 (pHvGT1). The colored bars represent the (expected) heights of the protein
complexes. To show that the VRS5a/TB2 complex was formed, binding of that complex to an
infrared-labeled DNA probe containing the TCP binding site in the DAP peak of VRS5 and TB2 in the
promoter of VRS (pVRS1) was shown in the last lane. E) Tiller number of vrs5tb2, vrs5atb2, and WT
(cv. GPF) at flowering. Significance is calculated using One-way ANOVA followed by Tukey’s HSD.
Different letters indicate significant difference between the lines (p < 0.05). n = 14 biological replicates.
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Discussion

The central dogma of molecular biology describes the flow of genetic information
from DNA to mRNA to protein, traditionally supporting the one gene one protein
model. While the one gene-one enzyme hypothesis (1941) by Beadle and Tatum
was revolutionary, molecular biology has since shown that genes are far more
versatile than originally thought. Beginning in the 70’s, with the discovery of
alternative splicing (AS), followed by the characterization of alternative
transcriptional start sites (aTSS) and translational initiation sites (aTIS), it
became evident that this linear model was overly simplistic (Berget et al., 1977;
de Klerk & ‘t Hoen, 2015; Gilbert, 1978; Pelletier & Sonenberg, 1988; Sarnow,
1989). Mechanisms such as AS and aTSS, allow for the generation of multiple
transcript isoforms from a single gene, representing nature’s strategy to
maximize functional output from limited genomic space. Instead of encoding one
protein per gene, eukaryotic cells employ these regulatory layers to tailor protein
diversity.

In barley, the generation of protein isoforms, for example, has been described in
response to drought (Collin et al., 2025). Similarly, the barley pan-transcriptome
shows the presence of alternative transcript variants, generated through AS and
aTSS (W. Guo et al., 2025). The usage of aTSS has been described in plants as
a potential mechanism to generate distinct protein isoforms, and the presence of
aTSS s reported in transcriptome or specific TSS identification studies (Alfonso-
Gonzalez & Hilgers, 2024; Mejia-Guerra et al., 2015; Ozcan & Monroe, 2023;
Pavlu et al., 2024, Thieffry et al., 2022; Ushijima et al., 2017). Moreover, the natural
variation in TSS have been described in cereals, highlighting the presence of
plasticity in promoter regions (Mejia-Guerra et al., 2015; Ozcan & Monroe, 2023).
However, despite accumulating evidence for functional transcript diversity, the
phenotypic consequences of selectively disturbing individual transcript isoforms
remain largely unexplored. Here we show that the main domestication related
gene TB1 has an evolutionary conserved aTSS in the Poaceae. Using barley, a
monocot model, we show that there are two distinct transcripts, the long VRS5a
and short VRS586 isoforms, of which the shorter one is formed through aTSS.
While the absence of both isoforms results in plants that have both a tillering and
row-type phenotype, the vrs5a lines only have a tillering phenotype while the
spike is two-rowed, similar to wild type lines that have a fully functional VRSS5.
Disrupting formation of the longer VRS5a isoform, resulting in vris5a mutants that
only harbor the VRS5p isoform, thus leads to a decoupling of the tillering and row
type phenotype, indicating that trait decoupling is possible and potentially
modulated by transcriptional start site variation. Although the row-type was
decoupled from tillering, our vrs5a lines still showed shorter spikes and smaller
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central grains despite being two-rowed. Previously, this was thought to be
source-sink related due to the development of lateral spikelets acting as
additional sinks (Liller et al., 2015; Sakuma et al., 2017; Thirulogachandar et al.,
2021). Our results, however, imply a direct genetic role for VRS5 in regulating
central grain size and spike length, next to row-type.

Recently, we showed that VRS5 binds directly to the VRS1 promoter to regulate
its expression (Winkelmolen et al., 2025). VRST is a well-known gene in barley,
which is the most downstream target in the VRS network that suppresses the
development of lateral florets (Komatsuda et al., 2007). Mutations in vrs1 result in
a complete six-rowed spike architecture, while a full vrs5 knockout has an
intermediate six-rowed phenotype, suggesting that VRS5 is not the only
regulator of VRS1 expression. Our data suggest that the TCP transcription factor
TB2, which was previously shown to interact with VRS5, binds to the promoter of
VRS1 together with VRS5. Mutations in HvTB2 disrupt spike determinacy in
barley, leading to ectopic branching and indeterminate growth, with phenotype
severity modulated by genetic background (de Souza Moraes et al., 2022;
Poursarebani et al., 2020; Y. Shang et al., 2020). Here we show that the VRS1
expression is downregulated in both vrs5 and vrs5tb2 double mutants. The latter
have a six-rowed spike architecture and a disrupted spikelet identity. This spike
phenotype is similar to vrs4 (Koppolu et al., 2013; Zwirek et al.,, 2019). VRS4 was
shown to be upstream of VRS5 and VRST in the regulation of lateral spikelet
development (van Esse et al., 2017), and TB2 in regulating the spikelet
determinacy (de Souza Moraes et al., 2022; Poursarebani et al., 2020). Our
results show that TB2 and VRS5 both contribute to row-type regulation, but TB2
additionally controls spikelet determinacy, suggesting partial functional
redundancy as well as distinct developmental roles. While in the regulation of
row-type, both VRS5 isoforms bind to the VRS? promoter in the presence and
absence of TB2, the interaction with HvGT1 in the regulation of tillering differs
between the VRS5 isoforms. Binding of TB1 to the HvGT? promoter was
previously shown in a maize in vivo ChlP-Seq experiment (Dong et al., 2019). Like
in maize, HvGT1 in barley is involved in the regulation of tillering, yet the role of
VRS5 in the regulation of HvGT1 was thus far unclear. While our DAP-Seq
experiment showed no binding of VRS5 to the barley HYGT1 promoter, the HVGT1
expression in the vrs5 mutants was significantly reduced. Intriguingly, VRS5a can
only bind the promoter of HvGT1 in complex with TB2, whereas VRS5B cannot.
This suggests that the observed tillering phenotype in vrs5a may be attributed to
distinct interactions of the isoforms. To what extent this mechanism expands
genome-wide remains to be elucidated. Our findings challenge the prevailing
view that architectural traits in cereals are constrained by pleiotropy at key
developmental regulators such as TB1. Demonstrating that vegetative and
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reproductive traits can be uncoupled reveals unexpected modularity in cereal
development. This insight opens new avenues for precision breeding, enabling
the design of ideotypes that combine optimized shoot architecture with
enhanced reproductive output. More broadly, it suggests that even deeply
conserved gene networks, such as for TB1 in Poaceae, may retain functional
plasticity, offering a new perspective on how developmental constraint can be
overcome and how regulatory modules evolve in plant systems.
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Materials & Methods

CRISPR mediated mutagenesis
CRISPR-Cas9 mediated mutagenesis of VRS5, and HvGT1 was performed using

the previously described in-house CRISPR vector system (Winkelmolen et al,,
2025). For each target, three guides were designed (Table S3) and cloned into
an optimized Cas9 scaffold under control of the TaU6 promoter (Dang et al., 2015;
Parry et al,, 2016), available at addgene: ID:231030 - 231033. The final level 2
vector used for in-planta transformation contained the intron-optimized
hygromycin resistance cassette (pICSL11059), the Cas9 expression cassette
(pICSL11056), and three guide RNAs specific for the targeted gene. The
construct was cloned in the hypervirulent Agrobacterium tumefaciens strain AGL1
pSOUP, and used for Agrobacterium-mediated transformation of barley cv.
Golden Promise immature embryos (Hinchliffe & Harwood, 2019). T, plants were
genotyped for CRISPR mutations using the Phire Plant Direct PCR Kit (Thermo
Fisher Scientific) using primers described in Table $3. Amplified fragments were
sequenced directly. For the generation of double mutants, the codon-optimized
Cas9 containing 13 introns and two nuclear localization signals (pAGM47523)
was used (Gritzner et al., 2021) in combination with four guide RNAs; two
targeting VRS5, and two targeting TB2 (Table S3).

Phenotyping
For the phenotyping of the vrs5 mutants, seeds of vrs5, vrs5a-1, vrs5a-2 (Figure

S5A), and Golden Promise (WT) were sown in square 1.3L pots containing soil.
To phenotype the hvgt! mutants, seeds of gti-1, gt1-2, vrs5, tb2-1 (Figure S5A,
S10A), and Golden Promise (WT) were sown in square 1.3L pots containing soil.
For phenotyping of the vrs5tb2 mutants, seeds of two primary transformants and
Golden Promise Fast (WT) were sown in 84-well trays containing soil. To equalize
germination, the pots or trays were kept at 4°C in the dark for 5 days, before
putting them in the greenhouse. Plants were grown in the greenhouse (16h light
21°C, 8h dark 18°C). The plants in the trays were genotyped for VRS5, TB2, and
Cas9 as described above. After genotyping, a selection of plants that are either
vrs5tb2 or vrs5atb2 were repotted in square 1.3L pots containing soil. Also, WT
plants were repotted in the same way. Vrs5tb2 and vrs5atb2 are a mix of plants
that still contain the Cas9 gene and plants that no longer contain the Cas9 gene.
For each round of phenotyping, tiller number per plant was recorded twice a
week until flowering. After harvest, three spikes of each plant, including the main
spike, were measured for spike length and number of rachis nodes. After that,
the individual seeds per spike were scanned using an Epson V850 Pro scanner.
Using ImagedJ, the seed dimensions were analyzed and averaged per spike per
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plant. The total number of seeds of three spikes of a plant was weighed to impute
thousand grain weight (TGW).

Electrophoretic mobility shift assay (EMSA)
EMSA was performed as described (Chapter 2) (Winkelmolen et al., 2025). DNA

probes of 50bp were designed from genomic DNA and synthesized (Biolegio).
Probes were cloned into pGEM-T. The probes were labeled by PCR amplification
using CY5.5-labeled primers. VRS5a CDS was synthesized by changing the ATG
codon in VRS5 coding for a methionine into GCG, making it code for an alanine,
making sure no VRS5B can be formed (Table S$3). VRS58 CDS was cloned into
pDONR201 using primers amplifying from the start codon of VRS5g to the stop
codon (Table S$3). TB2 CDS was cloned into pDONR201 using primers described
(Table S3). CDSs in pDONR201 were cloned into an expression vector under the
SP6 promoter (Jiang et al., 2022). VRS5, VRS5a, VRS58, and TB2 proteins were
prepared using TNT SP6 Wheat germ protein expression system (Promega).
Combination of proteins were prepared by adding identical amount of each
representative plasmid to the expression system. The EMSA binding reaction
was performed for 45 minutes on ice using a binding reaction mixture (1.2mM
EDTA (pH 8.0), 0.25mg/ml BSA, 7.2mM HEPES (pH 7.3), 0.7mM DTT, 60 ug/ml
salmon sperm DNA, 1.3mM spermidine, 2.5% CHAPS, 8% glycerol, 6.6 nmol/ml
single-labelled dsDNA, and 2l of in vitro-synthesized proteins. The mixture was
loaded on a 5% polyacrylamide gel and run in 1x TBE buffer for 180 minutes at
75V. The gels were scanned using a LiCor Odyssey Imaging system at 700nm.
To visualize the free probes, the gels were also scanned after running for 90
minutes, after which the running of the gels was continued.

Phylogenetic analysis of TB1 clade
Protein sequences of TEOSINTE BRANCHED1 (TB1) from maize (Zea mays),

wheat (Triticum aestivum), and barley (Hordeum vulgare), as well as TEOSINTE
BRANCHED2 (TB2) from barley and BRANCH ANGLE DEFECTIVE1 (BAD1) from
maize, were used as input for the blast search in NCBI against 48 plant species
spanning monocots. Gene ID of the input sequences, as well as the target plant
species, can be found in Table S1 and Table S2. As input for the blastp we used
VRS5(HvTB1), ZmTB1, TaTB1-D, AtBRC1, and SiBRC1. Using these sequences
against the NCBI ClusteredNR database (clustered at 90% identity) enables fast
and representative similarity searches while minimizing redundancy. The blast
searches were performed using standard settings which are: Expected
threshold, word size 5, matrix BLOSUM®65, Gap Cost, Existence 11, extension 1,
and conditional compositional score matrix adjustments. All blast hits were
filtered to match records with: percent identity between 60 and 95%, expect
value 1e-6; query coverage between 15 and 100. The barley gene TB1-like was
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added manually, as this gene is not present in the Morex V3 genome.
Subsequently, all partial sequences and duplicates were removed, retaining in
total 105 proteins, from both monocots and dicots, which were aligned using
MUSCLE (R. C. Edgar, 2004). A maximum likelihood phylogenetic tree was
constructed using RAXML (Stamatakis, 2014), as described previously (de Souza
Moraes et al., 2022). As outgroup, the blastp hit from Amborella_trichopoda
(ERN0O5207) was used. An Auto MRE model was used to assess convergence
during bootstrapping, which was met after 400 bootstraps.

Long-read RNA-sequencing alignment

Previously published long-read RNA-sequencing data were used that contain
RNA transcripts of a pool of barley tissues (Coulter et al., 2022). This dataset
was realigned against the cv. Golden Promise reference genome from the barley
pangenome (Jayakodi et al., 2024). Previously published long-read RNA-
sequencing of maize containing RNA transcripts of the maize tassel and ears
was used as well (B. Wang et al., 2016). The reads were realigned against the
NAM 5.0 B73 maize reference genome (Hufford et al., 2021). Raw reads were
aligned using Minimap2 (H. Li, 2018). For visualization of transcripts, IGV was
used (Thorvaldsdottir et al., 2013).

DAP-sequencing TB2

DAP-sequencing of TB2 was performed and the raw data were analyzed as
described before for VRS5 (Chapter 2) (Winkelmolen et al., 2025). The coding
seqguence of TB2 from cv. Bowman was cloned into the pSPUTK vector, where a
3XFLAG tag (pICSL50007) was fused C-terminally. As a negative control,
3XFLAG fused to GFP was used. For both TB2 and the negative control, three
replicates were performed and sequenced.

RNA isolation and quantitative PCR

Seeds of vrs5, vrsba-1, tb2, and WT (cv. Golden Promise), and vrs5tb2 and WT
(cv. Golden Promise fast) were sown in soil in 84-well trays. The trays were kept
at 4°C in the dark for three days to enhance equal germination. After that, the
plants were transferred to a growth chamber under long day conditions (16h
light/8h dark) at 20°C. To score the developmental stages, three plants of each
genotype were dissected under a stereomicroscope using the Waddington scale
(WADDINGTON et al., 1983). Developing inflorescences were sampled at
different stages: double ridge (DR), lemma and stamen primordia (LP/SP), and
awn primordia (AP). Samples were immediately frozen in liquid nitrogen and
stored at -80°C until RNA isolation. vrs5, vrs5a, and their corresponding GP
control were grown together in one experiment, while tb2 and its GP control were
grown separately in a different experiment. Therefore, both GP controls are
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shown, and statistical comparisons were made relative to the GP control used in
each respective experiment. For each developmental stage and each genotype,
three biological replicates were taken, consisting of -~10 developing
inflorescences. RNA extraction and quantitative PCR was performed as
described (Chapter 2)(Winkelmolen et al, 2025). The primers used for
quantitative PCR are described in Table S3.

