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III. Aims of this study

The aim of this study is a detailled analysis of the barley (Hordeum vulgare) root apical meristem.

Crop plant research mostly focuses on above-ground organs, as these organs are directly connected to
yield. Root growth, however, is still often neglected, although root growth contributes to yield by
providing the plant’s access to water, nutrients and anchorage to the soil. Barley is the fourth most
abundant crop plant, and ranks among the most salt-tolerant crop species, which makes it particularly

interesting for root research.

Plant growth is enabled by the activity of meristems. Shoot and root meristems harbour stem cells
which are controlled by organizing centers. Development and maintenance of a stable stem cell
population is enabled by fine-tuned networks of receptors, peptides, transcription factors and
phytohormones. Although phytohormone and genetic signalling is well analysed in the main model

plants Arabidopsis thaliana, rice and maize, hardly anything is known about it in barley.

In this study, the root meristem development of barley, maintenance and related genetic and hormonal
factors will be compared to the respective structures in Arabidopsis, rice and maize to reveal
underlying concepts, but also differences. The study will be extended to the shoot apical meristem, as
it was shown that some genes are involved in both shoot and root meristem development and

maintenance.

To do this, the root apical meristem will first be characterised in detail. By means of cell wall
stainings, the origins of the root cell layers will be examined. Distinct regions of the meristem will be
distinguished by monitoring the cell division activity in the root meristem by RNA in situ
hybridisation and staining for fluorescence microscopy. Moreover, the widely conserved CLE peptide
dependent module for root meristem maintenance will be examined by peptide application to barley

roots.

Secondly, in order to demonstrate how knowledge from barley can be applied to other plants and what
makes the barley root meristem structure special, the root stem cell niches of the major model plants
Arabidopsis, maize and rice will be compared to the barley stem cell niche on the basis of literature
search. As barley is more salt-tolerant than other crop plants, barley as role model for salt resistance

will be discussed.

Thirdly, the effect of the phytohormones cytokinin and auxin on barley roots and root meristem
growth will be analysed. Furthermore, the cytokinin signalling will be analysed by reporter lines.
Homologues of auxin-related genes known from other plants will be identified in barley. Transgenic
fluorescent reporter lines will be created that visualize the gene expression and subcellular localisation

of these genes. The expression patterns will be confirmed by RNA in situ hybridization.
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At last, barley homologues of genes involved in stem cell and QC specification in the root meristem
will be identified and their expression pattern will be examined by transgenic fluorescent reporter
lines. Expression of genes that are putatively involved in the shoot apical meristem development will

moreover be examined in the shoot meristem.

The results of this study will lead to a better understanding of general concepts of meristem

development and maintenance.
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Plant root growth is enabled by root meristems that harbor the stem cell niches as a
source of progenitors for the different root tissues. Understanding the root development
of diverse plant species is important to be able to control root growth in order to gain
better performances of crop plants. In this study, we analyzed the root meristem of
the fourth most abundant crop plant, barley (Hordeum vulgare). Cell division studies
revealed that the barley stem cell niche comprises a Quiescent Center (QC) of around
30 cells with low mitotic activity. The surrounding stem cells contribute to root growth
through the production of new cells that are displaced from the meristem, elongate and
differentiate into specialized root tissues. The distal stem cells produce the root cap and
lateral root cap cells, while cells lateral to the QC generate the epidermis, as it is typical
for monocots. Endodermis and inner cortex are derived from one common initial lateral
to the QC, while the outer cortex cell layers are derived from a distinct stem cell. In rice
and Arabidopsis, meristem homeostasis is achieved through feedback signaling from
differentiated cells involving peptides of the CLE family. Application of synthetic CLE40
orthologous peptide from barley promotes meristem cell differentiation, similar to rice
and Arabidopsis. However, in contrast to Arabidopsis, the columella stem cells do not
respond to the CLE40 peptide, indicating that distinct mechanisms control columella cell
fate in monocot and dicot plants.

Keywords: root meristem, stem cell niche, CLE peptide signaling, root architecture, root development, barley

INTRODUCTION

The root system of cereal crops from the family of Poaceae like barley, maize and rice is composed
of different types of roots formed during consecutive developmental stages. In the embryo, the
primary root primordium and the primordia of seminal roots are initiated (Luxovd, 1986). The
primary root is initiated below the scutellar node, while the seminal roots are formed later above
the scutellar node from the mesocotyl. In the subsequent life of the plant, the largest part of the
root system is built by shoot-borne post-embryonic nodal roots (reviewed in Orman-Ligeza et al.,
2013). Primary root growth depends on cell division and expansion. Meristematic cells at the root
tip are small and divide rapidly several times before they are displaced from the meristem. At
the transition zone, they enter a phase in which they cease division and start to rapidly elongate
and differentiate (elongation-differentiation zone) (reviewed in Ivanov and Dubrovsky, 2013).
In Arabidopsis thaliana, the number of cells in the meristem increases after germination, until
the meristem reaches its final size when the rates of cell division and the rate at which cells
exit the meristem into the elongation-differentiation zone are balanced (Dello Ioio et al., 2007).
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The meristematic cells are derived from a group of stem cells
located in the distal stem cell niche (Dolan et al., 1993). In many
plant species, the stem cell niche is organized from a mitotically
less active region termed the quiescent center (QC) (Clowes,
1984). In Arabidopsis thaliana, the QC is surrounded by a single
layer of stem cells which give rise to the different tissues that
make up the main body of the root (Dolan et al., 1993). The
proximally located stem cells give rise to stele, endodermis and
cortex, while the distal cells produce the root cap (columella),
epidermis and lateral root cap cells. The QC maintains these
stem cells in their undifferentiated state through short-range
signaling (van den Berg et al., 1997). One of these signals depends
on the homeobox transcription factor WUSCHEL-RELATED
HOMEOBOX5 (WOXS5) that is expressed in the QC and
maintains both the distal stem cells and the size of the proximal
meristem, together with other factors (Sarkar et al., 2007). The
differentiating cells surrounding the stem cell niche, however,
provide feedback-signals that serve to limit the size of the
stem cell population. One of these is CLAVATA3/ENDOSPERM
SURROUNDING REGION40 (CLE40), a peptide carrying a
secretion signal and a conserved 14-amino-acid motif (CLE
motif) near its C terminus (Cock and McCormick, 2001). CLE40
is expressed in the stele and in differentiated columella cells
(Stahl et al., 2009). CLE40 signaling requires ARABIDOPSIS
CRINKLY4, a receptor-like kinase that is expressed in the
distal stem cells and in differentiated columella cells (De Smet
et al.,, 2008; Stahl et al., 2009). CLE40 was shown to restrict
WOX5 expression in order to create a feedback regulation that
maintains the size of the distal stem cell population (Stahl et al.,
2009). A CLE peptide dependent pathway can also serve to
promote premature differentiation of the proximal meristem,
via an unknown pathway involving CLAVATA2 and CORYNE
(Hobe et al., 2003; Fiers et al., 2005; Pallakies and Simon,
2014).

The basic structure of the meristem and the stem cell niche
is generally similar between species like Arabidopsis, tomato, rice
and maize. Their roots consist of the same cell types, which are
the columella, lateral root cap, epidermis, cortex, endodermis,
and stele. However, the number of cell files, their origin and
the size of the stem cell domains differ between species. Firstly,
the size of the QC varies considerably between species, ranging
from four cells in Arabidopsis and rice to 400-900 in maize
(Clowes, 1984; Dolan et al., 1993; Jiang et al., 2003; Ni et al., 2014).
Secondly, maize and rice roots generate a larger number of cortex
cell files than tomatoes (2-3 files) or Arabidopsis (1 file) (Lim et al.,
2000; Rebouillat et al., 2009; Ron et al., 2013). In Arabidopsis,
tomato and rice, both cortex and endodermis share an initial cell
(Dolan et al., 1993; Ron et al., 2013; Ni et al., 2014). Epidermis
and lateral root cap are derived from a common ancestor cell in
Arabidopsis, whereas the epidermis initial of rice and maize is
independent of the lateral root cap (Dolan et al., 1993; Clowes,
1994; Lim et al, 2000; Ni et al, 2014). To identify general
mechanisms of root meristem development, more plant species
from different evolutionary branches should be compared. Barley
(Hordeum vulgare) is the fourth most abundant crop plant and
of significant agronomic importance (FAO, 2014). The genome
sequence of the barley cultivar (cv.) Morex was published in

2012 and serves as basis for molecular genetic studies (Mayer
et al., 2012). While the adaptation of the shoot development to
many different environments has been well studied, not much
is known about the root development and the architecture
of the barley root meristem was not previously described in
detail (Luxova, 1986). Knowledge on the anatomy of the barley
root provides the basis to understand root development and to
study its molecular control mechanisms. Here, we have analyzed
the root meristem of the barley cv. Morex at a cellular level,
determined the size of the QC, the number and origin of
the fundamental cell layers and cell division patterns in the
stem cell niche. We further show that evolutionary conserved
CLE-peptide dependent signaling pathways control meristem
differentiation in the proximal meristem in barley, but in contrast
to Arabidopsis, do not control the maintenance of columella stem
cells.

MATERIALS AND METHODS

Plant Growth

Seeds of the barley (H. vulgare) cv. Morex were husked and
sterilized by washing the seeds in 70% EtOH shortly and in
5% sodium hypochlorite for 30 min on a shaker at 4°C. The
seeds were then rinsed with autoclaved dH,O twice and plated
on square plastic plates (120 x 120 mm) containing growth
agar (0,5g MES hydrate, 2,2 g Murashige & Skoog medium per
liter, pH 5.7). Per plate, 5 seeds were placed 2 cm from the top
of the plate into the agar. The plates were then stored for at
least 2 days in darkness at 4°C for stratification and placed in a
16°C phytochamber with 24 h light at a 45° angle to the shelf
for growth. Arabidopsis thaliana (Col-0) seeds were treated and
grown as described in Stahl et al. (2009).

Peptide Treatment

The synthetic peptides were acquired from Thermo Fisher
Scientific and Centic Biotec with the following amino acid
sequences: HvCLE402p (MLOC_3686.1) REVPTGPDPIHH;
AtCLE40p RQVHypTGSDPLHHK (Hyp = hydroxyproline);
mCLE40p LPQHPHGRSDVT. The peptides were added to the
growth medium at a final concentration of 1 pM and the seeds
were grown on these plates as described above for 5 days after
germination (DAG).

RNA In situ Hybridisations

Probes for the HISTONE H4 (AK357536) mRNA were prepared
from the whole coding sequence. The DNA was cloned into
the pGGCO00 entry vector of the GreenGate cloning system
(Lampropoulos et al., 2013) and amplified including the T7
and SP6 promoter sites by PCR. RNA probes were produced as
described in Hejatko et al. (2006). RNA in situ hybridisations
were performed on roots of plants 8 DAG as described in Jackson
(1991), except for the following changes: after fixing the tissue
over night at 4°C in 4 % para-formaldehyde, 0.1% tween-20,
0.1% triton-x-100 in PBS, a Leica ASP 300 tissue processor
was used for embedding with the following protocol: 1 h 50%
Ethanol (EtOH), 1 h 70% EtOH, 1 h 95% EtOH plus Eosin
Y, 1 h 100% EtOH plus Eosin Y, 1 h 100% EtOH, 1 h 100%
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EtOH, three times 1 h 100% Xylol, 20 min paraplast at 60°C,
10 min paraplast at 60°C. 10 pwm sections were made at the
microtome.

Staining and Microscopy

Modified pseudo-Schiff propidium iodide (mPS-PI) staining was
performed as described for floral stalks in Truernit et al. (2008)
on root tips of plants 8 DAG. The staining with Schiff reagent and
PI was carried out using vacuum. The samples were examined
with either a 25x oil objective with a numeric aperture (NA) of
0.8 using a Zeiss laser scanning microscope (LSM) 510 Meta or a
40x water objective with a NA of 1.20 using a Zeiss LSM 780. PI
was excited with a 561 nm Argon laser with emission detection at
566-718 nm.