AlphaFold protein modeling

To get the 3D prediction of the TCP dimers, we used AlphaFold3 (Abramson et
al., 2024), accessed on: 03 June 2025. To include the crystallographic structures
presented in (Y. Zhang et al., 2023) as models onto which to predict the TCPs
protein structure, we set the closest possible date for the retrieval of PDB models
(03 February 2025). The predictions were visualized using ChimeraX v1.9 (Meng
et al,, 2023). The best predictions were selected based on pLDDT and PAE
values. The figures for the paper were obtained using ChimeraX v1.9.
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A novel VRS5 variant untangles pleiotropic effects on barley tillering and rowtype

Figure S1: Phylogenetic analysis of TB1 and BRC1 in monocots and dicots. A) Phylogenetic
analysis of TB1/BRC1. TB1 (green) and BRC1 (blue) homologs based on blastp of Maize, Barley, and
wheat TB1 (ZmTB1, HVWRS5 (HvTB1), TaTB1D) as well as Arabidopsis and Tomato BRANCHED1
(AtBRCH1, SIBRC1). This shows that divergence of the TB1 clade occurred after the monocot/dicot
split. Amborella (red) was used as an outgroup. In black, dicot sequences clustering with BRC1,
AtTCP1 and AtTCP12. Purple: sequences clustering with ZmTIG1 and HvTCP15, Cyan: sequences
clustering with ZmBAD1 and HvTB2, Green: Sequences clustering with VRS5, HvTB1, and OsTB1.
Light green: Triticeae-specific duplication containing HvTB1-like. Brown: Other monocot TCPs
diverged after the monocot dicot split. Dark blue, dicot and monocot TCPs that are not in the BRC1
or TB1 clades. Convergence was met after 400 bootstraps, based on a AutoMRE model. The tree
was generated using RaXML and visualized in Geneious prime. B) Protein sequence consensus motif
of the TCP-domain of all TCPs in the tree. C) Protein consensus motif of the R-domain of all TCPs in
the tree.
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Figure S2: Conservation of the R-domain and SP-domain in monocot CYC/TB1 TCPs A) protein
alignment of the R-domain of the grass-specific clade of CYC/TB1 TCPs. B) Protein alignment of the
SP-domain, only present in the sub-clade containing VRS5, ZmTB1 and OsTB1.
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1 ZmTB1 (Zm00001eb054440)

Figure S3: Long read sequencing of maize shows two TB1 isoforms. Long read RNA sequencing
data of maize B73 (B. Wang et al., 2016) was re-analyzed and mapped against ZmTB1 from maize
NAMS5.0 (Hufford et al., 2021). The dashed green lines represent the location of the start codon and
transcriptional start site (TSS) of ZmTB1a and ZmTB1B respectively, showing a schematic overview
of the two TB7 isoforms and their corresponding coding sequences (CDS).
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A VRS5a B
‘L\

4 VRS5B D VRS58

Model confidence

M Very high (pLDDT > 90)

[ Confident (90 > pLDDT > 70)
Low (70 > pLDDT > 50)

M Very low (pLDDT < 50)

Figure S4: Alphafold-based predictions of the 3D structure of VRS5 isoforms. A+B) VRS5a
heterodimer binding to DNA from the A) front and B) top and C+D) VRS5B heterodimer binding to
DNA from the C) front and D) top. Color of the protein structure is based on the model confidence
(pLDDT), showing that in both cases the TCP domain, forming several alpha helices coupled by small
loops and binding the DNA is predicted confidently. Other parts of the proteins are predicted with
low confidence.
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Figure S5: Mutations of created CRISPR mutants of A) VRS5 and B) TB2
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Figure S6: Plant height and flowering time of vrs5 and vrs5tb2 double mutants. Plots of A) plant
height, B) days to flag leaf emergence, and C) days to heading of vrs5, vrs5a-1, vrs5a-2, and WT (cv.
Golden promise). Plots of D) plant height, E) days to flag leaf emergence, and F) days to heading of
vrs5tb2, vrs5atb2, and WT (cv. Golden Promise Fast). Different letters indicate significant (p < 0.05)
differences between the lines calculated using one-way ANOVA followed by Tukey’s HSD (A) or
Kruskal-Wallis test followed by Dunn’s to adjust for multiple testing (B,C,D,E,F). n = 12 biological
replicates.
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Figure S7: Detailed spike phenotype of vrs5 isoform mutants A) Spike images of vrs5, vrs5a-,
vrs5a-2, and wildtype (cv. Golden Promise). Plot of B) spike length and C) number of rachis nodes of
vrs5, vrsba-1, vrs5a-2, and wildtype (cv. Golden Promise); and vrs5tb2, vrs5atb2, and wildtype (cv.
Golden Promise fast). n = 12 biological replicates. D) Plot of average lateral spikelet area of ten non-
developed sterile lateral spikelets of six plants of the two-rowed lines vrs5a-1, vrs5a-2, and wildtype
(cv. Golden Promise). n = 6 biological replicates. Asterisks indicate statistical differences between
the mutant lines and their respective wild type. (****: p < 0.0001), calculated using Kruskal-Wallis test
followed by Dunn’s to adjust for multiple testing.
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Figure S8: Detailed central spikelet phenotype of vrs5 isoform mutants A+B) Pictures of ten
central spikelets of vrs5, vrs5a-1, vrs5a-2, and wildtype (cv. Golden Promise); and vrs5tb2, vrs5ath2,
and wildtype (cv. Golden Promise fast). Plots of central spikelet (CS) C) width, (D) length, (E) Area,
and (F) thousand grain weight (TGW) of vrs5, vrs5a-1, vrs5a-2, and wildtype (cv. Golden Promise); and
vrs5tb2, vrs5atb2, and wildtype (cv. Golden Promise fast). Asterisks indicate statistical differences
between the mutant lines and their respective wild type. (***: p < 0.001, ****: p < 0.0001), calculated
using D) Kruskal-Wallis test followed by Dunn’s to adjust for multiple testing, or C,E,F) One-way
ANOVA followed by Tukey’s HSD to adjust for multiple testing. n = 12 biological replicates.
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Figure S9: Full EMSA gels. Full EMSA gels of VRS5 isoforms and TB2 binding to an infrared-labeled
DNA probe in the A+C) VRS1 promoter or B+D) GT1 promoter after running for A+B) 1.5h and C+D)

3h.
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Figure S10: Spike phenotype of HYGT1 mutants A) overview of created CRISPR mutants of HVGT1.
B) representative spikes of gt1-1, gt1-2, and WT (cv. Golden Promise). Plots of C) spike length, D)
number of rachis nodes, E) rachis nodes density, and F) grain area of gt1-1, gt1-2, and WT (cv. Golden
Promise). G) Pictures of ten grains of gt1-1, gt1-2, and WT (cv. Golden Promise) as representation of
grain length. H) plot of grain length of gt1-1, gt1-2, and WT (cv. Golden Promise). 1) Pictures of ten
grains of gt1-1, gt1-2, and WT (cv. Golden Promise) as representation of grain width. Plots of J) grain
width and K) thousand grain weight (TGW) of gt1-1, gt1-2, and WT (cv. Golden Promise). Different
letters indicate significant (p < 0.05) differences between the lines calculated using one-way ANOVA
followed by Tukey’s HSD (C, E, F, H) or Kruskal-Wallis test followed by Dunn’s to adjust for multiple
testing. n = 19 biological replicates.
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Supplementary Tables

All supplementary tables are available on:
https://doi.org/10.5281/zenodo.17157733 or can be send by the authors upon
request

Table S1: Species used for blastp of TB1 (Zea mays), VRS5 (Hordeum vulgare),
TB-D1 (Triticum aestivum), BRC1 (Arabidopsis thaliana), and BRC1 (Solanum
lycopersicum)

Table S2: Protein IDs and sequences from NCBI used in phylogenetic analysis

Table S3: oligonucleotides used in this study

100









SOC1-like acts downstream
of VRS1 and VRS5 in lateral
spikelet development

Ton Winkelmolen
Pierangela Colleoni
Marijke Hartog
Richard G. H. Immink
G. Wilma van Esse

Manuscript in preparation



Chapter 4

Abstract

VRS1 is an HD-ZIP transcription factor and key regulator of row-type in barley.
Knockout mutations of VRST lead to six-rowed barley spikes, where the lateral
spikelets are fertile and develop into seeds. A different VRST allele, Vrsi.t, leads
to an opposite phenotype, namely the extreme suppression of the lateral
spikelets, known as the deficiens phenotype. In this study, we identified the
genome wide binding sites of barley VRS1 and identified its consensus binding
sequence. In combination with RNA-seq of barley having the Vrsi.t allele in
comparison to WT, we identified potential direct VRS1 targets. One of these
targets is SOC1-like, which was previously also found as direct target of VRS5.
Here we show that a frame shift mutation in SOC7-like was highly selected for in
six-rowed barley. Knock-outs of SOCT-like in barley showed smaller lateral
spikelets compared to the two-rowed WT, a phenotype similar to deficiens. All
together, we showed that SOCf7-like is a new important player for lateral spikelet
development downstream of VRS1 and VRS5.
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Introduction

Spike architecture in temperate cereals is an essential yield component that was
targeted during domestication. In barley (Hordeum vulgare subsp. vulgare), one
of the most profound features that governs differences in spike architecture is
the development of the triple floret meristem. Elite barley cultivars exist in two
groups: either six-rowed or two-rowed. In six-rowed varieties, each floret within
the triple floret meristem develops into a grain, while in the two-rowed varieties,
only the central spikelet is fully fertile and develops into a grain. So far, five
different loci, collectively called the VRS genes, are involved in controlling the
row-type phenotype, namely VULGARE ROW-TYPE SIX 1 (VRS1), VRS2, VRS3,
VRS4 and VRS5. Remarkably, all VRS loci, except VRS3, code for transcription
factors (TF): VRS? encodes a HD-ZIP TF, which is functionally conserved in
wheat; VRS2 encodes a SHORT INTERNODES (SHI) transcriptional regulator;
VRS4, encodes a LATERAL ORGAN BOUNDARY TF and is homologues to maize
RAMOSAZ2 (RA2); and VRS5, which is an ortholog of TEOSINTE BRANCHED 1
(TB1), encodes a class Il TCP TF (Komatsuda et al., 2007; Koppolu et al., 2013;
Ramsay et al., 2011; van Esse et al., 2017; Youssef, Eggert, et al., 2017). The VRS
network suppresses the development of the lateral spikelets. VRS1 is the most
downstream component, where reduced expression, or loss of function, of VRS1
results in the development of lateral spikelets. Within the VRS network, only VRST
and VRS5 harbor naturally occurring allelic variation that affects spike row-type
in cultivated barley populations (Komatsuda et al., 2007; Ramsay et al., 2011,
Youssef, Mascher, et al., 2017). For example, six-rowed varieties carry distinct
VRST1 haplotypes not typically found in wild barley (H. spontaneum), indicating
that VRST1 was targeted during domestication for its role in spike development
(Komatsuda et al., 2007). Six-rowed barley varieties arise through independent
loss-of-function mutations (e.g. Vrs1.a) that restore lateral spikelet fertility and
diversify spike morphology (Figure 1)(Komatsuda et al., 2007). While the
ancestral Vrs1.b allele maintains the canonical two-rowed phenotype found in
traditional landraces, several derived alleles have reshaped row-type diversity
and influenced breeding trajectories. Among these is the deficiens phenotype,
characterized by an extreme suppression of the lateral florets resulting in
enlarged central grains (Figure 1)(Sakuma et al., 2017). The deficiens phenotype
is caused by the Vrsit alleles, which consist of two independent non-
synonymous SNPs in a serine-rich motif in VRS1. The different SNPs cause a
change of different serines into a different amino acid. Vrs1.t alleles have become
dominant in modern two-rowed European cultivars (Sakuma et al., 2017). The
architecture of the spike is thus, for a large part, governed by allelic variation at
the VRST1 locus (Figure 1).
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Despite the importance of the VRS7 gene in the regulation of lateral floret
outgrowth, there is limited knowledge on the molecular mode of action of VRS1.
VRS1 belongs to the HD-ZIP transcriptional regulators, which bind to the DNA to
regulate expression of their downstream targets, but little is known about the
protein-DNA interactions of VRS1. In this study, we performed a DNA affinity
purification followed by sequencing (DAP-seq) to determine the core binding
motif of VRS1. Using this, we also extracted genes that are potential downstream
targets of VRS1. To gain a better understanding of the suppression of the lateral
florets, as observed in the deficiens lines, we compared the potential VRS1 target
loci to a list of differentially expressed genes in the deficiens line (Vrs1.t2). One of
the genes that was identified as a potential VRS1 target and differentially
regulated was SOCT-like. We show that CRISPR mutants in SOC71-like have a
decreased lateral spikelet size, similar to deficiens. Next to that, mutations in this
locus were co-selected in six-rowed barley varieties. Together, this work provides
new insights into the targets of VRS1, a core regulator of spike development, and
identified SOC1-like as the most downstream regulator acting in this regulatory
network.

indeterminate

= spikelet shape
v : deficiens canonical  sjx-rowed
(deter@ ‘ two-towed central spikelet
{
' Y
| A4 \ 4 kj O lateral spikelet
i Vrs1.t Vrs1.b Vrs1.a

spike

Figure 1: Spike phenotypes of vrs1 alleles. The barley spike is indeterminate, while the spikelets are
determinate. The spikelets have a triple floret meristem, where the outgrowth of the lateral florets is
mostly determinant for the spike architecture. The VRST alleles influence the outgrowth of these
lateral florets and grains. Allelic variation within VRS1 was selected for in spikelet architecture with:
Vrsi.t, giving rise to the deficiens two-rowed phenotype, characterized by an extreme suppression of
the lateral florets and an enlarged central floret; Vrsi1.b, correlating with the canonical two-rowed
varieties with moderate development but of the lateral florets, but infertile; Vrs1.a, with fully developed
and fertile lateral florets.
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Results

VRS1 binds to a core ATNATTG motif

VRS1 (HORVU.MOREX.r3.2HG0184740) is a homeobox transcriptional regulator,
which binds to the DNA to regulate the expression of downstream genes.
However, the core binding motif of VRS1, which determines its DNA binding
specificity, has not yet been characterized. To identify the core binding motif of
VRS1 and potential direct VRS1 target loci, we performed DNA affinity purification
followed by sequencing (DAP-seq)(Bartlett et al., 2017). DAP-Seq libraries were
generated using DNA from barley apical meristems, as described previously
(Winkelmolen et al., 2025); Chapter 2). FLAG-tagged VRS1 (Vrs1.b) served as
bait, while FLAG-tagged GFP, lacking specific DNA-binding activity, was used as
a negative control. Genomic regions significantly enriched in VRS1over GFP were
defined as binding peaks. Applying an adjusted p-value threshold (<1e-5) yielded
13945 peaks (Table S1). Motif discovery analysis was performed on all identified
peak sequences to uncover short overrepresented DNA-sequences. The most
enriched motif found was AATWATTGK, present in 49.2% of the peaks (Figure
2A) and was tightly centered around the peak summits (Figure 2B), suggesting
it represents the DNA sequence recognized by VRS1. Other identified, enriched
motifs contained a shorter but overlapping ATNATTG motif (Figure 2C). This
closely mirrors the pseudo-palindromic sequence CAAT(G/C)ATTG, which was
previously identified as core binding motif of HD-ZIP transcription factors in the
model plant Arabidopsis (Sessa et al., 1993). To understand which sequences are
present in the half of the peaks that do not contain the most enriched motif, we
performed again motif discovery analysis on the peaks not containing this motif.
This analysis revealed that these peaks contain a core ATYATYG motif (Figure
S1A), which is slightly less specific. Of all the peaks identified, ~30% were found
within 15kb of a gene (Figure 2D, Table S1). To identify if there are differences in
the enriched DNA motifs found in the peaks within 15kb and the peaks that are
distal intergenic, we did motif enrichment for both sets of peaks separately. No
clear difference was found in the most enriched motif in the distal intergenic
peaks and peaks within 15kb of a gene (Figure S1B). Taken together, we
identified the ATNATTG motif as the core consensus binding sequence that is
recognized by VRS1.
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Figure 2: VRS1 binds to a core ATNATTG motif. A) Most enriched sequence logo in the VRS1-bound
DAP-seq peaks, identified using STREME. B) The position of the motif shown in A relative to the
center of the VRS1 DAP-seq peak as a probability percentage of bins of 20 bp. C) Second and third
most enriched sequence logo in the VRS1 bound DAP-seq peaks, identified using STREME. D)
Genomic distribution of all the VRS1 DAP-seq peaks.

VRS1 target genes are involved in chromatin and heterodimerization

Our DAP-Seq analysis revealed the core binding motif and genomic regions that
are bound by VRS1. To identify potential direct target genes, we compared the
list of loci with upstream or downstream VRS1-bound regions (Table $1), with a
list of differentially expressed genes in the deficiens Vrsi.t2 mutant, generated
based on reanalysis of publicly available RNA-seq data (Sakuma et al,
2017)(Table S2). The exact SNP in the Vrsi1.t2 allele causes a change from a
serine into a glycine in a serine-rich region in the C-terminal part of the VRS1
protein. The stretch of serines are hypothesized to be phosphorylated resulting
in a more stable and longer-active VRS1 protein, and therefore, extreme
suppression of lateral spikelets (Sakuma et al., 2017). Based on this hypothesis,
we assume that Vrs1t2 is an overactive protein, that upon binding results in
enhanced regulation of its targets, which either can mean a higher or lower
expression of the targets compared to WT. Note that the genes differentially
regulated in deficiens are, either directly or indirectly regulated by VRS1. We
reanalyzed the RNA-seq data (Sakuma et al., 2017) using the MorexV3 reference
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transcriptome (Mascher et al., 2021). In total, 1255 differentially expressed genes
with an FDR < 0.05 and a |LFC| < 0.58 were found (Table S2). Of these, 823 were
upregulated in deficiens, while 432 were downregulated compared to WT. In the
upregulated genes most enriched GO-terms are “structural constituent of
chromatin” and “protein heterodimerization activity” (Figure S2A). In the
downregulated genes, the most enriched GO-terms are “sequence-specific DNA
binding” and “microtubule binding” (Figure S2B). These results corroborate
previous findings (Sakuma et al., 2017).

Of the genes that are differentially regulated in deficiens, 64 also have a VRS
DAP-peak within 15 kb of their gene body (Table $3), and are considered
potential VRS1 targets. Of these genes 18 were downregulated in deficiens, while
the remaining 46 were upregulated in deficiens. Of the total 64 potential VRS1
targets, the most enriched GO-terms are “structural constituent of chromatin”
and “protein heterodimerization activity” (Figure S2C), which are similar to the
downregulated genes in deficiens.

SOCf1-like is regulated by VRS1and VRS5 and one of its haplotypes is strongly
selected for in six-rowed barley

VRST1 is a direct target of the TCP TF VRS5 in barley (Winkelmolen et al., 2025).
In analogy, in Arabidopsis it has been found that the three closely related HD-ZIP
genes HB21, HB40, and HB53 are direct targets of the TCP TF BRCH1, and
together these TFs regulate genes inhibiting axillary branching (Gonzalez-
Grandio et al., 2017). Given this similarity, we hypothesized that identifying genes
co-targeted by VRS1 and VRS5 could reveal relevant and conserved targets for
controlling lateral spikelet suppression.

We therefore compared the 64 VRS1 targets, which are differentially regulated in
deficiens (Vrs1.t2) with the bona fide targets of VRSS5. In total, there were seven
genes that are targeted by VRS1 and differentially regulated in deficiens, and also
amongst the bona fide VRS5 targets (Table S4). Interestingly, one of the seven
genes is SOCT-like (HORVUMOREX.r3.1HG0054220, also referred to as
HvVMADSS56), in which variation was previously correlated with lateral spikelet
development (Sayed et al,, 2021). SOCT7-like is downregulated in deficiens and
has a VRS1 binding peak in its first intron (Figure 3A). To better understand how
SOC1-like is related to other SOC1 and SOC1-like proteins, a phylogenetic
analysis was done on both monocot and dicot proteins similar to barley SOC1-
like. The analysis showed that the duplication resulting in barley SOC1and SOC7-
like emerged after the monocot-dicot split (Figure S3). More specifically, there is
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a grass-specific duplication resulting in SOC? and SOCT-like. Barley SOC1
clustered together with OsMADS50, of which an RNAi mutant causes late
flowering (Lee et al., 2004). Barley SOCi-like clustered with OsMADS56,
corroborating previous reports (Kuijer et al., 2021). SOC1-like is expressed during
inflorescence development mainly in the lateral spikelets (Figure S4), pointing
towards a more specific role for SOC1-like in these organs. To assess if variation
in SOC1-like was co-selected during domestication, we reanalyzed existing
exome data of 389 two-rowed and six-rowed barley cultivars and landraces
(Bustos-Korts et al., 2019). There were three variants found at the SOC1-like
locus in this dataset with an allele frequency higher than 0.05 (Figure 3B). The
first variant is a synonymous A/C SNP, not resulting in a change in amino acid in
the protein. The second variant is an intronic SNP, which has no effect on the
protein, but might have implications on gene expression, as the first intron in
MADS-box TFs is important for their expression (Fu et al., 2005; Hussain et al.,
2019; Jeon et al., 2008; Schauer et al., 2008, 2009). This intronic SNP is outside
the VRS1 binding peak observed in the first SOCT1-like intron (Figure 3A). The
third variant is a 1bp deletion, that would result in a frameshift, causing an early
stop codon (Figure 3D). Next, we investigated the distribution of the haplotypes
among the two-rowed and six-rowed barley lines. Interestingly, the six-rowed
barleys in this dataset have almost exclusively haplotype 1 (Hap1), which contains
the 1bp deletion causing an early stop codon (Figure 3C). Structural analysis
using AlphaFold of this protein variant, reveals that the MADS-domain, I-domain
and the first alpha-helix of the K-box are structurally predicted to be still intact
(Figure S5). The MADS-domain binds to the DNA, while the | and K-domain are
important for dimerization (Kappel et al., 2023; Lai et al., 2019). Presence of these
domains might suggest that both proteins translated by Hap1 and Hap2 are
(partly) functional. Previously, it was shown that six-rowed barleys contain strong
selection for Vrs1a and Vrs5.a (also referred to as Int-c.a) (Komatsuda et al.,
2007; Ramsay et al., 2011). Our results show that in six-rowed barleys Hap1 of
SOCt-like is co-selected together with Vrs1.a and Vrs5.a. Genetically these loci
are all on different chromosomes, so co-selection because of linkage would be
unlikely. This suggests that Hap1 of SOCT7-like has a crucial beneficial effect in
six-rowed barley.
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Figure 3: Haplotype analysis of HvSOC1-like. A) DAP-seq of VRS1 at the SOC7-like locus. The green
bar indicates a peak significantly enriched compared to WT. Beneath the SOCf7-like gene is
represented, with blue boxes indicating exons and lines with arrows indicating introns. B) Schematic
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distribution of haplotypes shown in A over two-rowed and six-rowed barley variants. D) schematic
overview of the SOC1-like protein domains identified by Prosite and protein alignment of the protein
sequence of SOC1-like of 1) cv. Golden Promise containing haplotype 1 (Hap1) and 2) cv. Morex
containing haplotype 2 (Hap2), showing the termination of the SOC1-like protein in the K-box in the
protein sequence of cv. Morex.
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SOC1-like regulates suppression of the lateral florets

Being a potential direct target of VRS1and VRS5, having expression in the lateral
spikelets, and the existence of strong selection for a specific mutation in SOCT-
like in six-rowed barleys, all point to an important role for this gene in lateral
spikelet development. To test this hypothesis, we generated CRISPR mutants
targeting SOCT-like. To understand the phenotype of the soc1-like mutants, we
grew two independent lines, socl-like_1 and socl-like_2, which are homozygous
or biallelic mutants of SOC7-like (Figure S6A), together with the wild type line
Golden Promise Fast. Interestingly, lateral spikelet area is significantly reduced in
both soc1-like lines (Figure 4A-C). While the average lateral spikelet area in WT
is 0.043 + 0.004 cm?, the lateral spikelets in the soc7-like_1 and soc-like_2 were
respectively 0.026 + 0.002 cm? and 0.027 + 0.004 cm?. The observed reduction
in lateral spikelet area is caused by a reduction in both length and width (Figure
4A-E). Such suppression of the lateral spikelets was also observed in deficiens
(Sakuma et al., 2017). In deficiens, the size of the central spikelets is increased
compared to WT. We therefore also measured the central spikelet size in the
soct-like mutants. We observed a minor, but significant increase in central
spikelet size, in soc1-like_2 in both width and length, while this phenotype was not
observed in soc1-like_1 (Figure S6E,F,G). No difference in thousand grain weight
(TGW) between soct-like lines and WT was observed (Figure S6H). In vrs1 and
vrs5 mutants, the spikes are shorter compared to WT (Liller et al., 2015; Zwirek
et al,, 2019). The socT-like mutants did not have a significant difference in spike
length and number of rachis nodes when compared to the wild type lines (Figure
S6B,C). However, the density, the number of rachis nodes per cm of spike, was
significantly decreased in both soc?-like lines (Figure S6D). Constitutive high
expression of the rice ortholog of SOCT-like, OsMADS56, resulted in delayed
flowering (Ryu et al., 2009), and therefore, we also phenotyped the flowering
time. Concerning this trait, our knock-out mutants did not show a difference
compared to WT (Figure S6l).

Taken together, we identified SOCT-like as a de novo target of both VRS1 and
VRS5, and as regulator of lateral spikelet development.

112



SOCI1-Like acts downstream of VRS1 and VRS5 in lateral spikelet development

Dos a a b E 3 b 2
g 4 BY
= =0.075 )l
806 @ § (88>
< £
j=2] kel
@
B B 0.050
T 04 £
1 =
s ©
= o
3 02 ® 0.025
0 0
A v & A v A 9 Q
o @ X & gl &8 LY SN
MM N\ MM I\ W N\
0’\ 0'\' o’\ o’\' 0’\ 0'\'
Y Y ey Y < ey

Figure 4: soc1-like mutant lines show decreased lateral spikelet size. A) spikes of soc1-like_1, soc1-
like_2, and WT (cv. Golden Promise Fast). B) Zoomed-in image of soc1-like_1, soc1-like_2, and WT (cv.
Golden Promise Fast) spikes, where in the bottom panel the lateral spikelets are colored pink for
better visualization. C) Lateral spikelet area, D) lateral spikelet length, and E) lateral spikelet width of
soct-like lines and WT (cv. Golden Promise Fast). The colored dots indicate the average per plant,
with n = 12 plants for each. Different letters indicate significant (p < 0.05) differences between the
lines, calculated using ANOVA followed by TukeyHSD (D+F), or Kruskal-Wallis followed by Dunn’s (E).
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Discussion

Row-type is a major architectural trait in barley. A major player in this is VRS1,
which represses lateral spikelet development when active. When VRS1 is non-
functional, the lateral spikelets do develop and form grains. Despite its
importance in the regulation of row-type, the molecular mode of action of VRS1
is largely unknown. As an HD-ZIP class | TF, VRS1 can bind DNA and regulate
downstream targets. Here, we showed using DAP-seq that VRS1 binds to the
core consensus motif ATNATTG. This is similar, but shorter than the pseudo-
palindromic repeat CAATNATTG previously described as an HD-ZIP binding
motif in Arabidopsis, based on random-sequence DNA (Sessa et al., 1993). More
recently, using DAP-seq, the preferred binding motif of several Arabidopsis HD-
ZIP class | TFs was found to be AATNATTN (W. Chen et al., 2025). This shows
that HD-ZIP class | TFs bind similar but not identical DNA sequences.

Opposite to the six-rowed phenotype of the Vrs1.a alleles, a different set of VRS?
alleles, Vrsi.t, is responsible for the deficiens phenotype, where there is extreme
suppression of the lateral spikelets (Sakuma et al., 2017). The deficiens mutants
are all affected in a serine-rich region in the C-terminal part of the VRS1 protein,
which is supposed to result in hypophosphorylated VRS1 proteins. However, the
actual hypophosphorylation of Vrsit and its assumed effect on VRS1 protein
stability have never been proven. We assumed that Vrs1.t2 is overactive on the
native targets, but we cannot exclude that this VRS1 variant binds other targets,
or is incorporated into different protein complexes compared to the functional
Vrsi.b variant. In this respect, a comparison of the DAP-seq of VRS1 with an RNA-
seq of a vrs1 knockout would be better to identify bona fide direct VRS1 targets.
Nevertheless, we believe that the analysis of the deficiens Vrs1.t2 RNA-seq
resulted in biological relevant information, as among the overlap with the VRS1
DAPseq data was SOCT1-like. Previously, resequencing of several MADS-box TFs
in deficiens and semi-deficiens barley lines revealed the presence of mutations
in SOCT1-like, also referred to as HYMADS56 (Sayed et al., 2021). In our analysis
of soct-like mutant lines, we did observe a reduction in lateral spikelet size
compared to WT, confirming that SOCT7-like is important for lateral spikelet
development. This phenotype is in line with the observation that SOCf1-like is
downregulated in the Vrs1.t2 deficiens mutant. Hence, this extreme suppression
can be useful for two-rowed barley lines. Surprisingly and counterintuitively, we
found that almost all six-rowed barleys have a frameshift mutation of SOC71-like,
resulting in an early stop-codon in the region coding for the K-box. This truncated
protein, when formed, still contains the DNA binding MADS domain and the first
alpha helix of the K-box important for MADS domain protein dimerization (Lai et
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al., 2019). This suggests that this specific SOC1-like variant is still functional or
even represents a gain-of-function isoform. At first glance, the fact that this exact
mutation is also present in some deficiens and semi-deficiens lines (Sayed et al.,
2021) seems to contradict this reasoning. However, in the deficiens mutants,
there is a strong downregulation at the transcriptional level of the SOC1-like gene.
Alternatively, the truncated SOCT-like allele is non-functional, and a knock-out of
HvSOCT-like behaves differently in a six-rowed background compared to a two-
rowed background. Combining the soc?-like null mutant alleles with vrs1 and/or
vrs5 might be a good starting point to shed light on this.