For cross sections of the root hair zone, roots were embedded
in melted 5% agarose and sectioned manually with a sharp
razor blade. Endodermis staining with berberine hemisulfate
was carried out as described in Lux et al. (2005). The samples
were examined with a 40x water objective with a NA of 1.20
using a Zeiss LSM 780. Green fluorescence was excited with a
488 nm Argon laser with emission detection at 490-544 nm.
Transmitted light pictures were taken with a transmitted light
detector (T-PMT).

EdU staining was performed with the Click-iT EAU Imaging
Kit (Invitrogen) and the fluorophor Alexa568 as described in
the manufacturer’s manual with the following modifications: root
tips of plants 8 DAG were covered with 10 wM EdU in dH,O and
placed in the phytochamber for the respective incubation time.
Root tips were fixed for 1 h under vacuum and permeabilized
for 1 h at room temperature. The Click-iT reaction was carried
out for 1 h under vacuum in darkness. DNA-counterstaining was
performed with 1 pug/ml DAPI in PBS for 1 h in darkness under
vacuum. The samples were cleared for around 14 days at 4°C
in clearing solution described in Warner et al. (2014). The roots
were examined with a 40x water objective with a NA of 1.20 using
the Zeiss LSM 780. DAPI was excited with a 405 nm Diode with
emission detection at 410-560 nm, Alexa568 was excited with
a 514 nm Argon laser and emission was detected at 545-697
nm in a separate track. The pinhole was set to 2,05 Airy units.
Pictures were taken with the tile scan function with 10% overlap,
a threshold of 0.70 and automatically stitched by the microscope
software.

RNA in situ hybridizations were examined with a plan-
neofluar 20x objective with a NA of 0.50 or a plan-neofluar
40x objective with a NA of 0.75 using a Zeiss Axioskop light
microscope.

Data Analysis

For the alignment of the CLE-motifs, the 12 amino acid CLE-
motif of Arabidopsis CLE40 (Hobe et al., 2003) was used for
a BLAST search of barley CLE homologs. Barley homologs
were obtained from http://webblast.ipk-gatersleben.de/barley/
using the default BLAST parameter settings among high and
low-confidence genes (Mayer et al, 2012). Alignments were
performed using MEGA7 (Molecular Evolutionary Genetics
Analysis version 7.0) for bigger datasets and a MUSCLE
alignment.

Measurements of the meristem length, counting of the distal
stem cells and segmentation of the z-stacks were carried out in
Fiji (Schindelin et al., 2012). For meristem length measurements,
the border between meristem and elongation zone was defined
by the first cell in the outermost cortex cell layer that doubled
in cell length compared to its distal neighbor and analysis was
carried out qualitatively from direct observation (as described in
Dello Ioio et al., 2007). Segmentation of cells in the z-stack of
the stem cell niche was performed with the MorphoLib] plugin
and morphological segmentation (Legland et al., 2016). All plots
were created in R (R Core Team, 2015). Statistical significances
of the meristem length and the distal stem cell differences were
determined by a two-tailed Student’s T-Test with the indicated p-
value. For image compilation, Adobe Photoshop was used. In the
microscope images of the meristems contrast and brightness were
changed in parts of the images, as the images were composed of
single microscope images.

RESULTS

Adapted mPS-PI Staining Allows Whole
Mount Imaging of Barley Root Meristems
and Reveals That the Barley Meristem
Approximates a Steady Size within 6 DAG

In the first days of seedling development, the seminal roots are
the main root type involved in water uptake (Knipfer and Fricke,
2011), so they are of particular importance for development
of the plant in water stress conditions. We therefore focused
our study on this root type. There is no consensus in the
literature on the number of seminal roots and the appearance
of a primary root in different barley cultivars (Hackett, 1968;
Luxova, 1986). Under our experimental conditions, the root
system of the barley cv. Morex consists of 2-6 seminal roots that
arise during the course of the first five DAG. Around 10 DAG,
adventitious roots arise from the shoot. This is in accordance
with the data of Knipfer and Fricke (2011) and Hackett (1969).
Luxovd (1986) distinguished primary and seminal roots of barley
by position in the embryo, however, this was not possible
for the cv. Morex without dissecting the embryo. Because
we could not detect a phenotypical difference between any
of the first roots, we made no distinction between primary
and seminal roots. Within the first 16 DAG, the roots grew
to an average length of approximately 5 cm in our growth
conditions (Figure 1A). After germination, the number of cells
in the meristem increases, until the meristem reaches its full
size when the rates of cell division and cell elongation are
balanced. However, problems in visualizing meristem cells in
barley result from the thickness and size of the roots which
make microscopy impossible without clearing. By adapting the
technique of mPS-PI staining (Truernit et al., 2008) which was
previously described for Arabidopsis flower stalks to barley,
we could stain the root cell walls and starch granules in the
root tip for confocal microscopy without previous sectioning.
To measure the meristem size, we analyzed the outermost
layer of the cortex cells next to the epidermis and defined
the transition zone between the meristem and the elongation
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FIGURE 1 | Growth of the barley root and the root meristem. (A) Root length of the barley root system at the first DAG; the average length of all roots of single plants
was measured, n = 3-11 plants per time point, experiment was performed twice. (B) Meristem length of barley roots at different DAG in wm; the meristem growth is
highest in the first DAG; after 6 DAG most of the meristems approximate a steady size; n = 9-17 per time point, experiments were performed twice. (C) Meristem cell
number at different DAG; also the cell number of the meristem has reached a steady size after 6 DAG; n = 9-17 per time point, experiments were performed twice.
(D) Representative picture of the root tip 10 DAG, starch and cell walls stained with mPS-PI staining; arrowhead indicates the transition zone; inset shows a
magnification of the transition zone; scale bar represents 200 wm.

zone as prior exemplified for Arabidopsis. There, the transition
between the meristem and the elongation zone is defined as
the region where the first cortical cell doubles in size compared
to its distal neighbor (Dello Ioio et al.,, 2007). The observation
that the different seminal roots of a single barley seedling

emerge over the course of up to 5 days following germination
complicates this type of analysis, as the measured roots will
differ slightly in age and, accordingly, developmental stage.
This is reflected in the variation in root meristem lengths at
each time point (Figures 1B,C). The meristem continued to
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grow, but growth slowed down approximately 6 DAG, while
root length steadily increased in the monitored time window
(Figures 1A-C).

Cell Layers in the Barley Root

We first characterized the number and identity of root cell files.
Because cells are not yet differentiated in the root meristem, they
cannot be distinguished only on the basis of their morphology.
We therefore stained the suberized tissue in a cross section of
the differentiated part of the root (root hair zone) with the
fluorescent dye berberine hemisulfate (Figure 2). In this region of
the root, the endodermis, the exodermis and the epidermis have
suberized cell walls as diffusion barriers (Nawrath et al., 2013).
We found that the barley root consists of one layer of epidermis,
one layer of exodermis derived from the cortex, four layers of
cortical cells and one endodermal layer. The cortex cells can be
categorized into inner cortex (small cells) and outer cortex (larger
cells) on the basis of their morphology. The central cylinder
of the barley cv. Morex root comprises one large central and
eight smaller peripheral metaxylem vessels, confirming similar
observations on seminal roots of the cv. Golf by Knipfer and
colleagues (Knipfer and Fricke, 2011). As the exodermis only
forms in the differentiating zone of the root in a layer of cortical
cells beneath the epidermis, it can be considered as cortex cell file
in the root meristem (Enstone et al., 2003).

The Barley QC Consists of around 30 Cells

In many plant species analyzed, the QC serves to maintain
adjacent stem cells in an undifferentiated state by short range
signaling (Dolan et al., 1993; van den Berg et al., 1997; Ni et al.,
2014; Kerk and Feldman, 1994). QC and stem cells of maize and
Arabidopsis are characterized by their slower cell division rate
in comparison to the surrounding cells (Clowes, 1984; Dolan
et al., 1993). This quiescence could be necessary to protect the
QC from DNA damage caused by DNA replication and allows to
provide a pool of cells with an error-free genome for renewing
the surrounding stem cells (Heyman et al., 2014). To investigate
the cell division rate in the barley stem cell niche, we made use of

two approaches, EAQU staining and RNA in situ hybridization to
detect expression of Histone H4, which is specifically expressed
during S-phase. EdU is a thymidine analog that is incorporated
into the DNA during DNA synthesis and hence labels cells in the
S-phase of the cell-cycle (Kotogany et al., 2010). In Arabidopsis,
a 24 h incubation with EdU labeled all cells in the stem cell
niche except for the QC cells (Vanstraelen et al., 2009). In the
barley root meristem, a 24 h treatment with EJU marked almost
all nuclei in the stem cell niche (Figure 3B), while after a 12 h
incubation with EAU 60 % of the roots (9/15) carried cells lacking
EdU label in the putative stem cell niche (Figure 3A). Results of
a6 h EdU treatment were even more striking and 70% of all roots
(30/44) lacked EdU incorporation at this position (Figure 4).
Importantly, we could not detect any group of cells that was
non-dividing over more than 24 h. To identify the QC cells, we
analyzed the cell division rate in different subsets of the stem cell
region in roots that were treated with EAdU for 6 h (Figure 4).
Notably, the cell division rates in the subsets revealed that a
quiescence gradient in the QC region exists, with the highest
quiescence, i.e. the lowest cell division rates in the cell layer
adjacent to the root cap (subset 1) and increasing cell division
rates in subsets 2, 3 and 4 (Figures 4B-I). Subset 3, with the
most striking difference in cell division rate in comparison to the
other subsets, is displayed in Figures 4F,G and includes around
9 cells in longitudinal sections (blue frame). The cell division
rate in subset 3 ranged from 0 to 30%, while the cell division
rate in the surrounding cells (orange region in Figure 4F) was
predominantly in a range from 20 to 60% (Figure4G). We
therefore suggest that subset 3 cells represent the QC region.
However, in 14/40 roots, more than 30% of the QC cells were
EdU stained within a 6 h period (Figure 4G). To confirm this
cell division pattern, we performed RNA in situ hybridisation
with a probe detecting Histone H4. Cell division rates in subset
3 (blue frame in Figure 5B) ranged from 0-20 and10-50% in the
surrounding region (orange frame in Figures 5B,C), supporting
the previous identification of the QC in subset 3. Assuming that
the QC has a hemispherical shape, we calculated that the entire
QC consists of around 30 cells.

transmitted light
. ] 7

X

green fluorescence

transmitted light +
green fluorescence
. V| T 2

FIGURE 2 | Anatomy of the barley root. Cross section of a root 8 DAG in the root hair zone, suberin stained with berberine hemisulfate; epidermis (Ep), exodermis (Ex),
and endodermis (En) have suberized cell walls, while inner (iCo) andouter cortex (0Co) cells except for exodermis have not; eight peripheral meta xylem (pMX) vessels
(autofluorescent) surround one central meta xylem (cMX) vessel in the central cylinder; scale bar represents 200 wm; n = 16, experiment performed three times.
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FIGURE 3 | Cell division in the barley root tip. Roots of plants 8 DAG were treated with the cell division marker EdU (red), nuclei counterstained with DAPI (blue),
merge image shows an overlay of both stainings. (A) Exemplary barley root tip after 12 h treatment with EAU. (B) Exemplary barley root tip after 24 h treatment with
EdU; no area of low cell division rate is visible; scale bar represents 200 wm; arrow heads point to the putative QC region.

DAPI + EdU

Formation of Epidermis, Cortex, and

Endodermis

We studied mPS-PI stained barley roots to identify the clonal
origin of the epidermal, the five cortical and the endodermal
cell layers. By tracing the outlines of cells, we found that the
endodermis and a variable number of cortex cell files share the
same founder cell which locates adjacent to the QC (in 17/23
roots at 5-8 DAG). In most cases, a QC abutting inner cortex
endodermis initial (ICEI) gave rise to the endodermal cell layer
and the inner cortex cell layer, whose descendants remained
distinctly smaller than the outer cortex cell layers (see Figure 2).
However, in contrast to the model organism Arabidopsis, cell
division patterns are less regular. We often found that cells at a
distance to the QC underwent periclinal cell divisions, thereby
generating additional cortex cell files (white arrow heads in
Figure 6A). The outer cortex cell layers derived from a distinct
outer cortex initial (OCI) that first generated two cortex cell
files by alternating between anticlinal and periclinal divisions.
Further periclinal division in descendants give rise to additional
cortex layers. Serial optical sections confirm this cell division
pattern (Figure 6B, Supplementary Movie 1). This pattern of
cell layer generation differs from that in rice, where a ground
tissue stem cell abutting the QC undergoes four rounds of
asymmetric divisions to generate endodermis, cortex, exodermis
and sclerenchyma cell layers (Rebouillat et al., 2009; Ni et al.,

2014). In maize, the position and cell division pattern of stem
cells has not yet been analyzed in detail (Hochholdinger et al.,
2004a; Jiang and Feldman, 2005). In barley, the epidermis can be
traced back to a dedicated stem cell adjacent to the QC (in 20/26
roots at 5-8 DAG) (Figure 6A). The origin of the vascular system
and division patterns of vascular stem cells could not be traced
back unequivocally by our mPS-PI staining method. Cell division
patterns appeared highly variable, and reporter lines marking cell
clones would be required to determine number and behavior
of vascular initials. However, a single file of metaxylem cells is
prominent in all roots, which can be identified at a distance of
more than 5 cells from the QC (Figures 2, 6A).

Formation and Structure of the Lateral
Root Cap and the Columella

At the root tip, we observed a distinct border that separates
the starch-containing columella cells and the undifferentiated
columella precursors from the proximal part of the root
(Figure 6A). Differentiated columella cells contain starch grains
that are necessary for gravitropism (Kiss et al., 1996). In rice,
maize and Arabidopsis all cells of the columella and lateral root
cap except for the columella stem cells contain starch grains
(Figure 10; Dolan et al., 1993; Lim et al., 2000; Wang et al., 2014).
In barley cv. Morex, we detected starch granules only in the five
to six distal layers of the columella. The lateral root cap and on
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FIGURE 4 | Analysis of cell division rates in different regions of the barley root tip. Roots of plants 8 DAG were treated with the cell division marker EdU (red) for 6 h
and counterstained with DAPI as in Figure 3. (A) Exemplary barley root tip after treatment with EdU; merge image shows an overlay of DAPI and EdU staining; white
arrow head points to the putative QC region; scale bar represents 100 um. (B) Schematic view on the stem cell niche with cell division rates; cells with low division
activity are marked with dark gray, cells with high division activity with light gray. (C,E,G,l) Magnification of the region marked in (A); schematic view of the respective

analyzed regions; bright blue marks the putative QC region in the center, orange marks the surrounding reference region. (D,F,H,J) Diagrams show the number of
(Continued)
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FIGURE 4 | Continued
roots that showed cell division at the rate given on the x-axis in the respective area in the stem cell niche; different areas (bright blue and orange) refer to the areas

marked by colors in (C,E,G,l); square brackets for the cell division rates indicate that the following number is included in the column, while round brackets indicate
that the numbers are excluded. (C) The putative QC includes only the four most central cells of the stem cell niche next to the root cap border (subset 1). (D) A large
difference in cell division rate can be found between the putative QC region and the surrounding cells. (E) The putative QC includes the region from (C) plus around
four proximal cells (subset 2); here again, there is an obvious difference in cell division rate between the QC and the surrounding cells, indicating that this subset
enclosures the QC region (F). (G) The putative QC includes the region from (E) plus around four proximal cells (subset 3), meaning that the putative QC region here
includes 9 cells proximal to the root cap border. (H) Again, there is a difference in cell division rates between the putative QC region and the surrounding cells,
indicating this subset still enclosures the QC region. (I) The putative QC region consists of the region marked in (G) plus one additional cell layer surrounding it
(subset 4); here, the difference in cell division rate does not appear (J), meaning that this subset probably includes more than only the QC region.
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FIGURE 5 | Identification of a region of slowly dividing cells in the barley stem cell niche. (A) RNA in situ hybridizations with probe against the S-phase marker H4; the
sense control shows no staining; in the antisense sample, cells in the S-phase expressing H4 are stained in purple; red arrow head in points to the putative QC region
without H4 expression; orange arrowhead points to cell divisions that form the lateral root cap; blue arrowhead points to cell divisions in the distal stem cells that build
the columella; scale bar represents 100 um. (B) Magnification of the region marked in (A); orange and blue frame surround the regions analyzed in (C); frame around
the root marks the position of the root cap border. (C) Percentage of cells that have express H4 as cell division marker in the respective area in the stem cell niche

illustrated in (B).

by orange line in Figure 6C). Extended EdU staining over 48 h
confirmed that most lateral root cap cells divided at least once
within this time frame. Histone H4 expression analysis supported
the conclusions drawn from EdU stainings, showing that (1)
all cells of the root cap remain division active, and (2) that
the columella stem cell layer proximal to the QC maintains the

average four cell layers proximal to the differentiated root cap
cells, however, lacked starch granules (Figures 1D, 6A, 9E) and
might act as columella stem cells. EQU treatment revealed that the
first cell layer distal to the QC had a high cell division potential,
which declined in the three more distal layers (Figures 6C,D).
We occasionally also observed cell divisions in differentiated root

cap cells (gray arrowhead in Figure 6C), which was also noted
for columella cells in Arabidopsis, but not for rice (Wang et al.,
2014; Hong et al.,, 2015). The lateral root cap originates from
periclinal and oblique (in 6/30 roots at 5-8 DAG) cell divisions of
lateral columella stem cells (Figure 6A, cells framed with orange),
and lateral root cap cells maintain high division activity (marked

highest divisional activity (blue arrow head in Figure 5A). The
cell division pattern and cell wall arrangement at the position of
the epidermis initial (EPI) indicates that the epidermal cell layer
and the lateral root cap of barley are of independent origin, as it
is typical for monocot roots (Figure 6A; Clowes, 2000; Rebouillat
et al., 2009).
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FIGURE 6 | Cell division patterns in the root meristem. (A) Root tip stained with mPS-PI staining; colored cell walls mark the epidermal (red), cortical (green) and
endodermal (magenta) cell files; white dots mark the cell lineage of the epidermis resulting from the arrangement of cell walls, derived from the epidermis inital (EPI);
gray dots mark the cell lineage of the outer cortex cell layers, derived from the outer cortex initial (OCI); black dots mark the cell lineage of the inner cortex cell layers
and the endodermis, derived from the inner cortex/endodermis initial (ICEI); white arrowhead points to a periclinal cell division in the cortex; orange cell walls marks an
oblique cell division that forms the lateral root cap; Ep, epidermis; Co, cortex; En, endodermis; MX, metaxylem; scale bar represents 200 wm. (B) Longitudinal optical
sections through the barley stem cell niche from the same z-stack presented in Supplementary Movie 1; Images were acquired at a distance of 5 um; labels
according to (A), dotted lines follow the cell files in the respective colors; ICEI and OCI are visible in the center of the root, marked by appearance of the metaxylem
and confirmed by tracing the cells in Supplementary Movie 1; scale bar represents 100 wm. (C) Root tip treated with EAU for 6 h; white borders mark the layers of
undifferentiated cells distal to the root cap border, orange borders mark the lateral root cap; gray arrow head points to a cell division in the differentiated part of the
root cap; root age 8 DAG; scale bars represent 200 pm. (D) Diagram showing the cell division rates of the layers of undifferentiated cells distal to the QC marked with
white borders in (B) visualized by different EJU treatment times, 6, 12, 24, and 48 h (black = first layer distal to QC, dark-gray = second layer, light-gray = third layer,
white = fourth layer); cell division rate is highest in the first layer distal to the QC, but increasing in the other layers after prolonged EdU treatment; n = 44 (6 h),

The Barley Meristem Is Consumed upon
CLE40 Peptide Treatment While the Distal
Stem Cells Are Unaffected

In Arabidopsis, a constant population of columella stem cells is
maintained through a negative feedback regulation, involving
the differentiated columella cells and the QC. The QC promotes
columella stem cell fate in adjacent cells due to a non-cell
autonomous function of the mobile transcription factor WOX5
(Pi et al., 2015). Differentiated columella cells, which are the
descendants of the columella stem cells, express the secreted
peptide CLE40 which acts via receptor kinases to confine WOX5
expression (Stahl et al., 2009, 2013). An excess of CLE40 causes
a rapid differentiation of stem cells toward columella cell fate.
Additionally, CLE40 also regulates the size of the proximal
meristem: here, increased levels of CLE40 can induce stem cell
differentiation and loss of meristem activity (Hobe et al., 2003;

Fiers et al., 2005). We now asked if a similar mechanism is acting
in barley, and identified 21 CLE family peptides encoded in the
available barley genome (Mayer et al., 2012). In Arabidopsis, CLE
peptides are involved in a variety of developmental processes,
but only two of them, CLE40 and CLAVATA3 (CLV3), act in
meristem maintenance pathways. In rice, FLORAL ORGAN
NUMBER2 (FON2) and FON2-LIKE CLE PROTEIN1 (FCP1)
encode highly homologous CLE peptides, and of all CLE genes
analyzed, only FCP1, FON2, CLV3, and CLE40 carry two introns,
reflecting a common evolutionary origin (Fletcher et al., 1999;
Hobe et al., 2003; Chu et al., 2006; Suzaki et al., 2006, 2008).
Our search for CLE genes in the barley genome uncovered
MLOC_3686 (named now HvCLE402) (Mayer et al, 2012),
which carries two introns and encodes a CLE peptide highly
related to FCP1 (Figures 7, 8). Treating barley plants with 1
WM synthetic HvCLE402 peptide consisting of the 12 amino
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FIGURE 7 | CLE gene structure in Arabidopsis, rice and barley. Gene
structure of CLV3, CLE40 (Arabidopsis) (Fletcher et al., 1999; Hobe et al.,
20083), FON2, FCP1 (rice) (Suzaki et al., 2006, 2008), and HYCLE402 (barley);
all of these CLE genes consist of three exons (gray boxes), two introns (lines
connecting the boxes) and the sequence coding for the CLE-motif (light gray
boxes); scale bar in bp.

acid CLE motif (HvCLE402p) or the Arabidopsis AtCLE40
peptide led to a significantly reduced root meristem length in
comparison to untreated or mock treated plants (Figures 9A,B).
We found that the number of proximal meristem cells was
severely reduced (Figure 9C), indicating that the reduction of
meristem size is likely caused by premature differentiation of
proximal meristematic cells. This is consistent with observations
made for the response of rice or Brachypodium to increased CLE
peptide levels (Kinoshita et al., 2007; Czyzewicz et al., 2015).
In the distal root meristem, 4 layers of columella stem cells
give rise to the starch granule containing columella cells. In
Arabidopsis, columella stem cell fate and number is negatively
feedback regulated by CLE40 peptide, which is generated by
differentiated columella cells. We asked if a similar regulation
takes place in barley, and counted columella stem cell layers
in peptide treated and untreated roots. Treatment with high
levels of HvCLE402 or AtCLE40 peptides caused a minor,
albeit statistically significant reduction of stem cell number,
indicating that regulation of stem cell fate cannot depend solely
on HvCLE402 (Figures 9D,E). Furthermore, we found that the
HvCLE402 peptide can trigger both differentiation of columella
stem cells and the proximal meristem cells in Arabidopsis, like the
AtCLE40 peptide (Figure 10, Stahl et al., 2009), indicating that
the CLE40 pathway controlling proximal meristem maintenance
is highly conserved between monocots and dicots, while the distal
meristem is only partially regulated through a CLE40 pathway.