Together, we found that VRS1 binds an ATNATTG motif and directly targets
HvSOCt-like. HYSOCT-like is important for lateral spikelet development, as a
knock-out results in extreme suppression of lateral spikelets in a two-rowed
background. Haplotype analysis showed that a specific mutation in HvSOC1-like
is co-selected in six-rowed barleys, suggesting that this variant has an
agriculturally desirable effect in six-rowed barley backgrounds.
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Materials & Methods

DAP-seq

DAP-sequencing of VRS1 was performed and the raw data were analyzed as
described before for VRS5 (Chapter 2) (Winkelmolen et al., 2025). The coding
sequence of VRS1 from cv. Bowman (Vrs1.b) was cloned into the pSPUTK vector,
where a 3xFLAG tag (pICSL50007) was fused C-terminally. As a negative
control, 3xFLAG fused to GFP was used. For both VRS1 and the negative control,
three replicates were performed and sequenced.

RNA-seq analysis

Raw published RNA-seq reads of deficiens and WT (cv. Foma) with accession
number DRA005563 were downloaded from the DDBJ sequence read archive
(Sakuma et al., 2017). Raw reads were trimmed using Trimmomatic 0.39 (Bolger
et al, 2014). Transcripts were quantified with the MorexV3 transcriptome as
reference (Mascher et al., 2021) using salmon v1.8.0 (Patro et al., 2017) using
standard settings. Differential gene expression between deficiens and WT was
calculated using the R package DESeqg2 (Love et al., 2014). Genes were
considered differentially expressed when the false discovery rate (FDR) < 0.05
and the absolute log2 fold change was more than 0.58.

Phylogenetic analysis of SOC1-like

Phylogenetic analysis of SOC1-like was done as described (Chapter 3). Protein
sequence of HvSOC1-like was used in the blast search. Gene ID of the input
sequences, as well as the target plant species, can be found in Table S5 and
Table S6. In total, 100 protein sequences, from both monocots and dicots, were
aligned using MUSCLE (R. C. Edgar, 2004). A maximum likelihood tree was
constructed using RAXML, using 100 bootstraps (Stamatakis, 2014).

Identification of variants and haplotype analysis

Sequenced exome data and metadata were retrieved from the Plant Genomics
and Phenomics Research Data Repository with reference number
10.5447/IPK/2019/5 (Bustos-Korts et al., 2019). Raw reads were trimmed using
Trimmomatic 0.39 (Bolger et al., 2014) using the adapters described in Table S4.
All paired reads were aligned to the barley MorexV3 reference genome (Mascher
et al.,, 2021) using bwa (H. Li, 2013). For the variant calling GATK pipeline was
used (McKenna et al., 2010). Because the GATK toolkit can only handle
chromosomes smaller than 500MB, each chromosome is split in two at the
centromere. After variant calling per sample using GATK function
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HaplotypeCaller, the files were combined using the GATK function
GenomicsDBImport. For each split chromosome, so 14 in total, the genotypes
are combined into one vcf using the GATK function GenotypeGVCFs. From this
file, the variants in the SOCT7-like gene +- 5000bp with an allele frequency higher
than 0.05 were selected, resulting in three variants. These variants were further
analyzed in R using the package geneHapR (R. Zhang et al., 2023).

AlphaFold protein modeling

To get the 3D prediction of the SOC1-like haplotypes, we used AlphaFold3
(Abramson et al, 2024), accessed on: 15 September 2025. The protein
sequences used are from Golden Promise, representing Hapl; and Morex,
representing Hap2. The protein sequences were retrieved from the panBARLEX
web portal (Jayakodi et al, 2024). The predictions were visualized using
ChimeraX v1.9 (Meng et al., 2023). The best predictions were selected based on
pLDDT and PAE values.

CRISPR mediated mutagenesis of HvSOC1-like

CRISPR-Cas9-mediated mutagenesis of HYSOCT-like was performed using the
previously described in-house CRISPR vector system (Winkelmolen et al., 2025).
Three guides were designed (Table S4) and cloned into an optimized Cas9
scaffold under control of the TaU6 promoter (Dang et al., 2015; Parry et al., 2016),
available at addgene: ID:231030 - 231033. As Cas9 enzyme, the codon-
optimized Cas9 containing 13 introns and two nuclear localization signals
(pAGM47523) (Gritzner et al, 2021) under control of the maize Ubiquitin
promoter was used. The final level 2 vector used for in-planta transformation
contained the intron-optimized hygromycin resistance cassette (pICSL11059),
the Cas9 expression cassette as described above, and three guide RNAs
specific for HvSOCT-like. The construct was cloned into the hypervirulent
Agrobacterium tumefaciens strain AGL1 pSOUP, and used for Agrobacterium-
mediated transformation of barley cv. Golden Promise fast immature embryos
(Hinchliffe & Harwood, 2019). T, plants were genotyped for CRISPR mutations
using the Phire Plant Direct PCR Kit (Thermo Fisher Scientific) and the primers
described in Table S4. Amplified fragments were sequenced directly.

Phenotyping

To phenotype the soct-like mutants, seeds of soct-like_1, soci-like_2, and cv.
Golden Promise fast (WT)(Gol et al., 2021) were sown in square 0.5L pots
containing soil. To equalize germination, the pots were kept at 4°C in the dark
for 4 days, before putting them in a growth chamber, where the plants were
grown to maturity (16h light 21°C, 8 h dark 20°C). Flowering time was scored.
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Plants were harvested 12 weeks after emergence. Spike length and number of
rachis nodes were measured for two spikes per plant, including the main spike.
Of these spikes, the individual seeds, from the central spikelets and the
undeveloped lateral spikelets were scanned using an Epson V850 Pro scanner.
Using ImageJ, grain and lateral spikelet dimensions were analyzed and averaged
per spike per plant. The total number of seeds of both spikes of a plant was
weighed to impute thousand grain weight (TGW).
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Supplementary Figures
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Figure S1: Enriched sequence motifs. A) Most enriched motif in all the VRS1 peaks that do not
contain the most enriched motif presented in Figure 2A. B) Most enriched motif in all the VRS1 peaks
within 15 kb of gene. C) Most enriched motif in all the distal intergenic VRS1 peaks.
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A GO enrichment of genes upregulated in deficiens
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Figure S2: Enriched GO terms in A) genes upregulated in deficiens compared to WT, B) genes
downregulated in deficiens compared to WT, and C) genes differentially expressed in deficiens
compared to WT and having a DAP-seq peak of VRS1 within 15 kb of the gene body.
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Figure S3: Phylogenetic tree of SOC1 and SOC1-like proteins in monocots and dicots.
Analysis based on protein sequences similar to barley SOC1 and SOC1-like using blastp.
The tree was generated using RaXML and visualized in Geneious prime.
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SOC1-like (HORVU.MOREX.r3.1HG0054220)
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A SOC1-like (Hap1)

B

Model confidence
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SOC1-like (Hap2)
MADS

Figure S5: Alphafold-based predictions of the 3D structure of SOC1-like proteins translated by
the different haplotypes. A) SOC1-like from cv. Golden Promise representing Hap1. The protein
contains the MADS-domain, consisting of an alpha helix and a two-stranded beta sheet; The I-
domain, consisting of one alpha helix; and the K-box, consisting of one shorter and one longer alpha
helix. B) SOC1-like from cv. Morex representing Hap2. The protein contains the MADS-domain,
consisting of an alpha helix and a two-stranded beta sheet; The I-domain, consisting of one alpha
helix; and the shorter alpha helix from the K-box. Structural domains are indicated as described

(Kappel et al., 2023).
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Figure S6: Detailed spike measurements soc1-likes. A) schematic overview of the mutations in lines
soct-like_1 and soc?-like_2 in the first exon of HYSOC1-like. Plants in each line are either homozygous
for one of the two mutations shown or biallelic. Plots of B) spike length, C) rachis nodes, D) spike
density, E) grain area of the central spikelets, F) grain length of the central spikelets, G) grain width
of the central spikelets, H) thousand grain weight (TGW) of the central spikelets, and 1) days until
heading in days after emergence (DAE) of soc?-like_1, soc1-like_2 and WT (cv. Golden Promise Fast).
Different letters indicate significant (p < 0.05) differences between the lines, calculated using ANOVA
followed by TukeyHSD (B,C,E,F,G,H), or Kruskal-Wallis followed by Dunn’s (D+l).
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Supplementary Tables

All supplementary tables are available on
https://doi.org/10.5281/zenodo.17157733 or can be send by the authors upon
request

Table S1: DAP-sequencing peaks of VRS1 and their location and annotation in
the genome (MorexV3)

Table S2: DESEQ2 results of the reanalysis of DRA005563 (Sakuma et al., 2017)

Table S3: list of genes that have a VRS1 DAP-peak within 15 kb and are
differentially expressed in deficiens

Table S4: Oligonucleotides used in this study
Table S5: Species used in the blastp of SOC1-like (Hordeum vulgare)
Table S6: Protein IDs and sequences from NCBI used in phylogenetic analysis

Table S7: Genes that are both bound and regulated by VRS5 and VRS1
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Chapter 5

Abstract

Background
CRISPR-Cas-based genome editing has become a routine and powerful tool in

plant biology, mainly for the generation of knock-outs. Numerous strategies for
optimal guide RNA expression, efficient vector delivery, and multiplexing have
been described in literature, providing a strong conceptual framework for
effective genome editing. However, translating these strategies into practice
often remains challenging, as used vector systems are either multistep assembly
workflows, or lack compatibility with the target species. As a result, even well-
documented approaches are not always easily deployable. Our aim was to
extend the current toolbox for gene editing in cereals combing latest advances
in a single cloning system.

Results

Here we present a streamlined CRISPR-Cas9 based vector system optimized for
rapid cloning of sgRNA compatible with the Golden Gate cloning system.
Following reported improvements, we equipped the sgRNA scaffold used with an
extension and nucleotide change. Combined with an effective guide design and
a codon and intron optimized Cas9 variant, this reduces cloning time and
resources, especially when targeting multiple genes in a single constructs. We
found that by combining these advances in gene editing, we created a fast and
reliable way to generate constructs for gene knockouts in cereals.

Conclusion

This updated toolkit offers a practical improvement to current CRISPR cloning
systems for the cereal research community. It is particularly suited to users
seeking a cloning system for generating multiple gene knockouts in cereals. We
demonstrated the effectiveness of this tool in the monocot model barley. We also
provide a comprehensive overview of the state-of the art, and a easy and reliable
protocol for cloning. While we did not test the system in wheat, the vector
components and design are fully compatible with wheat transformation systems
and can therefore be a useful resource for future translation to wheat.
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Introduction

CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) has
rapidly transitioned from a breakthrough technology to a routine method for
generating targeted mutations in plant molecular biology. CRISPR technology
enables targeted mutagenesis by directing site-specific double-stranded DNA
breaks (DSBs) within the genome. These breaks are typically repaired through
error-prone pathways like non homologous end joining (NHEJ), often resulting in
insertions or deletions that disrupt gene function (Garneau et al., 2010; Ran et al.,
2013). The high precision and relative simplicity of CRISPR has presented a leap
forward from the earlier, untargeted mutagenesis techniques such as those
based on chemical agents like ethyl methanesulfonate (EMS) (Greene et al,
20083; Shirasawa et al., 2016). Target specificity is achieved through a single-
guide RNA (sgRNA), which forms a complex with the Cas nuclease and directs it
to a complementary DNA sequence within the genome (Garneau et al.,, 2010;
Gasiunas et al., 2012; Jinek et al., 2012).

Despite the routine use of CRISPR-Cas in plant research, generating reliable
gene knock-outs still presents several technical hurdles that can limit editing
efficiency, especially when applied in crops. Off-targets is one of the challenges
in knock-out strategies. While the system in principle offers high targeting
specificity, imperfect base pairing between the sgRNA and genomic DNA,
especially at the distal end from the protospacer adjacent motif (PAM), can still
lead to unintended cleavage events. The extent to which Cas9 tolerates
mismatches varies, but even single mismatches outside the seed region can
result in off-target double-stranded breaks, particularly in complex plant
genomes with high levels of redundancy and repeats. Several computational
tools have been designed in the past years, such as CRISPOR (Concordet &
Haeussler, 2018) and Cas-Designer (Park et al., 2015), which allow identification
of off targets, also for cereal crops like wheat and barley. These tools are also
effective in improving the overall guide RNA structure by evaluating factors such
as GC content and mismatch sensitivity at potential off-target sites. By optimizing
these parameters, such tools not only help reduce unintended edits but also
enhance on-target cutting efficiency (Doench et al, 2014; Hsu et al., 2013;
Reynolds et al., 2004). In addition, genome-specific scoring systems and
integrated reference annotations enable more accurate predictions of guide
activity, ultimately contributing to more reliable and efficient gene editing
outcomes in cereals. Improving the efficiency of CRISPR-Cas9 mutagenesis in
plants has increasingly focused on optimizing the structure and stability of the
guide RNA, particularly the scaffold region (Hassan et al., 2021; P. Yuan et al,,
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2024). A harpin extension and single nucleotide flip, originally described in
mammalian systems (B. Chen et al., 2013; Dang et al., 2015), introduce a short
extension and a structural flip in the sgRNA scaffold that enhances Cas9-guide
complex stability. These modifications have been shown to significantly increase
editing frequencies in transient assays and stably transformed plants (Castel et
al., 2019). While these modifications may offer an increased stability, the
promoter driving expression of the guide is also important. In barley and wheat
the TaU6 promoter has been well described, and is highly effective (Lawrenson
et al,, 2015; Shan et al., 2013). Another crucial factor influencing genome editing
efficiency is the Cas enzyme itself, and significant progress has been made in
optimizing its performance specifically for plant systems (Castel et al., 2019).
Native Cas enzymes, such as SpCas9, were originally derived from bacterial
systems and are not inherently tailored to the expression and processing
machinery of plant cells. To address this, plant-optimized variants of Cas9,
incorporating elements such as codon optimization, nuclear localization signals,
and importantly, intron insertions, are now widely adopted within model plants
such as Arabidopsis and tobacco (Griitzner et al., 2021). These intron-optimized
versions of Cas9 have been shown to outperform the original enzyme, in several
plant species by enhancing expression levels and improving overall editing
efficiency (Gritzner et al., 2021). Such advancements underscore the importance
of adapting genome editing tools to the specific plant species in order to
maximize their efficiency in the target crop.