DISCUSSION

To understand the fundamental concepts of root growth, it is
important to compare the differences in operating mechanisms
between higher plants from the two major groups, monocots and
dicots. Here, primary root growth is enabled by root meristems

HvCLE402 REVPTGPDP I HH
OsFCP1  REVPTGPDP IHH
OsFCP2 REVPSGPDPIHH
OsFON2 RSVPAGPDPMHH
AtCLV3 RTVPSGPDPLHH
AtCLE4A0 RQVPTGSDPLHH

FIGURE 8 | Sequences of the CLE-motifs of selected CLE genes from rice,
Arabidopsis and barley. CLE-motifs of FCP1, FCP2, and FON2 from rice, CLV3
and CLE40 from Arabidopsis and CLE402 from barley (Suzaki et al., 2008).
The CLE-motif from barley completely matches the one from FCP1.

at the tip of the roots, which harbor the stem cell niche that
provides the precursors for the various root tissues. Root stem
cell niches of different plants share a similar architecture, but
the sizes of the stem cell niches, the number of stem cells,
the origin of differentiating root cell types and the signaling
systems that control cell fates differ significantly. While the
principle frameworks governing root meristem functions in the
model dicot Arabidopsis have been established and are basically
understood, far less is known about root meristem functions in
monocot species. Analysis of grass root meristems has focussed
on maize and rice, and to a lesser extent on Brachypodium
(Hardtke and Pacheco-Villalobos, 2015), which all represent
examples of closed meristems with discrete initials that, in most
cases, give rise to individual cell files. The stem cell niches differ
vastly in size between these species, with 4-6 QC cells in rice,
but 800-1,200 QC cells in maize (Figure 11; Jiang et al., 2003;
Ni et al,, 2014). For rice, the origins of cortex and endodermis
have been studied in more detail. Here, a stem cell abutting the
QC gives rise to several cortex layers and the endodermis via a
series of ordered anticlinal and periclinal divisions, resembling
the scenario in Arabidopsis, with 4 QC cells and a shared initial
giving rise to a single cortex cell layer and the endodermis
(Dolan et al., 1993; Ni et al., 2014). Similarly, a shared initial
generates the lateral root cap and the epidermal cell file, while
a single layer of stem cells distal to the QC forms the columella
in Arabidopsis (Dolan et al,, 1993). The overall architecture
combined with clonal analysis revealed that lateral root caps and
epidermis can be traced back to different stem cells in rice and
maize (Hochholdinger et al., 2004b; Wang et al.,, 2014). Our
overall understanding on gene functions regulating the root stem
cell niches in monocot species is still very limited, and mostly
based on comparative analysis with Arabidopsis. Here, we have
analyzed for the first time the root meristem architecture of H.
vulgare (barley), as one of the most important crop species, with
the aim to identify commonalities and characteristic features
of monocot stem cell systems. We found that, regarding size
and general architecture, the barley root meristem occupies an
intermediate position between those of maize and rice. Our
combined EdU staining and analysis of HISTONE H4 expression
patterns identified approximately 30 slowly dividing cells at the
QC position (Figures 4, 5). Unlike in Arabidopsis we could not
find a clearly defined cell region with complete quiescence, but
rather an area displaying a gradual quiescence, with the highest
quiescence in the cell layer adjacent to the root cap (Figure 4).
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FIGURE 9 | The barley root meristem and distal stem cell niche upon CLE40 peptide treatment. (A) The proximal meristem cells of the barley root differentiate
prematurely when grown on medium containing either 1 @M HvCLE402p or 1 WM AtCLE40p compared to medium containing no peptide or 1 @M mock peptide
(mCLE40p) for five DAG; arrowheads mark the transition zone between meristematic and elongation zone. (B) Meristem length measured in pm normalized to
untreated plants (no peptide). (C) Meristem cell number normalized to untreated plants; asterisks indicate a significant difference between the respective treatments;
n.s. = not significant; * = p < 0.05, ** = p < 0.001; experiment performed 5 times; n = 17-54. (D) Exemplary distal root meristem with brackets marking the
columella stem cells. (E) The number of distal stem cell layers is unaltered by peptide treatment; per root, four vertical columns were analyzed and the average is
displayed in the diagram; experiments were performed 4 times; n = 14-31, scale bar 200 pm.

This resembles the situation in maize, where quiescence and size
of the QC are highly variable. The barley QC is thus considerably
larger than that of rice, where each QC cell neighbors dedicated
initials (Figure 11; Ni et al, 2014). There, rare asymmetric
divisions of QC cells serve to replace adjacent stem cells, while
QC cell divisions in barley may also serve to expand the QC
size. Although we identified the barley QC based on a lower
cell division rate, all QC cells were found to divide within a
24 h time window (Figure 3). This is in stark contrast to the
QCs of rice or maize, where no cell divisions in the QC were
observed even within a 48 h window (Ni et al, 2014; Jiang
et al,, 2003). In Arabidopsis, less than 20% of all QC cells divided

within a 24 h period (Vanstraelen et al., 2009; Cruz-Ramirez
et al., 2013). Rarely dividing QC cells have been implicated to
be protected from DNA damage and act as a genetic “cache”
to replace damaged stem cells. However, for this purpose alone,
rather modest differences in cell cycle frequency between QC and
surrounding stem cells might be sufficient (Cruz-Ramirez et al.,
2013). Importantly, barley generates several seminal roots which
might be competing for resource allocation, explaining the wide
range of cell divison rates and resulting meristem lengths that we
noted earlier (Figures 1B,C). A lower quiescence of the barley
QC might thus reflect the physiological state during rapid growth
phases. An earlier study by Clowes (1984) found a correlation
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FIGURE 10 | The Arabidopsis root meristem and the distal stem cell niche upon CLE40 peptide treatment. (A) Exemplary meristems of Arabidopsis roots upon 1 pM
HvCLE402p, 1 pM AtCLE40p or mock treatment for five DAG; gray arrowheads mark the transition zone between meristematic and elongation zone. (B) In
comparison to untreated or mock (MCLE40p) treated plants, growth on AtCLE40p or HYCLE402p leads to a reduced meristem size; meristem size was counted in
cell number and normalized to untreated (no peptide) plants; asterisks indicate a significant difference between the respective treatments; n.s. = not significant; * = p
< 0.05, * = p < 0.001. (C) Exemplary pictures of Arabidopsis distal stem cell niches upon HvCLE402p, AtCLE40p or mock treatment; black arrow heads mark the
QC position, white arrow heads mark distal stem cells without starch; treatment with both AtCLE40p and HVCLE402p leads to a differentiation of the distal stem cells,
visible by accumulation of starch granules. (D) Percentage of roots with no undifferentiated distal stem cells (DSCs) (black bars), one layer (gray bars), or two layers

between the number of cells in the QC and the root diameter,
suggesting that bigger roots might need a larger QC, either as a
source of DNA-damage protected cells, or as provider of short-
range signals for surrounding stem cells (van den Berg et al., 1997;
Cruz-Ramirez et al., 2013).

The origin of endodermis and cortex and the regulation
of their formation is well researched in Arabidopsis and, to a
more limited extend, also in rice. In Arabidopsis, the cortex
cell layer and the endodermis originate from a common initial
(Dolan et al., 1993). Because there are more cortex cell layers
in rice than in Arabidopsis (5 cortex cells layers, one layer of
sclerenchyma, and one layer of exodermis, Rebouillat et al., 2009),
the sequence of initial divisions is more complex. Rebouillat and
colleagues summarize that first an anticlinal cell division near
the QC generates the epidermis-endodermis initial, followed by
eight successive asymmetric periclinal cell divisions that generate
the endodermis, sclerenchyma layer, exodermis and five cortex
layers (Rebouillat et al., 2009). A later study confirms this cell

division pattern in regard to the endodermis and cortex, but
states that the epidermis is not derived from the same stem
cell (Ni et al, 2014). For barley, our studies of the cell wall
arrangement by mPS-PI staining suggest that the endodermis
and a variable number, 1-3, of inner cortex cell layers are derived
from a common ancestor, the ICEI, while 2-4 outer cortex
cell layers originate from a different precursor (OCI) (Figure 6,
Supplementary Movie 1). Notably, formative cell divisions that
generated new cortex cell layers occurred at a distance to the
QC, indicating that they are either not controlled by the QC
itself, or that longer range signals are operating that act over
several cell diameters. In Arabidopsis, a so-called middle cortex
layer is initiated by periclinal cell divisions at a short distance
to the QC, which were dependent on the SCARECROW (SCR)
transcription factor function, and repressed by gibberellic acid
(GA) signaling (Paquette and Benfey, 2005). The independent
and distinct origin of inner and outer cortex cells in barley
could be reflected in physiological differences between these cell
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types. In rice, inner and outer cortex cells differ significantly in
their cell wall composition and morphology, and in their relative
contribution to the ground tissue mass and aerenchyma (Henry
et al., 2016). Reporter lines for genes expressed in certain root
tissues and marker lines to trace back the cell divisions are not
yet available in barley, but would further contribute to increasing
our knowledge about the cell lineages in the root.

The barley columella consists of 4 stem cell layers, capped
with about 10 layers of differentiated columella cells carrying
starch granules, similar to the columella systems of rice or
maize (Jiang et al, 2010; Wang et al., 2014). The stem cells
in the layer proximal to the QC divide more rapidly than
distal ones, indicating that divisional activity is promoted by
the QC. In Arabidopsis, the columella stem cells are maintained
by a CLE40 dependent feedback regulation between QC and
differentiated cells (Stahl et al., 2009). We identified 21 genes
encoding putative CLE-family peptides in the available barley
genome data (Mayer et al., 2012). Alignments with CLE peptide
sequences from rice and Arabidopsis resulted in the identification

of one predicted peptide with the same amino acid sequence in
the CLE motif as FCP1. In rice and barley, treatment with the
FCP1 or HvCLE402 peptide induced premature differentiation
of the proximal root meristem, similar to the observations
made for Arabidopsis roots (Figure9). However, in contrast
to Arabidopsis, the barley distal root meristem displayed no
differentiation of columella stem cells (Figure 9). Interestingly,
the HvCLE402 peptide triggered differentiation of Arabidopsis
columella stem cells (Figure 10), which suggests that the
receptors perceiving the CLE40 peptides from different species
are closely related, but that the mechanisms maintaining distal
stem cell populations in barley act independently of the CLE40-
dosage.

We have here provided a first framework for a more detailed
analysis of root development and stem cell niches in the major
crop plant barley. We uncovered commonalities with other
monocot species, but also significant functional differences that
highlight the importance of a comparative approach in plant
developmental studies.
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1. Introduction
Plant growth and development is, among others, influenced by several different environmental factors.
The roots, as below-ground organs, are especially exposed to abiotic factors originating from soil
composition, and biotic factors in the root microbiota. Curiously, despite the obvious connection
between plant biomass production and yield with root system architecture, hardly any research was
conducted to understand the factors influencing barley root system development. Both for rice and
barley, studies demonstrated that increased yield was directly correlated to the degree of root
architectural plasticity (Sandhu et al., 2016; Chloupek et al., 2010; Streda et al., 2011). The correlation
between root system architecture and yield might be due to a better drought tolerance and a better
response to nutrient heterogeneity as summarized by Rogers and Benfey, 2015. On the other hand,
there might be a genetic connection between shoot and root that is responsible for this correlation.
Sandhu and colleagues found genomic loci in rice where grain yield and root architectural plasticity
traits correlated (Sandhu et al., 2016). Thus, one hypothesis is that the high yield potential among rice
genotypes with the highest degree of root architectural plasticity is linked to genetics rather than to
functional tradeoffs. Accordingly, Naz and colleagues found that in barley, tiller number is positively
correlated with root length, root dry weight and root volume and revealed chromosomal regions by
quantitative trait locus (QTL) mapping where the introgression of wild barley alleles resulted in
improved trait values in both root and shoot (Naz et al., 2014). Moreover, direct genetic interaction
between the root and the shoot exist. Habte and colleagues found that osmotic stress in barley root
alters the expression of circadian clock genes in the shoot, this photoperiodic regulation thereby also
influences the flowering time and yield (Habte et al., 2014). But not only does root system size
contribute to yield, the roots also help to stabilize the eco-system. Soil erosion by water is a serious
environmental problem that results in on-site soil degradation and reducing the soil’s productivity and
water storage capacity. Roots prevent soil erosion by increasing the shear strength, physical retention
of soil particles, addition of organic matter and alterations of the soil pore size. A high root length
density would be favourable in this regard (Ola et al., 2015). In addition, it was suggested by Kell,
2011, that deeper roots would sequester more carbon from the atmosphere and would thus counter the

increasing levels of CO; in the atmosphere (Kell, 2011).

In this review I want to give an overview about the state of research in barley roots in regard to the
root system architecture and the root apical meristem. As barley ranks highly in regard to salt tolerance
among the other cereal crop plants, achievements in barley root research might be transferred to other
crop plants to improve their salt tolerance (Maas and Hoffman, 1977). Therefore, I will summarize the
most important findings about the reaction of barley roots to salinity, and examples, where barley

genes have already been successfully transferred to other plants.
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2. Similarities to maize and rice root systems

The embryonic barley root system consists of two main root types, the primary and the seminal roots
(Hackett, 1969; Luxova, 1986). In an early work, Luxova describes the root initiation: following
germination of the barley seed, the coleorrhiza (root sheath) and the primary root primordium of the
embryo elongate and, subsequently, the primordium breaks through the coleorrhiza and forms the
primary root (Luxova, 1986) (Figure 1A). While the primary root primordium is initiated below the
scutellar node close to the scutellum, further root primordia arise afterwards above the scutellar node
in the mesocotyl, forming the seminal root system (Luxova, 1986). In contrast to that, Knipfer and
colleagues do not describe the presence of a primary root in the cultivar (cv.) Golf, and also in the cv.
Morex, no primary root could be distinguished on the basis of morphology (Knipfer and Fricke, 2011;
Kirschner et al., 2017). The formation of a primary root might therefore only be observable at an
embryonic scale and at very early growth stages or depending on the cultivar. The number of seminal
roots of cultivars ranges from 5 — 7 , as described in Bengough et al., 2004; Grando & Ceccarelli,

1995; Hackett, 1968; Knipfer & Fricke, 2011; Luxova, 1986.

A B

scutellum

coleoptile

vasculature

scutellar

mesocotyl
Y node

seminal root k.
primordia<{\ /

seminal roots
five to seven
per plant

L//

primary root primordium

primary root

embryo ~ 6 days after germination

Figure 1: The root system of the barley embryo and the young barley plant.

A) The barley embryonic root system consists of the primary root primordium that is located close to the
scutellum; primordia of seminal roots are initiated above the scutellar node; the root primordia are covered
with the root sheat (coleorrhiza); scale bar 1 mm. B) The barley root system of a 6-day old seedling consists

of 5-7 seminal roots and one primary root; scale bar 1 cm.
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In contrast wild barley (Hordeum spontaneum) was described to exhibit 3 seminal roots on average
(de Dorlodot et al., 2007; Grando and Ceccarelli, 1995; Bengough et al., 2004) (Figure 1B). In
general, Grando and Ceccarelli found a correlation between seed weight and the number of seminal
roots in cultivars and landraces (Grando and Ceccarelli, 1995). Two weeks after germination, lateral

root development on the seminal roots can be observed (Hackett, 1969).

Besides the embryonic roots, monocots feature another root type: nodal roots, which include all
postembryonic roots that arise during normal plant development, in particular the crown and the brace
roots (Steffens and Rasmussen, 2016). Crown roots are formed at the lowermost belowground node
(“crown”), while brace roots are formed at consecutive above-ground nodes of the shoots
(Hochholdinger et al., 2004b). In barley, crown root formation can be observed depending on growth
conditions and cultivar roughly 11 — 14 days after germination (Knipfer and Fricke, 2011; Hackett,
1969), or when 1 - 2 leaves have grown on the main stem (Wahbi, 1995).

Comparing the root systems of the major model plant species (Arabidopsis thaliana, rice, maize,
Brachypodium distachyon and barley), it stands out that all plants exhibit a primary root, but only
maize, rice and barley initiate seminal roots (Hochholdinger et al., 2004a; Coudert et al., 2010;
Hardtke and Pacheco-Villalobos, 2015; Luxova, 1986; Schiefelbein and Benfey, 1991; Hackett, 1968;
Wahbi, 1995; de Dorlodot et al., 2007; Knipfer and Fricke, 2011) (Figure 2). Crown root development
is shared by all monocot model species, rice, maize, Brachypodium and barley, but only maize and
Brachypodium are described to develop brace roots later in development (Figure 2) (Hochholdinger et
al., 2004a; Coudert et al., 2010; Hardtke and Pacheco-Villalobos, 2015; Hackett, 1969; Knipfer and
Fricke, 2011).

Brachypodium Arabidopsis

Figure 2: Schematic overview over the root systems of young barley, maize, rice, Brachypodium and
Arabidopsis seedlings.

29



The Barley Root as a Model for Salinity and Drought Resistance

The young barley (A), 14-day old seedling), maize (B), 10-day-old seedling (Smith and De Smet, 2012)) and rice
(C), 14-day old seedling (Singh et al., 2016)) root system consists of the embryonic primary and the seminal
roots, and shoot-borne crown roots; the Brachypodium (D), 30-day old seedling (Pacheco-Villalobos and
Hardtke, 2012)) and Arabidopsis ( E), 14-day old seedling (Smith and De Smet, 2012)) embryonic root system is
formed by a primary root only; Brachypodium additionally develops crown roots; in the depicted developmental

stages, the primary root and the seminal roots have initiated lateral roots; scale bars 5 cm.

These diverse root types have been shown to exhibit different functional specializations, as is reflected
in their transcriptome, and results for instance in a different hydraulic conductivity (Knipfer and
Fricke, 2011; Tai et al., 2016). The barley root system consists of the same root types as the two most
important cereal crops, rice and maize. Therefore, barley represents an important plant for root
research, as features of the barley root system can be translated to other cereal crop plants. Along with
the fact that barley is the most salt-tolerant among the cereal crops, root research may especially
contribute to this field (Maas and Hoffman, 1977). Examples of barley genes, which have already been

used in cross-species approaches to improve salt and drought tolerance, are described below.

3. The transverse structure of the barley root
The root apex consists of different types of
tissues that are radially arranged around the
central cylinder. Four main tissue types can
be distinguished in a transverse section of
barley seminal roots, from the outside to the
inside: one layer of epidermis, four to five — Llﬂ.‘k
cortical layers and one layer of endodermis
which surrounds the central vascular tissue
(Braszewska-Zalewska et al., 2013; Kirschner
et al.,, 2017) (Figure 3). Under hydroponic

growth conditions, no exodermis can be

detected on the basis of suberine staining

(Ranathunge et al., 2017). On the contrary Figure 3: Schematic overview of the tissues in a

. . - barley seminal root (cross section).
suberized casparian bands form in 2 mm y ( )

. .. . In the barley seminal root, the vasculature contains
distance from the root tip in the endodermis Y

eight peripheral metaxylem (pMX) vessels that are

(Ranathunge et al., 2017). Crown roots differ .
circular arranged around the central metaxylem (cMX);

in morphology and anatomy from seminal . .
P gy y the vasculature is surrounded by the endodermis, four

roots. They are 1.5- to 2-fold thicker than to five cortex cell layers and the epidermis.
seminal roots and exhibit seven to eight

cortical cell layers, 14 peripheral and 6 central metaxylem vessels, while seminal roots have one large
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central and eight smaller circularly arranged peripheral metaxylem vessels (Knipfer and Fricke, 2011).
Furthermore, in seminal roots, the central metaxylem vessels become fully mature and the endodermis
fully developed at 20 mm distance to the root tip, whereas in nodal roots maturation of the metaxylem

occurs only at up to 60 mm from the tip (Knipfer and Fricke, 2011).

4. Unique features of the barley root apical meristem

Primary root growth is enabled by the root apical meristems that consist of small, rapidly dividing
cells and harbour the stem cell niche. In general, root apical meristems can be divided on the basis of
their cell arrangement into open and closed meristems. In closed meristems, the root cap can be clearly
separated from the epidermis, the latter forming in the inner cell layer of the root cap. In open
meristems, in contrast, cortex and root cap are of common origin and linkages between the epidermis
and the root cap can be found (Clowes, 2000). Barley exhibits a closed meristem, which is typical for
grasses (Clowes, 2000). The stem cell niche consists of stem cells surrounding a quiescent center (QC)
that consists of cells with low cell-division activity (Clowes, 1984). The size of the QC was suggested
to depend on the diameter of the root meristem, whereby roots with larger diameter have a larger QC
(Clowes, 1984). The QC size of model plants ranges from 4 in Arabidopsis and rice, around 25 cells in
Brachypodium to 800 — 1200 cells in maize (Dolan et al., 1993; Hardtke and Pacheco-Villalobos,
2015; Jiang et al., 2003; Ni et al., 2014). In an earlier study, we found that the barley QC consists of
20 — 30 cells (Figure 4) (Kirschner et al., 2017). In Arabidopsis, cell-ablation experiments revealed
that the QC maintains the distal columella stem cells by short-range signals (van den Berg et al.,
1997). It was furthermore hypothesized that the QC might act as source of cells that are protected from
DNA damage by their low cell division rate and can replace adjacent stem cells (Cruz-Ramirez et al.,
2013). This is supported by an earlier observation that distal QC cells from maize can regenerate the
root cap, once it is mechanically damaged (Feldman, 1976). Detailled studies, however, are still

lacking.

Just like the number of QC cells, the number of cortex cells also varies between different plant
species, with one cortex cell layer in Arabidopsis (two, if the middle cortex is included), five in the
seminal roots of rice, Brachypodium and barley and 8 — 15 in the seminal roots of maize
(Hochholdinger et al., 2004b; Hardtke and Pacheco-Villalobos, 2015; Coudert et al., 2010; Kirschner
et al., 2017; Paquette and Benfey, 2005; Dolan et al., 1993). As most plants have one single layer of
endodermis and one single layer of epidermis, additionally to the number of stelar cells and the overall
cell size, the number of cortex cell files determines the root diameter (Enstone et al., 2003). The
hypothesis that the QC size is related to the root diameter, is therefore confirmed, with the exception
of the rice QC (Clowes, 1984). A large QC might be needed as pool of DNA-damage free cells as
replacement for more stem cells in roots with larger diameter, or the QC size is dictated by

organizational reasons in regard to the cell arrangement.
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The different number of cortex cell files among plant species implies a different cortex initiation
mechanism. In Arabidopsis, cortex and endodermis share a common initial that is located lateral
adjacent to the QC and creates a single endodermis and a single cortex cell file by periclinal division
(Dolan et al., 1993). Later in development, a periclinal cell division of the cortex cells form the middle
cortex (Paquette and Benfey, 2005). In Brachypodium, the cortex and the endodermis are produced by
successive periclinal divisions of the endodermis-epidermis initial adjacent to the QC (Pacheco-
Villalobos and Hardtke, 2012). In rice, the ground tissue stem cells laterally adjacent to the QC
undergo an anticlinal cell division, and the daughter cell not abutting the QC divides periclinally
several times to generate the single endodermis layer and the 5 cortex cell files (Ni et al., 2014). In
barley, the cortex-endodermis initiation can be divided into the generation of the endodermis and the
inner cortex by one common initial and the outer cortex by another initial, both initials located
adjacent to the QC (Figure 4) (Kirschner et al., 2017). Studies with antibodies against cortical cell wall
proteins in rice revealed two types of cortical tissue cells, the inner and outer cortex (Henry et al.,
2016). Therefore, the formation of the inner and outer cortex in barley by different initials may also
indicate a different cellular characteristic of inner and outer cortex here. So far, however, this has not
been studied in detail. Moreover, clonal analysis to trace back the origin of cortex and endodermis in
grasses are so far lacking. Cortex and endodermis formation was shown to depend among others on
the transcription factor SHORT-ROOT (SHR). Expression of the monocot SHRs from rice and
Brachypodium in Arabidopsis not only rescued the Arabidopsis shr mutant phenotype, but also
produced supernumerary cortex cells files (Wu et al., 2014). Furthermore, the overexpression of the
rice SHR and the Arabidopsis SHR in rice led to the formation of supernumerary cortex cells,
indicating that the mechanism of cortex formation underlies the same genetic basics in monocts and

dicots (Henry et al., 2017). Similar studies in barley have not been conducted so far.