To integrate these improvements into currently available user-friendly platforms,
we developed an extension on the current modular Golden Gate-based toolkit
for Cas9-mediated mutagenesis in barley (Lawrenson & Harwood, 2019). Golden
Gate cloning has been widely adopted in plant genome editing due to its
compatibility with modular toolkits (e.g., MoClo, GreenGate, GoldenBraid) (Engler
et al., 2014; Lampropoulos et al., 2013). In the context of CRISPR-Cas9, it enables
fast and flexible assembly of sgRNA expression cassettes, multiplexed guide
arrays, and binary vectors for Agrobacterium-mediated transformation (Figure
1). Numerous studies have outlined individual strategies to improve editing
outcomes in plants through refined guide RNA structure, promoter selection, and
codon optimization of nucleases (Castel et al., 2019; B. Chen et al., 2013; Dang et
al., 2015; Griitzner et al., 2021), yet these insights have often remained scattered
or incompatible with monocots. Our work bridges this gap and provides an
efficient cloning of sgRNAs, designed with compatibility to the Golden Gate
system and scalability in mind. It incorporates up-to-date knowledge on guide
design, scaffold optimization, Cas9 codon and intron optimization, and regulatory
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elements suited for monocots. In doing so, the toolkit extension facilitates reliable
guide assembly and highly improved editing efficiency. We also provide a protocol
for guide design and a comprehensive overview of the available plasmids,
offering a solid foundation for efficient generation of targeted knockouts in
barley.

Bpil Bpil Bpil Bpil

L1p1
(pICSL11059) + L1p2 +

L1p3 - L1p6 + L2 acceptor
(PAGM4723)
_ CarbR J \\ KanR ﬁ

S e ——

L2 binary vector

KanR

Figure 1: General strategy of the Golden Gate based cloning system for CRISPR knockouts. Using
Type Il restriction enzymes (e.g. Bsal or Bpi) that cut outside their recognition sites, unique overhangs
are generated. This allows seamless and directional ligation of parts in a one-pot reaction with high
efficiency. Each Level 1 (L1) vector is designed to accept parts destined for specific positions (L1pX)
within the final Level 2 (L2) binary vector, facilitating ordered assembly. In most CRISPR based
strategies the Level 1 position 1 (L1p1) contains the plant resistance cassette, in barley this is usually
hygromycin. We use pICH47732, which contains the Hygromycin resistance gene (HygR) behind the
CaMV35S promoter (p35S) and terminated by the CaMV3S terminator (t35S) (Lawrenson et al.,
2015); L1p2 contains the zCas9i enzyme, which is codon optimized for plants, has 13 introns and two
nuclear localization signals (Gritzner et al., 2021). Expression is driven by the maize Ubiquitin
promoter (pZmUDbi) and terminated by the NOS terminator; L1p3-L1p6 contain the sgRNAs driven by
the wheat U6 promoter (pTaU6) and a termination sequence in the designed scaffold. The level 2
acceptor () AGM4723), contains the canthaxanhin operon, which is removed when other parts are
successfully inserted, allowing for orange/white screening (Weber et al., 2011).
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Results

Generating a Golden Gate compatible sgRNA scaffold for Cas9

In the natural CRISPR system Cas9 interacts with two separate sgRNAs: the
CRISPR RNA (crBRNA) and the transactivating CRISPR RNA (tracrBRNA), while for
gene editing a fusion of these two sgRNAs is used (Deltcheva et al., 2011; Hsu et
al., 2014; Jinek et al., 2012). The stability of the sgRNA has been proposed as one
of the limiting factors in CRISPR mediated gene editing (Jinek et al., 2013). Chen
et al, designed an optimized sgRNA (B. Chen et al., 2013). This optimized sgRNA
includes an hairpin extension, and a T-A switch, to prevent a sequence of four
thymines right after the guide sequence. These could potentially reduce
transcription efficiency as a continuous sequence of thymines is a pause signal
for RNA polymerase lll (Nielsen et al., 2013). This improved sgRNA design also
improved gene editing efficiency in combination with Cas9 in Arabidopsis (Castel
et al,, 2019). Similarly, in wheat the efficiency of the gene editing is improved when
extending the duplex length and mutating the fourth thymine of the continuous
sequence (Ni et al., 2023). Dang et al, later found that a T-C switch resulted in an
even higher gene editing efficiency in human cell lines (Dang et al., 2015). To gain
insights into the scaffolds used in the current Golden Gate barley toolkit
(Lawrenson & Harwood, 2019), we aligned the scaffold sequences from the
current toolbox, to the one presented by Dang et al. (Dang et al., 2015). The
scaffold in the currently used barley protocol has a sgRNA structure with a
shortened duplex when compared to the optimized scaffold, as well as four
continuous thymines right after the guide sequence (Figure 2A). We therefore
designed a new Golden Gate compatible level 1, using the improved sgRNA. The
current protocols for barley and wheat transformation use the TaU6 promoter
(pTaUB) to drive the expression of the sgRNA, which we did not change
(Gasparis et al., 2018; Lawrenson & Harwood, 2019; Smedley et al., 2021). For
easy cloning, we placed the pTaU6 in Level O with a RFP module before the
optimized scaffold flanked by BsmBI sites (Figure 2B). This allows a one-
directional cloning of the protospacer in front of the scaffold sequence into
several level 1 positions (Figure 2B-D). When cut with BsmBI, overhangs are
created directly after the TaU6 promoter, and before the scaffold. For the
protospacer to be incorporated in that place, the opposite overhangs are added
to the protospacer (Figure 2C). Selection of the successful L1 is based on
pink/white screening, where white colonies carry the protospacer. The resulting
level 1 constructs (L1p3-L1p6) can directly be used to clone the level 2 binary
vector (Figure 1). Our modified L1 acceptors provide a new sgRNA scaffold
configuration compatible with Golden Gate assembly, specifically optimized for
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barley, enabling seamless and efficient direct cloning of guide expression
cassettes.

A ‘

Lawrenson & Harwood, 2019 GTTTTAGAGCTA----- GAAA----- TAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT
Dang, 2015 GTTTCAGAGCTATGCTGGAAACAGCATAGCAAGTTGAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTT

Extension flip

— —
57 -NNNNNNNNNNNNNNNNNNNNGUUUCAGAGCUAUGCUGG

<L T A
AGCCACGGUGAAAAAGUUCAACUAUUGCCUGAUCGGAAUAAAGUU CGAUACGACA
G Il GAA
UCGGUCULUUUU-3”

B & BsmBI BsmBlI Bpil D
TaU6 scaffold Bpil Bpil
L1p3 - L1p6
acceptor
L1p3 - L1p6

; CarbR —_—

\————— CarbR —_—

C 57 -CTTGGAGGAGGGGACCCCAAGAAG-3’
3’ -CTCCTCCCCTGGGGTTCTTCCAAA-5’

Figure 2. Extended scaffold design for CRISPR mutagenesis. A) Design of new scaffold with
extension-flip and removal of the 4x thymine as described (Dang et al., 2015) compared to the
previously used scaffold in barley (Lawrenson & Harwood, 2019). Below is the changed single
stranded RNA structure shown with the 20xN representing the specific protospacer B) Design of
level 1 golden gate vector, ready to use for guide assembly, and overhangs in the matching primer
pairs. The guide can be cloned using BsmBI between the TaU6 promoter and the scaffold. For
selection the acceptor plasmid contains the RFP module, which is removed when the protospacer is
incorporated, allowing for pink/white screening C) Explanation how to order 20nt primers to ligate in
the level 1 guide acceptor. D) eventual L1 vector containing the guide (sgRNA) correctly positioned in
the scaffold. Generated L1p3 - L1p6 acceptors are now publicly available via Addgene (231030-
231035).
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Designing Guide RNAs (sgRNAs) for barley

Efficient CRISPR/Cas genome editing in barley (Hordeum vulgare) relies heavily
on the precise design of single-guide RNAs (sgRNAs). Each sgRNA contains a
20-nucleotide protospacer sequence complementary to the genomic target,
positioned directly upstream of a PAM moitif, typically NGG for SpCas9 (Jinek et
al., 2012; Sapranauskas et al., 2011). The large and repetitive genome of cereals
like barley demands careful off-target analysis during guide design. We initially
used CRISPR-Local (J. Sun et al.,, 2019), a tool ideal for non-model species or
cultivars not yet supported in mainstream platforms as it enables usage through
command line options, incorporating a specific user defined reference genome.
More recently, the reference genome for the transformation-friendly cultivar
Golden Promise has been assembled (Schreiber et al., 2020) and was included
in online sgRNA design tools such as CRISPOR (Concordet & Haeussler, 2018).
This makes it straightforward to design guides with enhanced on-target accuracy
and off targets analysis tailored to this variety.

When designing the guides one needs to take into account the promoter that is
used to express the sgRNA, in barley these are typically U3 or U6 promoters,
which impose a requirement that the protospacer begins with respectively an A
or G. In our design, we deployed TaU6, so the protospacer needs to start with a
G (Belhaj et al, 2013). The sgRNA is composed of two main parts: a 20-
nucleotide protospacer that directs the Cas enzyme to the DNA target, and a
scaffold region that physically binds to the Cas protein (e.g., Cas9). For the
system to function properly, the sgRNA must adopt a specific secondary
structure that allows stable interaction with the Cas nuclease and proper
positioning of the protospacer for DNA recognition (Ma et al., 2015; Nishimasu et
al., 2014). An efficient sgRNA should have three stem-loops folded (Liang et al.,
2016)(Figure 3A-B). Moreover, no more than 12 bp of the protospacer are
acceptable to pair with the rest of the sgRNA (Figure 3C), of which a maximum
of 7 bp can pair consecutively (Liang et al., 2016). Additionally, the protospacer
should not have more than 6 internal base pair folding (Figure 3D). To assess
proper folding one can use structure prediction tools such as RNAfold (Schuster,
2014) or UNAfold (Markham & Zuker, 2008). Some of the sgRNA design
platforms (e.g. CRISPOR) integrate modelling based on effectivity of sgRNA
screens (Doench et al., 2014). For choosing the protospacers specific for our
targets, we used CRISPOR to find all potential protospacers for that target, and
selected the ones with zero off-targets, even with up to three mismatches. To
check how the protospacer folds into the scaffold, the folding is assessed using
RNAfold.

136



An Extension of the Golden Gate Toolkit for CRISPR-Cas9 Mutagenesis in
Barley: Improved Cloning Efficiency, sgRNA design, and editing efficiency

g

g o SR A
L.7| 3rd stem-loop AR ;S
Cm o ¥
-4 LOCN
" N o
[ \‘f;\”\u
%
N\,
2nd stem-loop S
M
DN L
-4 G’C_U"A‘
| o
C,
Nt
1st stem-loop dﬁ:i
gl
AmU
St
UeA
Protospacer g=l
§u
YmhA—s0
=
U
s b
S £
no 3rd stem-loop qu:/x—,«
.,
b
.,
&
%
e
o4
v C:G’C/
L/

O
O

\
{ 7 <™
G \
=t b-d
o o
by ¢=
it Lut
iy Jumh
=1 11
tud AmU
Ll JeA
Y Lad
Pt A4
P YN
Sl
Protospacer c'b)f %
(<(
N
)
*sauf” >12 base binding pairs
fal
&l
1t
b.;l
e Y

- o

1 A—é—U—U’qA
§ 2
Ve, ¢
Usy—" \((C\C‘

~<C

e,
LOCN,
>

100

Figure 3: sgRNA folding is important for efficient genome editing. A) example of a sgRNA folding
into three stem-loops. B) example of a sgRNA not folding into three stem-loops. C) example of a
sgRNA having more than 12 base binding pairs between the protospacer and the scaffold, likely
decreasing editing efficiency. D) example of a sgRNA having more than 6 bases of the protospacer
pairing within the protospacer, likely decreasing editing efficiency.
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Combining the optimized sgRNA scaffold with zCas9i significantly improves
genome editing efficiency in Barley

Next to optimizing the sgRNA scaffold and design, we also changed the Cas9
cassette. In early gene editing toolkits for barley, the standard Streptococcus
pyogenes Cas9 (spCas9) coding sequence together with a shorter, conventional
sgRNA scaffold was used (Lawrenson et al., 2015). Previously, it was shown that
a plant codon-optimized form of Cas9 with 13 introns and two nuclear localization
signals (zCas9i), strongly improved editing efficiency in plants (Gritzner et al.,
2021). We created a Cas9 cassette using this zCas9i and put it under expression
of the maize Ubiquitin promoter (pZmUbi). The pZmUbi is known for its strong
and constitutive expression in monocots including barley (Christensen & Quail,
1996; Feike et al., 2019; Schultheiss et al., 2005). Subsequently, we tested our
combined modifications of new scaffold design and zCas9i against the barley
system described by Lawrenson et al. 2015. Using the spCas9 and short
scaffolds, gene editing efficiencies were between 0-5 %. (Table 1). When using
a improved sgRNA design and scaffold, we obtained editing efficiencies ranging
from 5 - 45 % in barley, depending on the target (Table 1). After implementing
also the ZmUDbi:zCas9i, editing efficiencies improved even more, ranging from 53
— 100 %. Especially the amount of primary transformants that were already
homozygous or biallelic highly increased, even when two instead of three
sgRNAs were used (Table 1). With efficiencies this high, the system enabled
multiplexing to target multiple genes. Using both our improved sgRNA design and
ZmUbi:zCas9i, we successfully targeted multiple genes efficiently using a single
construct (Table 2). Of the primary transformants ~30% were even homozygous
or biallelic mutants for both targets (Table 2). This system enables efficient
generation of double mutants with high frequency, demonstrating robustness
and multiplex editing capability.