Additionally to the formation of cortex and endodermis, the formation of the epidermis and lateral root
cap is also different between the plant species, in particular between monocots and dicots. While in
Arabidopsis, epidermis and lateral root cap share a common initial, in rice, maize and barley the root
cap is clearly separated from the proximal meristem by a thick cell wall boundary called root cap
junction (Dolan et al., 1993; Hochholdinger et al., 2004a; Kirschner et al., 2017; Wang et al., 2014).
Both the presence of the root cap junction and the arrangement of cells indicate that, while in
Arabidopsis the QC could replace the distal columella stem cells, the QC in monocots is completely
separated from the root cap (Figure 4). A similar regulation of the columella stem cells by a negative
feedback-loop between the QC and the differentiated columella cells like in Arabidopsis is therefore
unlikely in monocots and could so far not be shown in barley (Stahl et al., 2009; Kirschner et al.,

2017).

In summary, although the presence of the same tissue types and a similar structure among the root

apical meristems of different plant species suggest a similar development, small but significant
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variations exist, like the size of the QC, the generation of endodermis and cortex, and the presence of a
root cap junction. These variations make a detailed research of root stem cell niches of different plant
species necessary to find the universal underlying structures for root meristem development and

maintenance.

Arabidopsis

Figure 4: Schematic overview of the root meristem and the cell wall arrangement in the stem cell niches
of Arabidopsis, Brachypodium, maize, rice and barley.
A) Schematic overview of root meristem structure; the QC is surrounded by stem cells that give rise to the

different tissues. The stem cell niches of the main model plant species Arabidopsis (B)), Brachypodium (C)),
maize (D)), rice (E)) and barley (F)) are similarly structured, but differ in some characteristics: the size of the
QC ranges from 4 cells in Arabidopsis and rice to 800 — 1200 cells in maize; moreover, the formation of
epidermis, cortex and endodermis varies; in Arabidopsis, the epidermis shares a common initial with the
lateral root cap, and cortex and endodermis share another; as the monocot roots have a root cap junction that
separates the proximal meristem including the QC from the root cap by a thick cell wall, the epidermis is here
initiated separately from the root cap; in Brachypodium, epidermis, cortex and endodermis share the same
initial; in rice, the cortex and endodermis are derived from the same initial independently of the epidermis; the
latter applies to barley, but in regard to cortex and endodermis here, an initial gives rise to the inner cortex and
the endodermis and another initial initiates the outer cortex; in maize, the cell division pattern of the
epidermis, cortex and endodermis initiation has not yet been researched in detail (indicated by gray cell

walls); scale bar 50 pm.
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5. Lessons learned from barley in regard to salinity

Soil salinity has become an increasing problem in nowadays agriculture. High salt concentrations in
the soil affect plants in many ways, the two major ones being: high salt concentrations decrease the
ability of the roots to take up water from the soil. Second, high salinity can have toxic effects
(reviewed in Munns et al., 2006). Maas and Hoffman compiled a list for crop plant salt tolerance, and
ranked barley in first place as the most salt-tolerant crop species analyzed (including wheat and maize)
in regard to the salt concentration tolerated until the yield decreases (Maas and Hoffman, 1977).
Therefore, knowledge gained from barley root research in regard to salinity tolerance might be

valuable to transfer to other monocot crops that are less salt-tolerant.

effects of salinity: solutions for salinity:

tolerate higher Na* levels in

the leaves
inhibited shoot growth

\ overexpression of HYHKT2;1
-> increasing the Na* uptake and
translocation of Na* to the shoot

inhibited root growth increasing the metabolite level
to reduce the water potential
in the cytoplasm

meristem:
lower cell division overexpress CKX enzyme
higher elongation ; ‘ ~ -> more root mass and better

. drought resistance
transcriptional changes

in the meristematic
region

Figure S: Influence of salt stress on barley plants and means to increase the salt tolerance.

5.1.Effects of salt stress on barley roots
Despite the high salt tolerance of barley, high salt concentrations still results in reduced root growth
and less root biomass production (Horie et al., 2011; Bchini et al., 2010; Shelden et al., 2016). On a
cellular level, salt stress causes inhibition of cell divisions in the procambium and in the root tip, and
at the same time cause an increase in cell expansion in the elongation zone. However, this increase in
cell size is not sufficient to compensate for the reduced number of cells, and hence overall root growth
is inhibited (Figure 5) (Shelden et al., 2016). To reveal the genetic basics for these phenotypic
changes, Hill and colleagues compared the transcriptome in distinct regions of the root, in particular
the meristem, the elongation zone and the maturation zone in two barley cultivars with different levels

of salt-tolerance, Clipper and Sahara. They found that the transcriptome in the meristematic region of

34



The Barley Root as a Model for Salinity and Drought Resistance

the more salt-susceptible cultivar exhibited more transcriptional changes in comparison to the more
salt-tolerant cultivar (Figure 5) (Hill et al., 2016). Thus, the gene expression in the root meristem of
the salt-tolerant cultivar seems to be less affected by salt stress, thereby being able to maintain the
meristematic activity, and in this way the root growth, which helps to maintain a healthy plant under
salt stress. Another way to cope with high salinity is to produce compatible solutes, small hydrophilic
molecules which are not toxic at high concentrations but can contribute to reduce the water potential in
the cytoplasm by outweighing the decreased water potential caused by the extracellular and vacuolar
Na" accumulation. Widodo and colleagues compared the metabolome of two differently salt tolerant
barley species upon drought stress and found that the more salt tolerant cultivar could cope better with
high internal salt concentrations by either maintaining a higher K'/Na' ratio in the cytoplasm through
shifting Na* to the vacuole, or by increasing the metabolite levels to deal with the increased osmotic
potential (Widodo et al., 2009). Furthermore, by comparing the proteome of two differently salt-
tolerant barley cultivars upon salt stress, Witzel and colleagues found that one reason for higher salt
tolerance might be the rapid up-regulation of proteins involved in proton and metal ion translocation in
the salt-tolerant cultivar, so that a better Na* sequestration to the vacuole is enabled. Moreover, the
induction of terpenoid biosynthetic proteins upon salt stress could result in an altered accumulation of

structural sterols or sterol-derived hormones to cope with the salinity (Witzel et al., 2014).

5.2.Genetic engineering of barley towards an enhanced drought and salinity resistance

Changing the Na' translocation rate

The two main mechanisms of a plant’s salt resistance are Na" exclusion, i.e. avoiding Na" uptake
through the roots, or Na* inclusion, i.e. translocating Na' to the shoot where it is used as an osmoticum
to decrease the water potential. Barley is considered a Na' includer (Glenn and Brown, 1999).
Accordingly, Mian and colleagues were able the improve plant growth in the presence of high Na*
concentrations by overexpression of HYHKT2;1, a high-affinity K" and Na" transporter for ion uptake,
increasing the Na" uptake and at the same time the translocation of Na* to the shoot, and therefore

reinforcing the includer behaviour of barley (Figure 5) (Mian et al., 2011).

Influencing cytokinin levels — a way to cope with drought and salinity

Drought and salt tolerance mechanisms in plants are highly intertwined, and maintaining a high root
growth rate upon drought and high-salt conditions has been shown to be beneficial to both (Shelden et
al., 2016). One approach to achieve this is to alter root cytokinin levels: Werner and colleagues
demonstrated that reducing the cytokinin levels in Arabidopsis and tobacco can enhance root growth
and the tolerance to drought without altering shoot growth (Werner et al., 2010). Means to change the
cytokinin content in plants are the overexpression or silencing of key genes involved in cytokinin
biosynthesis or degradation. The ATP/ADP isopentenyltransferase (IPT) genes encoding the rate-
limiting enzymes in cytokinin biosynthesis, and the genes encoding CYTOKININ OXIDASE (CKX)
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enzymes involved in cytokinin degradation are two examples for these key regulators. First studies on
the silencing of HvCKX1 in barley by RNA interference under the control of the Ubil intron promoter
revealed that lower CKX enzyme activity leads to a higher number of seeds per plant, more grain
filling and enhanced root growth (Zalewski et al., 2010). In contrast, silencing of HvCKX2 in the same
manner does not affect root weight and leads to reduced grain yield (Zalewski et al., 2012). An
opposite approach was performed by Pospisilova and colleagues who expressed the Arabidopsis CKX1
(AtCKX1) under the weak root specific S-glucosidase promoter (bGLU) in barley and targeted the
protein to different organelles, namely cytosol, apoplast and vacuoles (Pospisilova et al., 2016).
Despite the same decrease in cytokinin content in the roots of plants transformed with the different
constructs, the plants exhibited a different root phenotype depending on the subcellular targeting. In
general, the plants showed an increased tolerance to drought stress without negatively affecting yield,
most likely due to a modification of root morphology and stronger lignification, which was supported
by the finding that genes involved in lignin biosynthesis were up-regulated. Moreover, the
overexpressing lines developed more lateral roots, together with an upregulation of auxin-response
genes (Pospisilova et al., 2016). Thus, the observed increase in the number of lateral roots could be
explained by the effect of increased auxin response in pericycle cells for initiation of lateral root
primordia. The altered root phenotype and the associated drought resistance in plants with reduced
cytokinin levels might therefore be explained by an altered auxin signalling, as it was shown before
that cytokinin and auxin signalling are highly interwoven (Ruzicka et al., 2009; Miiller and Sheen,
2008). Overall, modifiying cytokinin levels in barley roots is one way to enhance the plant’s tolerance

to drought stress.

Applications in other plants - examples

Transgenic approaches in which genes from one plant species are transferred to another, are an useful
approach to improve a plant’s ability to cope with abiotic stresses. For example, the late
embryogenesis abundant protein HVA1 from barley was successfully used in transgenic approaches in
rice, wheat and maize to increase the tolerance to drought and salt stress when overexpressed (Xu et
al., 1996; Nguyen et al., 2013; Chen et al., 2015; Sivamani et al., 2000). Babu and colleagues
suggested that HVA1 conferred drought resistance in rice through cell membrane protection, i.e.
protect the plasma membrane integrity and avoid electrolyte leakage from damaged tissues (Babu et
al., 2004). Chen and colleagues found in a follow-up study that the increase in root growth in the
HVAI transgenic rice lines is caused by enhancement of lateral root initiation and elongation in an
auxin-dependant manner (Chen et al., 2015). They furthermore suggest that the transgenic lines might
have a greater water-holding capacity and higher relative water content in their leaves, and therefore
are able to maintain photosynthesis and metabolic functions under stress conditions (Chen et al.,
2015). In another approach, the calcium-activated protein calcineurin B-like protein CBLS, which

perceives the second messenger Ca2*, was cloned from a wild barley Hordeum spontanum line with
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high salt tolerance. CBL8 overexpression in rice leads to increased salt tolerance by enhancing the
plasma membrane protection and lower Na* uptake (Guo et al., 2016). Moreover, the CBL-interacting
protein kinase CIPK2, a serine-threonine kinase which in complex with CBL is activated and regulates
the expression and activity of downstream targets, was isolated from the halophytic grass Hordeum
brevisubulatum. In Arabidopsis, overexpression of CIPK2 confers improved salt tolerance, probably
by regulating the Na' transporter activity, but also of a K transporter and thereby maintaining K/Na*
homeostasis (Li et al., 2012).

In summary, the data compiled here demonstrate how some salt tolerance mechanisms of barley have

already been successfully transferred to other plants to enhance their salt-tolerance.

6. Open questions in barley root science

Tamas and colleagues expressed the idea that growth inhibition in response to different abiotic stresses
is a consequence of reduced cell division and elongation, as well as an alteration of cell differentiation
(Tamas et al.,, 2010). Their experiments suggested that these changes might be associated with
production of reactive oxygen species and an alteration in phytohormone levels, as the root growth
inhibition and increased reactive oxygen species production were triggered by all abiotic stresses
applied to the plants. As abiotic stresses are mostly sensed first by the plant’s roots, the reaction of the
roots should be investigated on a cellular level in regard to cell division, the creation of reactive
oxygen species and phytohormone production and signalling. Except for the above-mentioned change
in the cytokinin-levels that successfully altered the root structure towards drought resistance, the
signalling of other phytohormones has not been studied sufficiently in barley so far. For example, a
role for abscisic acid (ABA) in regulating water uptake by changing the aquaporin expression or
changing the root hydraulic conductivity has previously been shown for maize (Parent et al., 2009). In
barley, Sharipova and colleagues found that the barley mutant Az34, that exhibits lower ABA levels in
all major tissues located along the radial path of water movement across roots, has decreased root
hydraulic conductivity, most likely caused by a shorter root hair zone. In contrast exogenous
application of ABA increases both root and root cell hydraulic conductivity caused by an increased
abundance and activity of some aquaporines in root cortex cells (Sharipova et al., 2016). Also in
regard to the important phytohormone auxin, there are only early studies on its effect on barley roots.
Tagliani and colleagues found in connection to a study about an agravitropic mutant, that different
auxins applied exogenously to barley seedlings inhibit root elongation (Tagliani et al., 1986). Besides
phytohormone signalling, the gravitropism of roots is an interesting trait to focus on when it comes to
drought or other abiotic factors, as for example a deeper rooting system allows a better uptake of deep-
soil water (reviewed in Lynch and Wojciechowski, 2015). In rice, the DEEPER ROOTINGI gene
controls the root growth angle and introduction of the gene into a rice cultivar with a shallow root

system increases its drought resistance (Uga et al., 2013). No similar gene has been identified in barley
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yet, although in an early study Moore compared a graviresponse barley cultivar with a non-
graviresponse mutant (Moore, 1985). Tagliani and colleagues further analysed the root growth of the
non-graviresponse mutant and showed that the mutant exhibits more root elongation, probably to a
disruption in auxin sensing (Tagliani et al., 1986). Further analyses of root mutants or quantitative trait
loci-analysis of cultivars with varying root gravitropism are still lacking in barley but would provide a

good tool for the crop science for the future.
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1. Introduction

How phytohormones like auxin and cytokinin control root growth of plants is still an unresolved
question. While the influence of the phytohormones on root growth is well analysed in the model dicot
Arabidopsis thaliana, it is studied in monocot crop plants only to a little extent. In general, primary
root growth in plants is enabled by root meristems at the tip of the roots, which harbour the stem cell
niche and contribute to longitudinal root growth by their continuous cell division activity. The stem
cell niche is located at the distal end of the root meristems above the root tip. In general, the root stem
cell niche consists of the quiescent center (QC), cells with low mitotic activity, and the stem cells
which surround the QC. The stem cells divide and their descendants differentiate to form all different
root tissues, namely the proximal epidermis, cortex, endodermis and stele, and the distal root cap
(columella and lateral root cap) (Clowes, 1978; Dolan et al., 1993; Ni et al., 2014). The cells that are
displaced from the meristem in proximal direction first undergo several rounds of cell division, before
they exit the meristematic transition zone to expand in size in the elongation zone and then
differentiate in the differentiation zone. Following germination, the number of meristematic cells
increases until a balance between cell division in the meristem and cell elongation and differentiation
is reached and the meristem maintains a stable size (Ioio et al., 2008; Kirschner et al., 2017).

Genetic, molecular and environmental factors all contribute to control meristem size, stem cell niche
formation and hence root growth. Two important regulators are the phytohormones auxin and
cytokinin. Biosynthesis of auxin occurs in young aerial tissues and the phytohormone is then
transported towards the roots via the mature phloem over long distances, whereas for short distances it
is transported from cell to cell (reviewed in Saini et al., 2013). In the roots, an auxin maximum is
formed in the columella initials (distal stem cells, DSCs), in the QC and in differentiated columella
cells (Aida et al., 2004; Sabatini et al., 1999). This specific distribution is essential for root meristem
patterning (Sabatini et al., 1999; Blilou et al., 2005). Accordingly, fine-tuned short-distance auxin
transport is necessary. In Arabidopsis, the PINFORMED (PIN) proteins serve as auxin efflux carriers
to establish a directional auxin flow to maintain the auxin maximum in the root tip (reviewed in
Kiecek et al., 2009). The different PINs are expressed in specific, partially overlapping domains
within the root meristem and polarly localize to the cell membrane, thereby exporting the hormone
only in one specific direction (Blilou et al., 2005; Grieneisen et al., 2007). Auxin response genes are
transcriptionally activated by AUXIN RESPONSE FACTORS (ARFs), which bind to the auxin
responsive elements (AuxRes) in the regulatory sequence of the target genes. At low auxin
concentrations, the co-repressor TOPLESS represses auxin-regulated transcription by mediating the
binding of AUXIN/ INDOLE-3-ACETIC ACID (Aux/IAA) proteins to ARFs. Perception of auxin by
the TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX (TIR1/AFB) protein,
subunit of the SCF E3-ligase protein complex, targets the Aux/IAA proteins for degradation via the

ubiquitin-proteasome pathway, thereby leading to the activation of the ARFs and hence activation of
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auxin responsive gene expression (reviewed in Saini et al., 2013). Among the genes downstream of
auxin signalling in Arabidopsis are the PLETHORA (PLT) genes, which are members of the
AINTEGUMENTA-like (AIL) subclass of the APETALAZ2/ethylene-responsive element binding
protein (AP2/EREBP) family of transcription factors (Aida et al., 2004). PLTI and PLT2 are
redundantly required for the embryonic specification of the QC cells and for the maintenance of root
stem cells (Aida et al., 2004). The PLTs are expressed in the stem cell niche forming a concentration
gradient with a maximum in the QC and the DSCs, therefore mirroring auxin distribution (Aida et al.,
2004; Galinha et al., 2007; M&honen et al., 2014). Their expression is restricted by the action of PINs,
while in turn, the PLT genes maintain PIN transcription (Blilou et al., 2005; Galinha et al., 2007).
Auxin signalling in the root is highly interwoven with cytokinin signalling. Cytokinins are perceived
by histidine kinase receptors (AHKs) which carry an extracellular CHASE domain to sense the
phytohormone. The cytokinin perception leads to autophosphorylation of the receptor kinase domain
and subsequent transfer of the phosphoryl group onto a histidine phosphotransfer-protein (AHP). This
enables AHP allocation to the nucleus and relay of the phosphoryl group to type-B response regulators
(type-B ARRs) which in turn activate transcription of cytokinin responsive genes. Among their targets
are type-A ARRs which negatively influence cytokinin signalling, thereby creating a negative
feedback loop (reviewed in Bishopp et al., 2011). Auxin interferes at this point of the pathway by
inducing A-type ARRs (Miiller and Sheen, 2008). Likewise, cytokinin signalling interferes with auxin
signalling: ARR1 targets the Aux/[AA gene SHORT HYPOCOTYL2 (SHY?2) that negatively regulates
PIN expression, causing a reallocation of auxin (loio et al., 2008). Cytokinin furthermore
downregulates the auxin influx carrier LIKE AUXIN RESISTANT 2 (Zhang et al., 2013). Moreover,
also the expression of PLT1 and PLT2 is downregulated by cytokinin, connecting these two hormonal
signalling pathways once more (loio et al., 2008).

The spatial domains of auxin and cytokinin signalling can be indirectly determined by following the
expression of their downstream response genes, such as the ARRs for cytokinin or the ARFs for auxin.
In addition, using known auxin- or cytokinin-responsive elements as promoters for reporter genes
reveal the activity of phytohormone signalling. In case of auxin, commonly used constructs are the
DRS5 and DR5v2, revealing the strongest auxin signalling in the QC, the columella, lateral root cap,
pericycle and epidermal cells, as well as in proto- and metaxylem (Ulmasov et al., 1997; Liao et al.,
2015). The cytokinin Two Component signalling Sensor (TCS) and TCSnew (TCSn) reporters display
highest cytokinin signalling in the columella cells and the vasculature of Arabidopsis roots (Ziircher et
al., 2013).

The effects of auxin and cytokinin signalling can easily be studied by manipulation of the hormone
levels in the plant, for instance by externally adding excess of the hormones, or by inhibiting
biosynthesis or signal perception. Application of synthetic auxin inhibits root elongation, increases
lateral root production and induces adventitious roots in Arabidopsis. Equally, mutants that

overproduce auxin have abundant lateral and adventitious roots, while mutants deficient in auxin
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responses often tend to have long primary roots and few lateral roots (reviewed in Woodward and
Bartel, 2005). In the root meristem, application of low auxin amounts enhance meristem length, while
higher concentrations inhibit the meristem growth (Ruzicka et al., 2009). Furthermore, auxin
application leads to differentiation of the DSCs (Ding and Friml, 2010). Reduction of cytokinin levels
by overexpression of degradation enzymes lead to enhanced root growth and longer meristems
(Werner et al., 2010), while application of cytokinin reduces the root and meristem length (Ruzicka et
al., 2009; Dello Ioio et al., 2007).

While Arabidopsis is the best studied organism for auxin signalling, the influence of auxin on root
growth of several crop plants has been studied to a minor extent. In maize, the application of auxins
inhibits primary root growth (Martinez-de la Cruz et al., 2015). This inhibition is accompanied by a
reduced root meristem and root cap size (Forestan et al., 2012). The application of the auxin indole-3-
butyric acid (IBA) and the synthetic auxin 1-naphthalene acetic acid (NAA) increases the outgrowth of
shoot-borne roots (crown roots) while treatment with the non-transportable auxin 2,4-
dichlorophenoxyacetic acid (2,4D) inhibits it (Martinez-de la Cruz et al., 2015). In rice, application of
NAA inhibits primary root growth in a dose-dependent manner, while the polar auxin transport
inhibitor 1-N-naphthylphthalamic acid (NPA) blocks initiation and growth of nodal and adventitious
roots, demonstrating that polar auxin transport is also critical for primary root elongation in rice (Da-
Xi et al.,, 2003; Yang et al.,, 2017). Downstream targets of auxin and cytokinin signalling were
identified in both, rice and maize. Zhang and colleagues identified nine maize PLT genes (Zhang et al.,
2014). Out of those, the AtBABYBOOM (AtBBM/PLT4) homologues, ZmPLTI and ZmBBM1, as well
as the AtPLT3/AtPLT7 homologue ZmSCF are downregulated in the maize Aux/IAA mutant
ZmRUM 1, indicating that the maize PLT homologues are under transcriptional control of auxin (Zhang
et al., 2014). Next to the PLT homologues, homologues of the PIN auxin transporters were identified
and characterized in maize and rice. 12 members of the PIN family, as well as two PIN-like genes
were identified in maize; seven of them being expressed in the root (ZmPINla, ZmPIN1b, ZmPINlc,
ZmPIN2, ZmPIN9, ZmPIN2, ZmPIN5a) (Forestan et al., 2012). Their expression can be influenced by
external application of NAA or NPA (Forestan et al., 2012). The closest homologues of AtPINI,
ZmPINla and ZmPIN1b, are both expressed in roots and are localised in basal plasma membranes,
therefore mirroring the expression and localisation of their Arabidopsis homologue (Carraro et al.,
2006). In rice, 12 PIN genes were identified to likely encode auxin afflux carriers for polar auxin
transport, most of them being expressed in the root (OsPIN1a, OsPIN1b, OsPIN1c, OsPIN1d, OsPIN2,
OsPIN5a, OsPINSb, OsPINSb, OsPIN9) (Miyashita et al., 2010). Most of these PIN genes are induced
by external application of auxin, while some are additionally induced by cytokinin application (Wang
et al., 2009). OsPINI1 is the closest homologue of A¢PINI, with which it shares the similar expression
pattern, and is involved in the formation of nodal roots (Xu et al., 2005). OsPIN3t was shown to be
important for the development of seminal and crown roots, and is involved in resistance towards

drought stress (Zhang et al., 2012). For the A¢tPLTs, 10 homologues (called OsPLt1-10) were identified
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in rice. Out of those, OsPLT1 — OsPLT6 are expressed in the roots and their expression is induced by

auxin and downregulated by cytokinin (Li and Xue, 2011).