Taken together, our data demonstrate that simultaneous optimization of the
sgRNA scaffold and Cas9 coding sequence both can enhance the genome
editing capacity in barley. This integrated approach provides a powerful toolkit
for rapid and reliable gene functional studies in this important cereal crop.
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Table 1: editing efficiencies of barley transformants using several methods

Target | Improved ZmUbi:zCas9i | # # # #
sgRNA guides | transformants plants Plants  with
design used (Cas9 positive) | with at | homozygous
least or biallelic
one mutations
edit
VRS5 No No 2 52 0(0%) | O
TCP15 | No No 2 48 0(0%) | O
TB1- No No 3 62 0(00%) | O
like
TB2 No No 3 38 2 (5%) 0
VRS1 Yes No 3 40 6(15%) | O
VRS5 Yes No 3 61 3 (5%) 0
TCP15 | Yes No 3 35 5(14%) | O
GT1 Yes No 3 74 33 1(1%)
(45%)
TB1- Yes No 3 18 8(44%) | O
like
SOC1- | Yes Yes 3 6 6 4 (80%)
like (100%)
VRS5 Yes Yes 2 103 81 47 (48%)
(79%)
TB2 Yes Yes 2 36 25 18 (50%)
(69%)
TCP15 | Yes Yes 2 17 14 8 (47%)
(82%)
VRS1 Yes Yes 2 30 22 12 (40%)
(73%)
TB1- Yes Yes 2 18 10 10 (53%)
like (53%)
Table 2: editing efficiencies of barley transformations targeting two genes
Targets # guides | # transformants | # plants with at least | # plants  with
used per | (Cas9 positive) | one edit in both | homozygous or
target targets biallelic mutations
in both targets
VRS5 + TB2 2 36 24 (67 %) 14 (39%)
VRS5 + TCP15 | 2 22 14 (63 %) 7 (32%)
VRS5 + TBi- | 2 18 12 (67%) 5 (28%)
like
VRS5 + VRS1 2 30 20 (67%) 10 (33%)
VRS5 + VRS4 2 2 2 (100%) 2 (100%)
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Discussion

In this study, we report a rapid and effective upgrade of an existing CRISPR-Cas
toolkit for barley and wheat, achieved through rational guide RNA architecture
improvements and usage of intron-optimized Zea mays Cas9 (zCas9i). This Cas9
enzyme contains 13 synthetic introns and two nuclear localization signals. This
version has consistently outperformed human- or Arabidopsis-codon optimized
Cas9 variants in experiments in other plant species, such as Arabidopsis thaliana,
Nicotiana benthamiana, and Catharanthus roseus, with reported editing
efficiencies exceeding 95% (Gritzner et al., 2021). our work uniquely combines
the zCas9i coding sequence with a strong, constitutive maize UBIQUITIN
promoter (ZmUbi), a promoter with documented high expression in barley
(Christensen & Quail, 1996). Recently, Lawrenson et. Al. (2024) independently
identified the same codon-optimized, intron-rich Cas9, under the ZmUbi as highly
effective in barley and wheat (Lawrenson et al., 2024). Similar to our strategy,
they used a Golden Gate based cloning system. Our work extents this toolkit with
a improved sgRNA design, which was based on a previously reported designs
with improved folding and stability (Castel et al., 2019; B. Chen et al., 2013; Dang
et al., 2015). The combined strategy, incorporating improved Cas9 and scaffold
designs, resulted in a genome editing efficiency well above 50%, with the
percentage of plants having homozygous or biallelic edits not lower than 40% of
all the transformants.

Reaching such high editing efficiencies allows for multiplexing for multiple targets
in one construct. Logical next steps of employing this system would also be the
generation of more precise and directed single nucleotide changes with the use
of base-editing (Komor et al., 2016; X. Li et al., 2018; Nishida et al., 2016). With
another method, prime editing, exact mutations as desired can be made
(Anzalone et al., 2019; P. J. Chen et al., 2021). Such a method has been described
in wheat recently (Ni et al., 2023). Although these methods might need different
sgRNA scaffolds and Cas enzymes tailored for the specific method, knowledge
on efficient RNA folding and codon usage in plants is valuable to successfully
implement these methods. Next to NHEJ, Homologous recombination (HR), is
another DNA repair mechanism, where a donor sequence is inserted using
overlapping flanks (Filippo et al., 2008). Although successfully performed in
plants including barley, HR is thus far very inefficient (Mengiste & Paszkowski,
1999; Paszkowski et al., 1988; Terada et al., 2002; Watanabe et al., 2016). In
conclusion, here an efficient genome editing toolbox is described for barley. With
the combinations of improvements we made to the current system, also HR
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efficiencies might be improved, opening increasing possibilities to the molecular
toolbox in barley.
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Materials & Methods

Guide design

For the selection of guides targeting our desired sequences, CRISPOR is used
(Concordet & Haeussler, 2018). As input the desired target sequence is given,
while as PAM NGG is used, since we use Cas9. All available guides are in the
barley cv. Golden Promise for the target sequence are shown, and can be sorted
by on-target score and off-target score. Only guides are considered that have O
off-targets even with 3 mismatches. The guide, including the scaffold up until the
termination signal (TTTTTT), is used to predict RNA folding using UNAfold
(Markham & Zuker, 2008). The sgRNA should have three stem-loops. Moreover,
no more than 12 bp of the protospacer are acceptable to pair with the rest of the
sgRNA, of which a maximum of 7 bp can pair consecutively. Additionally, the
protospacer should not have more than 6 internal base pair folding (Liang et al.,
2016) (Figure 3). The selected 20 bp guides are then ordered as two single
stranded oligos including 5’- overhangs for cloning into the L1 scaffolds: CTTG is
added at the 5’ end of the forward guide; for the reverse guide AAAC is added to
the 5’ end (Figure 2C).

sgRNA cloning

The ordered oligos (Table S1, Table S2) are mixed and hybridized by adding 5 pL
of each probe (100 pM) into 40 pL of MQ followed by incubation at 98°C for 5
minutes. The hybridized guides are diluted 150x and cloned into the L1 vector,
which contains the optimized scaffold and the TaU6 promoter (Figure 2),
available at addgene: #231030 - #231033. Assembly is performed in a total
volume of 20pL, containing 100-200 ng acceptor plasmid, 1uL 150x diluted
hybridized guides, 10U BsmBI (Thermo Scientific), 1x buffer Tango (Thermo
Scientific), 30U T4 DNA ligase (Thermo Scientific), ImM ATP. The mixture is then
placed in a thermocycler using the following protocol: 3x (10 min, 40°C; 10 min
16°C); 10 min 50°C; 20 min 80°C. The resulting assemblies are directly
transformed in electrocompetent E. coli cells and grown overnight at 37°C on
plates. White colonies, do not have the RFP module anymore, and should be
selected. These are then grown overnight in liquid culture at 37°C. The plasmids
are isolated and checked for the correct insert by sequencing.

Binary vector cloning and Agrobacterium mediated transformation

For cloning of the binary Level 2 vector, the following Level 1 vectors are used:
L1p1, plant resistance cassette containing the hygromycin resistance gene under
control of the CaMV35S promoter (plICH47732); L1p2, zCas9i cassette
containing the zCas9i with two nuclear localization signals (Gritzner et al., 2021),
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under control of the ZmUbi promoter; L1p3-L1p6, sgRNAs as described above
(Figure 1). To make sure the inserts assemble together to the level 2 acceptor
again, an end-linker is used. When using six level 1 parts, this is pICH41822. If less
sgRNAs are used, the corresponding end-linker should be used (Engler et al,,
2014). These level 1 vectors and end-linker are cloned into level 2 acceptor
pAGMA4723. This acceptor contains the canthaxanhin operon giving an orange
color when expressed. Successful assembly should remove the canthaxanhin
operon, allowing for orange/white screening. Assembly is performed in a total
volume of 20 L, containing 100-200 ng acceptor plasmid, all other L1 plasmids
in a 2:1 molar ratio of insert:acceptor, 1.5 uL T4 Ligase buffer (Thermo Scientific),
1.5 pL bovine serum albumin (Thermo Scientific), 15U T4DNA Ligase, (Thermo
Scientific), 5U Bpil (Thermo Scientific). The mixture is then placed in a
thermocycler using the following protocol: 20s 37°C; 26x (3 min 37°C; 4 min
16°C); 5 min 50°C; 5 min 80°C.

Resulting assemblies are directly transformed into electrocompetent E. coli cells
and grown overnight at 37°C on plates. White colonies should be selected and
grown overnight in liquid culture at 37°C. The plasmids are isolated and digestion
is performed using Pvull. Plasmids following the expected digestion pattern are
then checked for the correct inserts by sequencing. Correct plasmids are then
transformed into hypervirulent electrocompetent A. tumefaciens cells (AGL1
pSOUP) and grown for three days at 28°C. For Agrobacterium mediated
transformation of barley the previously described protocol is used (Hinchliffe &
Harwood, 2019).
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Supplementary Tables

Table S1: ordered guide sequences to be cloned in L1 scaffold sequences without
optimized sgRNA design

Target Sequence

VRS5 guide 1 Forward GGCAAGCTGCAGCTGCTGGTAAAG
Reverse AAACCTTTACCAGCAGCTGCAGCT
guide 2 Forward GGCATTTCCACCACAACTACCTCT
Reverse AAACAGAGGTAGTTGTGGTGGAAA
TCP15 guide 1 Forward GGCAAGCCGGGGGGCGCCCTCGCC
Reverse AAACGGCGAGGGCGCCCCCCGGCT
guide 2 Forward GGCAAGCAAGATCCGCACGGCGCA
Reverse AAACTGCGCCGTGCGGATCTTGCT
TB1-like guide 1 Forward GGCAAAGGCATCTTGTGCTCCCGA
Reverse AAACTCGGGAGCACAAGATGCCTT
guide 2 Forward GGCAAGCAAGATATGCACGGCGGG
Reverse AAACCCCGCCGTGCATATCTTGCT
guide 3 Forward GGCAAGAAGCGGCGGGCCACGTCC
Reverse AAACGGACGTGGCCCGCCGCTTCT
B2 guide 1 Forward GGCAAGGCGCCATGGAGAAGCTGC
Reverse AAACGCAGCTTCTCCATGGCGCCT
guide 2 Forward GGCAATGTCCGCCAGAGGAGGAGC
Reverse AAACGCTCCTCCTCTGGCGGACAT
guide 3 Forward GGCAACTGGCGCAGTGCAGGCCGC
Reverse AAACGCGGCCTGCACTGCGCCAGT
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Table S2: ordered guide sequences to be cloned in L1 scaffold with optimized sgRNA design

Reverse

AAACGCGGCCTGCACTGCGCCAGT

Target Primer Sequence used for
creation double
mutants

VRS1 guide 1 Forward CTTGACGTGGACACGACTTTCTTC Yes

Reverse AAACGAAGAAAGTCGTGTCCACGT
guide 2 | Forward CTTGGAGGAGGGGACCCCAAGAAG Yes
Reverse AAACCTTCTTGGGGTCCCCTCCTC
guide 3 | Forward CTTGGGAGGTGCGGCGCCTCAGGT
Reverse AAACACCTGAGGCGCCGCACCTCC
VRS5 guide 1 Forward CTTGAGAACTTGCGGGCGACGTCG
Reverse AAACCGACGTCGCCCGCAAGTTCT
guide 2 | Forward CTTGCACCGGCACAGAGGTAGTTG Yes
Reverse AAACCAACTACCTCTGTGCCGGTG
guide 3 | Forward CTTGCAACTACTACCAGCACCAGC Yes
Reverse AAACGCTGGTGCTGGTAGTAGTTG
TCP15 guide 1 Forward CTTGCTCGCCGAAAGACGACGACG Yes
Reverse AAACCGTCGTCGTCTTTCGGCGAG
guide 2 | Forward CTTGGCTTGACTGGTTCATGTCGG
Reverse AAACCCGACATGAACCAGTCAAGC
guide 3 | Forward CTTGGGACCTCCTCGGCTTCGACA Yes
Reverse AAACTGTCGAAGCCGAGGAGGTCC
GT1 guide 1 Forward CTTGTACTGGAAAGATGAGCCCCG
Reverse AAACCGGGGCTCATCTTTCCAGTA
guide 2 | Forward CTTGACACCAAGCAGGTCGCCGTG
Reverse AAACCACGGCGACCTGCTTGGTGT
guide 3 | Forward CTTGGGGAGGACAGCAGTTCGGGA
Reverse AAACTCCCGAACTGCTGTCCTCCC
TB1-like guide 1 Forward CTTGTATGCACGGCGGGAGGGATG
Reverse AAACCATCCCTCCCGCCGTGCATA
guide 2 | Forward CTTGCGGACATGGATGCGGCCAGG Yes
Reverse AAACCCTGGCCGCATCCATGTCCG
guide 3 | Forward CTTGCCTTAACCTTGGGCTTGGAG Yes
Reverse AAACCTCCAAGCCCAAGGTTAAGG
SOCt-like guide 1 Forward CTTGGGATAGAGAACGCCACGAGC
Reverse AAACGCTCGTGGCGTTCTCTATCC
guide 2 | Forward CTTGCAAGAAGGCCTTCGAGCTAT
Reverse AAACATAGCTCGAAGGCCTTCTTG
guide 3 | Forward CTTGTGCTCTGCGACGCCGAGGTC
Reverse AAACGACCTCGGCGTCGCAGAGCA
B2 guide 1 Forward CTTGAGGCGCCATGGAGAAGCTGC
Reverse AAACGCAGCTTCTCCATGGCGCCT
guide 2 | Forward CTTGATGTCCGCCAGAGGAGGAGC Yes
Reverse AAACGCTCCTCCTCTGGCGGACAT
guide 3 | Forward CTTGACTGGCGCAGTGCAGGCCGC Yes
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Plant architecture is a highly dynamic trait that is influenced by the environment.
Depending on environmental cues, developmental and architectural choices are
made. These choices are tightly regulated by several key transcription factors.
Perhaps one of the most famous transcriptional regulators that orchestrate plant
architectural traits is TEOSINTE BRANCED 1, which was key to maize
domestication (J. Doebley et al., 1995, 1997). TB1 in monocots and it's closely
related genes in dicots such as BRANCED1 (BRC1) are well known for their
conserved roles in regulation of axillary bud outgrowth (J. Doebley et al., 1995;
Gao et al., 2016; Gonzéalez-Grandio et al., 2013; Kebrom et al., 2006; Martin-Trillo
et al, 2011; Ramsay et al., 2011; Takeda et al., 2003). Besides its conserved role
in regulating axillary bud outgrowth, TB7 ortholog VRSS5 in barley, also regulates
lateral spikelet development, controlling row-type in the spike. Both of these
processes are important yield related traits in barley, and their genetic
connection makes it difficult to manipulate these traits independently.

This thesis started with the main objective to gain molecular insights in how VRS5
regulates tillering and lateral spikelet development. As a transcription factor,
VRS5 can directly bind to DNA and regulate the expression of downstream
targets. Even though the same DNA is present in every cell, actual binding of TFs
to targets depends on the chromatin context, DNA methylation, and the
availability of potential cofactors. This means that the VRS5 targets might differ
between tissues and development. Understanding what these targets are can
help to better understand how VRS5 exactly functions and regulates these
different processes. In Chapter 2, we identified these direct targets in barley by
combining two techniques. Using DNA-affinity purification followed by
sequencing (DAP-seq), we identified the genome-wide binding sites of VRS5
independent of chromatin context and cofactors. Next to that, we compared
gene expression in vrs5 mutants to wild-type at four developmental stages using
RNA sequencing, where the tissue and developmental context are taken into
account. By combining the genes that are differentially expressed in vrs5 and the
loci where VRS5 binds, we obtained a set of bona fide VRS5 targets that are thus
bound by and regulated by VRS5. By investigating four different developmental
stages by RNA sequencing, we could identify which of these targets mostly play
a role early in development, and presumably in tillering, and which of the targets
mostly play a role later in development, when the inflorescence is developing.
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Next, we looked in more detail at VRS5 as a protein in Chapter 3. We found that
in barley, two different protein isoforms of VRS5 can be formed, VRS5a and
VRS58, originating from two different VRS5 transcripts. We showed that these
isoforms function differently by CRISPR mutagenesis, mutating only one of the
protein isoforms. While complete knock-out lines of vrs5 have both an increased
number of tillers and a six-rowed to intermediate spike phenotype, the vrs5a
mutants only show increased tillering, but a two-rowed spike. Previously, it was
found that VRS5 can form heterodimers in-vitro with other CYC/TB1 TCPs,
including TB2 (de Souza Moraes et al., 2022). In Chapter 3, we looked into more
detail of this interaction and found that VRS5 and TB2 can also bind DNA
together. Differences in binding between the VRS5 isoforms in complex with TB2
to one of the targets, are likely the cause of the observed phenotypical
differences between the vrs5 mutants and the vrs5a mutants.

In this chapter, | will further highlight these obtained results and integrate them
into a broader perspective.

VRS5 has a conserved function in apical dominance

During plant development, multiple growth axes are created besides the main
one. In the leaf axils, axillary meristems and eventually axillary buds are formed.
Differences in the actual outgrowth of these buds cause a lot of architectural
variation both between and within species. This process is tightly regulated and
depends on external as well as internal cues. One of the integrators of these
signals across various plant species is BRC1/TB1 (M. Wang et al., 2019). BRC1
and TB1 and their orthologs in multiple species were shown to inhibit axillary bud
outgrowth (Aguilar-Martinez et al., 2007; Finlayson, 2007; Kebrom et al., 2006;
Martin-Trillo et al., 2011; Ramsay et al., 2011; A. J. Studer & Doebley, 2012; Takeda
et al,, 2003), revealing their highly conserved function. In response to different
environmental cues, plants inhibit or increase their axillary bud outgrowth. Under
shading conditions, for example, plants invest more energy in their main shoot
and inhibit their axillary branches, which is one of the architectural changes
occurring under the so-called shade avoidance response (Casal et al., 1986;
Kasperbauer, 1971; Kebrom et al., 2010). BRC1/TB1 expression is increased under
shade, and consequently, axillary bud outgrowth is repressed (Gonzalez-Grandio
et al., 2013; Kebrom et al., 2010; H. Wang et al., 2022). The direct downstream
targets of BRC1 and TB1 in regulating axillary branching have been identified in
Arabidopsis and maize (Dong et al., 2019; Gonzalez-Grandio et al., 2017; van Es
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et al., 2024). These studies found that BRC1/TB1 increase Abscisic acid (ABA)
synthesis and response. In Chapter 2, we identified the bona fide direct targets
of VRS5 in barley. We also found that in tillering, genes supposed to be involved
in abscisic acid synthesis and response are directly regulated by VRSS5, showing
that not only the function of BRC1/TB1 is conserved, but also the downstream
acting mechanisms and pathways themselves.

DAP-seq can provide novel insights in complex specificity of VRS5 DNA
binding

Direct targets in this pathway are HD-ZIP transcription factors HB21, HB40,
HB53 in Arabidopsis (Gonzalez-Grandio et al., 2017; van Es et al., 2024) and
GRASSY TILLERS1 (GT1) in maize (Dong et al., 2019; Whipple et al., 2011). The
ortholog in barley of GT1, HvGT1, was not in our bona fide target list of VRS5, but
was downregulated in vrs5 compared to WT. In Chapter 3, we showed that VRS5
cannot bind to the promoter of HYGT1 as a homodimer, but only in a complex with
TB2. This suggests that both VRS5 and TB2 are needed to regulate HvGT1. This
corroborates the increased tillering in hvgtt, vrs5, and th2 mutants, as shown in
Chapter 3. For DAP-seq, we used only VRS5, and hence, only targets that can
be bound by monomers or multimers of VRS5 could be identified (Bartlett et al.,
2017; Winkelmolen et al., 2025). The previously mentioned studies in Arabidopsis
and maize used ChlP-seq to identify genome-wide binding sites, which is an in
vivo method that takes all loci bound by BRC1/TB1, even if these TCP proteins
are in a complex with other proteins or transcription factors (Dong et al., 2019;
Gonzalez-Grandio et al., 2017; van Es et al., 2024). This suggests that previous
ChlP-seq studies provide a mix of targets from TB1/BRC1 complexes, while our
DAP-seq provides VRS5-only targets. This shows that, depending on if VRS5
binds as a homodimer or in a complex, the DNA-binding specificity changes. This
gives opportunities to investigate what these changes are and which targets are
bound specifically in complex. A DAP-seq can come in handy here, as specific
protein complexes can be used as prey, while using the individual
proteins/homodimers as control (M. Li et al., 2023). Given the observed
conservation of BRC1/TB1/VRS5 targets in tillering, these insights might be
useful in the field of plant branching and genetic control of apical dominance.

Previously, it was shown that VRS5 can also form heterodimers with the CYC/TB1
TCP TFs, TCP15, and TB1-like (de Souza Moraes et al., 2022). The function of
these two TCP TFs in barley has not been characterized yet, but several
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orthologs of TCP15 in other grasses have architectural functions. In rice, TILLER
INCLINED GROWTH 1 (TIG1), controls the angle at which tillers grow towards the
main culm (W. Zhang et al., 2019). In sorghum, mutation of MULTISEEDED1
(MSD1) causes an increase in inflorescence size and spikelet fertility, greatly
increasing the number of seeds per panicle (Jiao et al., 2018). This shows the
functional diversity, and would suggest that also in barley, these uncharacterized
CYC/TB1 TCPs might have an architectural function. Whether VRS5 also binds
DNA together with TB1-like and TCP15 in planta, is still to be investigated. VRS5
binding in complex with other TCP TFs can alter the DNA binding specificity, as
we have shown for VRS5 and TB2. Understanding for which targets a
heterodimerization partner is needed can be of importance in modulating certain
traits, increasing opportunities to untangle pleiotropic effects.

The VRS5-VRS1 hub has a grass-specific function in inflorescence
development

Besides regulating axillary bud outgrowth, VRS5 orthologs in some other grasses
also have a phenotype in the inflorescence. In wheat, for example,
overexpression of TB-D1 shows an increased amount of paired spikelets (Dixon
et al, 2018). In maize, tb1 mutants show masculinized lateral inflorescences
(ears), which are normally only female in WT (J. Doebley et al., 1995; Hubbard et
al., 2002). In barley, besides tillering, VRS5 regulates lateral spikelet development
(Liller et al., 2015; Ramsay et al., 2011; Zwirek et al., 2019). This shows the
pleiotropy of such an important domestication gene in grasses. Knowing VRS5
targets during inflorescence development thus yields potential targets for trait
development, not only in barley but also in other grasses. Thus far known, VRST,
is the most downstream player in regulating lateral spikelet development, with
VRS5 genetically upstream (van Esse et al., 2017). In Chapter 2, we showed that
VRS5 directly binds to the promoter of VRST to regulate its expression. Knock-
out mutants of VRST have a six-rowed spike, with fully developed lateral spikelets
(Chapter 4)(Komatsuda et al, 2007). Even though the presence and
development of lateral spikelets are specific to the barley spike, orthologs of
VRS1 in other grasses also play an important role in spike architecture and
development. In wheat, individual spikelets are indeterminate and can thus
produce multiple florets, and consequently, grains per spikelet. The VRS?
ortholog in wheat, TaGNI1, regulates the fertility of the florets (Sakuma et al,,
2019). Reduced function of the homeolog TaGNI-AT increases the floret fertility
and therefore yield (Sakuma et al., 2019). In maize, there are two types of
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inflorescences: the ears, which harbor only female florets, and the tassel, which
harbors only male florets. That means that normally the carpel is repressed in the
tassel, while the stamens develop normally. The maize ortholog of VRS1, ZmHB13,
acts together with closely related GT7 to repress the carpel in maize tassels (Y.
Yuan et al,, 2025). In two-rowed barley, the lateral spikelets do form stamen
primordia, but no carpel primordia. In contrast, in vrs1 and vrs5 single mutants,
carpel primordia do form in the lateral spikelets (Zwirek et al., 2019). That means
that even though grass inflorescence architecture is very diverse, there seems
to be a conserved function for VRS1/ZmHB13 in carpel repression, although in
maize, GT1 is needed for that as well. As described in Chapter 3, barley HVGT1
represses tillering downstream of VRS5 and TB2, but also regulates tip
degeneration in the barley spike (Shanmugaraj et al., 2023).

Although VRST is the most downstream gene in the described VRS pathway,
vrsivrs5 double mutants show an increased lateral spikelet development
compared to vrs1 single mutants, indicating that lateral spikelet development
does not solely depend on VRS (Zwirek et al., 2019). With our dataset of bona
fide VRS5 targets defined in Chapter 2, we have a starting point to identify other
genes important for lateral spikelet development, independent of VRS1. Some of
these direct downstream targets of VRS5 during inflorescence development are
members of the MIKCc MADS-box transcription factor family, such as AGLS,
MADST, and MADS4. These MADS-box transcription factors are part of the ABC-
model of floral development, which specifies the identity of floral organs during
flower development (Coen & Meyerowitz, 1991; Rijpkema et al., 2010). This model
is also conserved in barley, and expression patterns of these ABC-model genes
correspond largely to the original model based on Arabidopsis and Antirrhinum
(G. Chen et al., 2023; Demesa-Arevalo et al., 2025; Kuijer et al., 2021). In barley,
mads1 mutants have smaller awns and lemmas, leading to a reduction in seed
size (Y. Zhang, Shen, Li, et al., 2024). Next to that, MADST1 is needed for keeping
an unbranched spike under high ambient temperature (G. Li et al., 2021). Mutants
of AGL6 cause homeotic conversion of all floral organs to lemma-like structures,
except for the ovule (M. Sun et al., 2024). For MADS4, mutants cause a homeotic
conversion of stamens into ovules (M. Sun et al., 2024). These genes are needed
for normal floret development, and it seems that VRS5 directly targets them
specifically in the lateral spikelets to repress flower development.
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Besides row-type, VRS5 regulates also spike length and central spikelet size in
the barley inflorescence (Liller et al., 2015; Zwirek et al., 2019). In Chapter 3, we
also observed a reduction in spike length and central spikelet size in both our
vrs5 and vrs5aisoform mutants, showing that the long VRS5a isoform is essential
for regulating spike length and central spikelet size. In Chapter 2, we identified
HvCEN as one of the bona fide targets of VRS5. Hvcen mutants show early
flowering, less tillering, but also a strong reduction in spike length (Bi et al., 2019).
Furthermore, mutants of HYCEN orthologs in other species cause a reduction in
inflorescence size (Kaneko-Suzuki et al., 2018; Shannon & Meeks-Wagner, 1991;
Wen et al, 2019), as these genes are responsible for inflorescence meristem
maintenance (Cerise et al., 2023). This suggests that HVCEN regulates spike
length by keeping the inflorescence meristem in an indeterminate state. In vrs5
mutants, HvCEN expression is reduced throughout development. This coincides
with the observed spike length reduction in vrs5 mutants, suggesting that VRS5
regulates spike length by directly regulating HYCEN expression. As both vrs5 and
vrs5a mutants showed a reduced spike length, this would imply that VRS5a
regulates HVCEN expression, while VRS5B cannot.

A novel layer of regulation for TB1 proteins

Throughout biology, there are several ways to generate different mRNA
transcripts from the same locus, increasing the potential functional spectrum of
a single gene. The most common examples are alternative splicing (AS) and
alternative transcription start site (aTSS) usage. During splicing, usually introns
are removed from the pre-mRNA, while the exons are retained. With AS, exon
skipping, intron retention, or alternative 5’- or 3’-splice sites result in different
mRNA transcripts from the same locus, which could potentially be translated into
different protein isoforms. This mechanism has been reviewed extensively, mainly
focusing on animal systems (Kelemen et al., 2013; Marasco & Kornblihtt, 2023; Y.
Wang et al., 2015). Also in plants, including crop species, there are plenty of
examples of alternative splicing with biological relevance, as reviewed (Tognacca
et al,, 2023). For example, in wheat, TaGS3 regulates seed size. While constitutive
high expression of the most abundant isoform leads to a strong reductionin grain
size (Ren et al,, 2021; W. Zhang et al., 2020), constitutively high expression of an
exon-skipped isoform leads to an increase in grain size, caused by altered
dimerization capacities of the encoded protein (Ren et al., 2021). In rice, AS of
REGULATOR OF LEAF INCLINATIONT1 (RLI1) is changed by phosphate starvation
(M. Guo et al., 2022). Constitutive overexpression of one isoform leads to a higher
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leaf angle, while overexpression of the other isoform does not (M. Guo et al,
2022). In this case, the functional difference between the isoforms was shown to
be a more specific DNA binding of one isoform compared to the other (M. Guo
et al., 2022).

While AS needs a gene containing multiple exons, this necessity is not needed
for aTSS. With aTSS, transcription starts at a different site, upstream or
downstream of the conventional TSS. This mechanism was mainly reviewed in
mammalian systems (Davuluri et al.,, 2008), but genome-wide TSS studies in
plants showed that this mechanism is also widespread in plants (Kurihara et al.,
2018; Mejia-Guerra et al., 2015; Pavlu et al., 2024; Thieffry et al., 2022; Ushijima
et al., 2017). aTSS can have important functional implications. In pear, for
example, different transcripts of PbELF3, a regulator of the circadian clock, lead
to differences in the number of flower buds produced (P. Wang et al., 2023). The
existence of these transcripts was also shown in Arabidopsis and therefore,
functionally conserved (P. Wang et al., 2023).

Alternatively, other functional implications of aTSS are mostly found to be related
to subcellular localization. Both in maize and Arabidopsis, several genes have
isoforms formed by aTSS that lost a signal peptide, normally used to localize the
protein in the nucleus or plastids (Mejia-Guerra et al., 2015; Ushijima et al., 2017).
Even though different protein isoforms for countless loci exist, functional
characterization in plants is scarce. If at all, constitutive overexpression is used
for phenotyping, which mostly does not represent normal in planta function, as
expression is both ectopically and massively increased.

Looking specifically to genes described in this thesis, different protein isoforms
were also observed in BRC1 orthologs caused by AS. In tomato, two orthologs of
BRCT1 exist, SIBRC1a and SIBRC1b (Martin-Trillo et al., 2011). For SIBRC1a, two
protein isoforms were described, of which the shorter one lost a C-terminal part
by an early stop codon caused by intron retention (Martin-Trillo et al., 2011). The
existence of these isoforms of the BRC1a proteins seems to be conserved in the
Solanum clade. In potato BRC1a controls lateral branching, both of the shoot and
underground (Nicolas et al., 2015). Similar to tomato, potato BRC1a can form two
isoforms, that are functionally different. Although both isoforms have a predicted
nuclear localization signal (NLS), the shorter isoform is not localizing in the
nucleus and reduces the transcriptional activity of the longer isoform (Nicolas et
al., 2015).
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For monocot TB1 orthologs, to the best of our knowledge, different isoforms have
not been described yet. However, in Chapter 3, we identified two different VRS5
transcripts, formed by aTSS. Translation of these transcripts results in the longer
canonical VRS5a and the shorter VRS5B isoforms, which misses an N-terminal
part. By mutating VRS5aq, while keeping VRS58 intact, we were able to untangle
traits regulated by VRS5. The vrs5a mutants showed an increase in tillering, like
vrs5 knock-outs, but had a two-rowed spike, as opposed to an intermedium spike
in vrs5 knock-outs. That means we not only showed the presence of different
isoforms, but we also showed the phenotypical implications when one of them is
absent. Both isoforms were able to bind DNA in an in vitro assay, including binding
the promoter of VRS1, which is needed to activate VRS1 expression, causing the
two-rowed spike. As mentioned above, VRS5 can also form heterodimers with
TB2. We showed that, in complex with TB2, VRS5a is able to bind the promoter
of HvGT1, while VRS58 is not. This showed that VRS5a is essential to bind HvGT1
together with TB2 in order to regulate tillering. These differences in DNA binding
of both isoforms in complex, raises the question what more targets are
differentially bound by the isoforms in complex with TB2 and potentially other
CYC/TB1 TCPs. Answering this could explain further the observed differences in
phenotype, but also help predict what functional differences the isoforms of
VRS5 orthologs have and their phenotypical implications.

A question that remains unanswered is how the alternative transcription is
regulated. We showed that both transcripts are present at awn primordium stage,
when the repression of lateral spikelets normally begins (Zwirek et al., 2019) and
at the double ridge stage, when there are no spikelet primordia formed yet. This
raises the question if there are certain tissues, developmental timepoints, or
circumstances where only one of the isoforms is present or this ratio is different.

For example, changes in DNA methylation can influence the expression of
different transcripts form the same gene (Pumplin et al., 2016). aTSS usage can
be triggered by blue light (Kurihara et al., 2018) or phytochromes (Ushijima et al.,
2017). Expression of VRS5 and BRC1 orthologs is increased under shade via
phytochrome B (PhyB) (Gonzalez-Grandio et al., 2017; Kebrom et al., 2006; H.
Wang et al., 2022). However, if also the aTSS usage in VRS5 is triggered by PhyB
remains unclear. A more thorough analysis of VRS5 isoform expression is
needed. Investigating if the VRS5 isoform ratio can be changed under certain
circumstances, like shading, or in certain cell types will insight if and how aTSS
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usage of VRS5 is regulated. Next to that, investigating how the VRS5 promoter
changed during evolution, specifically before and after the occurrence of the
conserved aTSS, gives an idea which regions in the promoter are more
conserved and potentially are important for regulation.

Concluding remarks and outlook

In this thesis, | have shown several potential ways to untangle yield-related traits
in barley, specifically via VRS5 (Figure 1). By knowing the direct targets of VRS5
in regulating either tillering or lateral spikelet development, some new potential
targets were found that might tweak one of these traits, without having an effect
on the other (Figure 1A-B). In Chapter 4, we followed up on one of these targets,
namely SOCT-like, regulating lateral spikelet development. Another strategy
could be to specifically mutate the VRS5 binding site of one of these targets to
potentially remove the VRS5 specific regulation (Figure 1C). This way the targets
function in other processes might be retained, while the regulation on either
lateral spikelet development or tillering is removed or reduced. Knowing the
direct targets for VRS5 can not only be beneficial in barley, as we showed that
there is some overlap in targets and processes targeted by VRS5, TB1, and BRC{,
especially in regulating axillary bud outgrowth. This conservation implies that
these processes and targets can be shared in many more species.

Next to that, we showed that VRS5 can bind DNA in complex with TB2 (Figure
1D). For some targets this complex formation is even necessary to bind DNA, like
for binding to the promoter of HvGT1. This broadens the list of potential VRS5
targets that might be used for trait development. Knowing the targets that can
only be bound in a complex (Figure 1E) might help predict phenotypic responses
when either one of the complex partners is removed.

Next to that, the identification of two distinct VRS5 isoforms, showed the ability
to untangle row-type from tillering in barley (Figure 1F). Further investigation of
functional differences of these isoforms can help to further untangle VRS5
related yield traits, not only in barley but also other grasses, as the aTSS usage
seems to be conserved in grasses. Next to that, the differences in DNA binding
in complex of both isoforms raises the question what more targets are
differentially bound by the isoforms in complex with TB2 and potentially other
CYC/TB1 TCPs (Figure 1G). Therefore, this thesis is an important step towards a
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better understanding how protein isoforms can be exploited to untangle yield
related traits in cereals.

To conclude, this thesis is a nice example of the ability to do fundamental
research directly on a crop. With tools available as a complete reference
pangenome, natural variation in combination with phenotyping data, and an
efficient transformation protocol (Chapter 5), the way is open to successfully
perform fundamental research that can more easily be applied in the
development of stable, climate-change-proof cereals.
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Figure 1: Graphical summary and outlook of strategies to untangle pleiotropy via VRS5. A) In
Chapter 2, we showed the bona fide VRS5 targets for regulating tillering and lateral spikelet
development. This gives opportunities to B) mutate targets specific for one of these processes or C)
mutate the VRS5 binding sites for VRS5 targets to inhibit VRS5 specific regulation. In Chapter 3, we
showed that VRS5 can bind DNA together with TB2. For binding to the HvGT1 promoter, VRS5 needs
TB2 to be able to bind. E) investigating which targets are bound by the VRS5-TB2 complex instead
of VRSS5 only, will give additional targets that may be involved in the pleiotropy of VRS5. F) In Chapter
3, we showed that a shorter protein isoform of VRS5, VRS5B, can regulate lateral spikelet
development, but not tillering, showing that pleiotropy of VRS5 on lateral spikelet development and
tillering can be untangled. G) Better understanding of the differences in DNA binding and targets of
VRS5a and VRS58, both as homodimer and in complex with TB2 can be used to predict how exactly
pleiotropy of VRS5 can be untangled using different protein isoforms.
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Summary

Plant architecture is a highly dynamic trait that can be influenced by many
factors. Because of this, evolutionary adaptation created an immense variation
in plant architecture across the plant kingdom. Also during domestication, several
plant architectural traits were targeted to improve human usability of crops.
Several important traits are tangled on a molecular level, meaning that changing
one trait, often changes other traits as well. This is also the case in barley, where
the transcription factor VRS5, regulates both tiller development and lateral
spikelet development. Both of these processes are important yield related traits
in barley, and their genetic connection makes it difficult to manipulate these traits
independently. The main objective in this thesis was to provide molecular insights
that can help untangle these traits, with the focus on VRSS5.

As a transcription factor, VRS5 can directly bind to DNA and regulate the
expression of downstream targets. Understanding what these targets are, can
help to better understand how VRS5 exactly functions and regulates these
different processes. In Chapter 2, we identified these direct targets in barley by
combining two techniques. Using DNA-affinity purification followed by
sequencing (DAP-seq), we identified the genome-wide binding sites of VRS5.
Next to that, we compared gene expression in vrs5 mutants to wild-type at four
developmental stages using RNA sequencing. By combining the genes that are
differentially expressed in vrs5 and the loci where VRS5 binds, we obtained a set
of direct VRS5 targets that are thus bound by and regulated by VRS5. We
investigated four different developmental stages and therefore we could identify
which of these targets mostly play a role early in development, and presumably
in tillering, while others mostly play a role later in development, when the
inflorescence is developing.

Next, we looked in more detail at VRS5 as a protein in Chapter 3. We found that
in barley two different protein isoforms of VRS5 are formed; VRS5a and VRS58.
We wanted to know if these isoforms function differently, and by CRISPR
mutagenesis we made mutations causing only one of the protein isoforms to be
formed. After investigating these lines, we found that it is possible to uncouple
the tillering from the row-type function. While complete knock-out lines of vrs5
have both an increased number of tillers and six-rowed to intermediate spike
phenotype, the vrs5a mutants only show increased tillering, but a two-rowed
spike. We showed that these phenotypical differences are likely caused by
differences in DNA binding of the isoforms in complex with another transcription
factor, TB2.
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One of the direct targets of VRS5 identified in Chapter 2, VRS1 was already
known as thus far the most downstream regulator of lateral spikelet
development. Despite this role in such an agronomically important trait, little is
known of the molecular function of VRS1. In Chapter 4, we identified the
consensus DNA binding motif of VRS1, using DAP-seq. In combination with an
already available RNA-seq dataset of a VRST1 allele, we also identified some
potential direct downstream targets of VRS1. One of these targets was SOCT-
like, of which we made CRISPR mutants. These mutants showed significantly
smaller lateral spikelets compared to WT. Analysis of natural variation in SOC1-
like revealed that there has been a strong selection for a frameshift mutation of
SOCt-like in six-rowed barleys.

Many of the experiments performed in this thesis would be impossible without
having an efficient CRISPR based mutagenesis protocol. In Chapter 5, we
showed how we greatly improved the editing efficiency of Cas9 in barley by using
several methods shown to improve editing efficiency. With this improved system
we were able to generate multiple knock-out lines and even double knock-outs
in primary transformants already.

Finally, in Chapter 6 | combined the obtained results and place them in a broader
scientific perspective. | highlight the conserved function of VRS5 in regulating
tillering, while some interesting VRS5 targets that might regulate lateral spikelet
development are discussed. In conclusion, with the molecular insights provided
in this thesis, | showed several potential ways to help untangle yield-related traits
in barley, specifically via VRS5.
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Nederlandse Samenvatting

Hoe een plant eruit ziet, oftewel plantenarchitectuur, kan heel erg veranderen en
wordt beinvioed door meerdere factoren en kan belangrijk zijn om te overleven
in diens omgeving. Zo is er niet alleen verschil tussen soorten maar ook binnen
dezelfde soort kan er veel verschil zitten. Tijdens evolutie is er zo een grote
variatie aan verschillende planten en hoe ze eruit zien ontstaan. Toen mensen
bepaalde plantensoorten gingen telen, werd er geselecteerd voor bepaalde
eigenschappen in plantenarchitectuur om het gebruik voor de mens te
verbeteren. Sommige van deze belangrijke eigenschappen zijn op een moleculair
niveau aan elkaar gekoppeld. Dat betekent dat wanneer je de ene eigenschap wil
sturen, je vaak ook andere eigenschappen mee verandert. Bij gerst is dit ook het
geval, waarbij het aantal zijscheuten en rij-type, het aantal graankorrels per aar,
door dezelfde transcriptiefactor gereguleerd wordt, namelijk VULGARE ROW-
TYPE SIX 5 (VRS5). Beide eigenschappen zijn belangrijk voor de uiteindelijke
opbrengst, en door deze genetische koppeling is het moeiljk om deze
eigenschappen onafhankelijk van elkaar te sturen. Het overkoepelende doel in
dit proefschrift is om op moleculair niveau beter te begrijpen hoe deze
eigenschappen aan elkaar gekoppeld zijn, met de focus op VRS5.

VRS5 is een transcriptiefactor, dat betekent dat het de expressie van
onderliggende genen kan reguleren door direct aan DNA te binden. Door te
onderzoeken welke genen dit precies zijn, kunnen we beter begrijpen hoe VRS5
precies werkt en hoe het verschillende eigenschappen kan beinvlioeden. In
Hoofdstuk 2, hebben we deze onderliggende genen geidentificeerd door twee
technieken te combineren. Door gebruik te maken van DNA-affinity purification
gevolgd door sequencing (DAP-seq), hebben we over het hele gerstgenoom de
locaties gevonden waar VRS5 bindt. Daarnaast hebben we de genexpressie
vergeleken van wild-type planten en planten die een mutatie hebben in VRS5,
oftewel vrs5 mutanten, in vier verschillende ontwikkelingsstadia met RNA-
sequencing. Door de verschillend gereguleerde genen in vrs5 planten te
combineren met de locaties in het genoom waar VRS5 bindt, hebben we een lijst
met genen die zowel gebonden als gereguleerd worden door VRS5. Door dit in
vier verschillende ontwikkelingsstadia te doen, konden we zien welke van deze
onderliggende genen vooral vroeg in de ontwikkeling, en waarschijnlijk dus bij het
maken van zijscheuten belangrijk zijn, terwijl andere, die vooral later in de
ontwikkeling, en dus pas bij de ontwikkeling van de aar, belangrijk zijn.

Vervolgens hebben we in meer detail gekeken naar VRS5 als eiwit in Hoofdstuk
3. We hebben gevonden dat er twee verschillende VRS5 eiwitten gevormd
kunnen worden; VRS5a en VRS58. We wilden onderzoeken of deze verschillende
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isoformen ook een anders functioneren. Door gebruik te maken van CRISPR
mutagenese, hebben we een mutatie gemaakt waardoor er maar een van deze
isoformen gevormd kan worden. We zagen dat in deze planten de koppeling
tussen het vormen van zijscheuten en het rij-type verdwenen is. vrs5 mutanten,
waarbij geen enkel VRS5 eiwit gevormd kan worden, hebben zowel meer
zijscheuten, als een aar met zes rijen graankorrels. vrs5a mutanten, waarbij alleen
VRS5p gevormd kan worden, hebben meer zijscheuten, maar een aar met twee
rijen graankorrels. We laten verder zien dat deze verschillen waarschijnlijk
veroorzaakt worden door verschillen in de DNA-binding van de verschillende
isoformen als ze een complex vormen met een andere transcriptiefactor, TB2.

Een van de direct onderliggende genen van VRS5 die we in Hoofdstuk 2
geidentificeerd hebben, VRS1, was in gerst al bekend als een gen dat rij-type
reguleert. Hoewel rij-type een erg belangrijke agronomische eigenschap is voor
gerst, is er moleculair erg weinig bekend over hoe VRS1 functioneert. In
Hoofdstuk 4, hebben we aangetoond aan welke DNA-sequentie VRS1 kan
binden als transcriptiefactor, door gebruik te maken van DAP-seq. In combinatie
met bestaande genexpressiedata van een VRST allel, hebben we ook mogelijke
direct onderliggende genen van VRS1 geidentificeerd. Een van deze genen is
SOCt1-like, waar we met CRISPR ook mutanten van hebben gemaakt. Deze
mutanten hebben net als wild-type een twee-rijige aar, maar de laterale
graankorrels in soc7-like mutanten zijn significant kleiner vergeleken met die van
wild-type. Door natuurlijke variatie in de DNA-sequentie van SOCfT-like te
analyseren, zagen we dat er een sterke selectie is geweest voor een bepaalde
mutatie in SOCT1-like in zes-rijige gerst.

Veel van de experimenten die in dit proefschrift gedaan zijn, zouden onmogelijk
zijn zonder een efficiént CRISPR mutagenese protocol. In Hoofdstuk 5 hebben
we laten zien hoe we de efficiéntie van Cas9 in gerst hebben verbeterd door
verschillende methodes te combineren. Met dit verbeterde systeem hebben we
veel planten ontwikkeld met knock-out mutaties en zelfs knock-out mutaties van
twee genen tegelijk, al in de primaire transformanten.

Uiteindelijk combineer ik in Hoofdstuk 6 de behaalde resultaten en plaats ze
samen in een breder wetenschappelijk perspectief. Ik benoem specifiek de
geconserveerde functie van VRS5 in het reguleren van het maken van
zijscheuten, terwijl ik sommige interessante direct onderliggende genen van
VRS5 benoem die mogelijk de ontwikkeling van laterale graankorrels reguleren.
Met de moleculaire inzichten uit dit proefschrift laat ik meerdere opties zien die
helpen bij het ontkoppelen van verschillende opbrengsteigenschappen in gerst,
specifiek via VRS5.
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