Even though barley is the fourth most abundant crop plant in the world (FAO statistics 2014;
http://faostat.fao.org) and highly salt tolerant in comparison to other cereal crops (Maas and Hoffman,
1977), therefore being a valuable model plant in regard to abiotic stresses, only a few studies exist
about the function of auxin and cytokinins in barley roots. An early study shows that the application of
auxin inhibits root elongation (Tagliani et al., 1986), but only one mutant has been described that is
defective in auxin sensing. namely the agravitropic mutant that phenotypically normal except for its
misguided roots (Tagliani et al., 1986). Much more is known about the cytokinin signalling and
degradation pathways, as they were analysed in connection to drought resistance and yield in barley.
Zalewski and colleagues identified barley homologues of CYTOKININ
OXIDASE/DEHYDROGENASE (CKX) enzymes that are responsible for the cleavage of isoprenoid
cytokinins in the cytokinin degradation pathway (Zalewski et al., 2014). Silencing of HvCKXI by
RNA interference increases plant yield and results in a greater root mass (Zalewski et al., 2010). On
the other hand, overexpression of 4#CKX1/ under control of the weak maize beta-glucosidase promoter
results in an increased number and length of lateral roots, but a reduction in primary and seminal root
growth (Pospisilova et al., 2016). These transgenic plants also exhibit a higher tolerance to drought
stress (PospiSilova et al., 2016), indicating a direct connection between cytokinin signalling and

drought stress resistance, which so far has not been fully explored.

I have here analysed cytokinin distribution, downstream targets of auxin and cytokinin and crosstalk
between these hormones in the barley root, with a focus on root meristem development. Application of
the hormones to barley seedlings results in impaired root growth and meristem maintenance. |
established transgenic reporter lines for hormone signalling and downstream targets and found that
cytokinin signalling is strongest in the cells of the stele proximal to the QC and in the differentiated
root cap cells. Furthermore I show that also the DSCs, the QC cells and surrounding initials are
capable of cytokinin signalling. I show that a barley homologue of AtPLT1, HvPLT1I, is expressed in a
pattern similar to that of AtPLTI in Arabidopsis, namely in and around the QC. I then show that the
PIN1 homologue HvPINla is expressed in the root meristem, that its expression is regulated by
cytokinin and that HvPIN1a is subject to BFA-sensitive endocytosis and turnover. With this study, a

foundation for future research on auxin and cytokinin signalling in barley is provided.
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2. Material and Methods

2.1.Plant growth
To monitor root growth and expression of reporter genes in the root, seedlings were grown on square
plates as described in Kirschner et al., 2017. For all experiments either the cultivar (cv.) Morex or

Golden Promise were used as indicated in the figures.

2.2.Cloning
The HvpPLTI:HvPLTI-mVENUS construct was built by PCR amplification of a 1929 bp fragment
upstream of the start codon of HvPLTI (MLOC 76811.2 on morex contig 73008 (Mayer et al.,
2012)) as the putative promoter region from Morex genomic DNA (gDNA) and cloned by restriction
and ligation via a Ascl site into a modified pMDC99 vector (Curtis and Grossniklaus, 2003). The
entire HvPLTI coding region lacking the stop codon (3433 bp) was amplified from Morex gDNA and
inserted downstream of the promoter in the pMDC99 vector by Gateway cloning (Invitrogen). A C-
terminal mVENUS (Koushik et al., 2006) was integrated downstream of the gateway site by restriction
and ligation via Pacl and Spel. The HvpPINIa:HvPINIa-mV construct was produced the same way,
using 3453 bp upstream of the start codon of HvPINIa (AK357068/MLOC 64867 on
morex_contig 101983 (Mayer et al.,, 2012)) as putative promoter region and the whole HvPINla
coding region including the stop codon. The mVENUS sequence was inserted by restriction and
ligation via a Smal restriction site into the sequence coding for the central hydrophilic region of the
HvPIN1a protein, as described for a PIN1 reporter construct in Arabidopsis (Benkova et al., 2003).
The insertion of mVENUS is depicted in Supplementary figure 8B. For the TCSn:VENUS-H2B
cytokinin reporter construct, the 7CSn regulatory sequence (Ziircher et al., 2013) was obtained in the
pDONR?221 gateway vector from Invitrogen and subsequently inserted by Gateway cloning into the
modified pMDC99 vector. The auxin reporter construct DR5v2: VENUS-H2B was built by amplifying
the DR5v2 promoter from the pGIIK/DR5v2::NLS-tdTomato plasmid (kind gift of Dolf Weijers (Liao
et al.,, 2015)) and inserted by Gateway cloning into the modified pMDC99 vector. The pMDC99
modified for TCSn:VENUS-H2B and DR5v2:VENUS-H2B contained the gateway cassette, the coding
sequence of VENUS (Nagai et al., 2002) and a T3A terminator, which were inserted by restriction and
ligation with Ascl and Sacl from pAB114 (described in Bleckmann et al., 2010). Furthermore, it
contains the coding sequence of Arabidopsis HISTONE H2B (AT5G22880) at the C terminus of the
VENUS gene, inserted via restriction and ligation at a Pacl restriction site. The DR5:ER-GFP contains
the auxin-response promoter DR5 that consists of 9 inverted repeats of the 11 b-sequence 5'-
CCTTTTGTCTC-3', a 46-bp CaMV35S minimal promoter element, and a tobacco mosaic leader
sequence as translational enhancer fused to endoplasmatic reticulum -targeted GFP (Benkova et al.,

2003; Friml et al., 2002). The plasmid was a kind gift from the Benkova lab.
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2.3.Barley transformation
Barley transformation was performed at the Justus-Liebig University in GieBen, Germany, in the
research group Plant biotechnology as described by Imani and colleagues with the barley cv. Golden
Promise and tested for hygromycin resistance by growth on medium containing hygromycin and PCR
on the hygromycin gene (Imani et al., 2011). For root expression analysis, the seeds of the plants
recovered from the transformed scutella were used (T1) and again tested for the presence of the
reporter construct by PCR with primers binding in the gene of interest and the downstream reporter

gene.

2.4.Preparation of the reporter line samples
Clearing of the transgenic reporter lines was performed as described by Warner and colleagues for pea
root nodules with an altered fixation step (Warner et al., 2014). Root samples were fixed with 4 %
para-formaldehyde in phosphate buffered saline (PBS) for 1 h with applied vaccuum. Samples were
incubated in the clearing solution for 1 week in darkness at 4 °C. The roots of plant lines with weak
expression, or to be examined uncleared, were embedded in liquid 5 % (w/v) agarose in dH>O for

stabilization and sectioned longitudinally in the center by hand with a razor blade.

2.5.Cell wall and starch staining
Modified pseudo-Schiff propidium iodide (mPS-PI) staining and microscopy of the stained samples

was performed as described previously (Kirschner et al., 2017).

2.6. Treatments
The cytokinins 6-benzylaminopurine (6-BA) (Duchefa) and trans-zeatin (t-Z) (Sigma-Aldrich) were
used, as well as the auxins NAA (Duchefa) and 2,4D (Duchefa). For phytohormone treatments of wild
type plants, the hormones were added to the growth medium at the concentrations indicated in the
results section. The mock control was treated with water. For phytohormone treatment of the
TCSn:VENUS-H2B and HvpPINla:HvPINIa-mVENUS and DR5v2:VENUS-H2B reporter lines, the
phytohormones were added to PBS and the plates with 7 day-old seedlings were flooded with the
hormone solution or pure PBS as mock control and incubated for 2 -3 h to allow phytohormone uptake
into the medium. Then, the liquid medium was removed, the plates were placed back into the
phytochamber in a 45 ° angle and examined 24 h later. The brefeldin-A (BFA) treatment of the
HvpPINal:HvPINal-mVENUS reporter line was performed according to Geldner and colleagues
(Geldner et al., 2001). In particular, the roots were cut around 1 cm above the root tip and the root tip
was placed in pure PBS as mock control or PBS containing 50 uM BFA. Pictures of the outer cortex

cell layers were taken at the time of the treatment (0 h) and 2 h later.
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2.7.RNA in situ hybridisations

Probes for the HvPLTI mRNA were prepared from gDNA of the cv. Morex from the HvPLT] start to
stop codon (3433 bp). The DNA was cloned into the pGGCO000 entry vector of the GreenGate cloning
system (Lampropoulos et al., 2013) and then amplified including the T7 and SP6 promoter sites by
PCR. RNA probes were produced as described by Hejatko and colleagues (Hejatko et al., 2006). The
RNA probes were hydrolysed by adding 50 pl carbonate buffer (0.08 M NaHCO3, 0.12 M Na,COs) to
50 pul RNA probe and incubation at 60 °C for 58 min. On ice, 10 pul 10 % acetic acid, 12 ul sodium
acetate and 312 pl EtOH were added, the RNA was precipitated and dissolved in RNase-free dH»O.
RNA in situ hybridisations were performed on roots of plants 8 days after germination (DAG) as
described previously (Kirschner et al., 2017). Polyvinyl alcohol was added to a final concentration of
10 % to the NBT/BCIP staining buffer. Permanent specimens were created by washing the slides in
50 % EtOH, 70 % EtOH, 95 % EtOH and 100 % EtOH for 2 min each and for 10 s in xylol, and after
drying, a few drops of Entellan (Merck) and a cover slip were added.

2.8.Microscopy
The transgenic reporter lines with mVENUS or VENUS fluorophores were examined with a 40x water
objective with a numeric aperture (NA) of 1.20 using the Zeiss confocal laser scanning microscope
(LSM) 780. Yellow fluorescence was excited using a 514 nm Argon laser and the emission was
detected between 519 and 620 nm. The pinhole was set to 2,24 airy units. Transmitted light pictures
were recorded with a transmitted light detector (T-PMT). Pictures were recorded with the tile scan
function with 10 % overlap, a threshold of 0.70 and automatically stitched using the microscope
software. RNA in situ hybridizations were examined using a plan-neofluar 20x objective with a NA of

0.50 or a plan-neofluar 40x objective with a NA of 0.75 using the Zeiss Axioskop light microscope.

2.9.Data Analysis
Picture analyses were carried out using Fiji (Schindelin et al., 2012). For root length measurements,
the mean root length of all roots from a single plant were measured. For meristem length
measurements, the border between meristem and elongation zone was defined by the first cell in the
outermost cortex cell layer that doubled in cell length compared to its distal neighbour and analysis
was carried out qualitatively from direct observation (as described in Dello Ioio et al. 2007). For
analysing the DSC layers the starch-free cells of three colums in the center of the root cap below the
QC were counted and the mean for one column was calculated. For information about creation of the
phylogenetic trees see Supplementary figure 6 and Supplementary figure 8A. The transmembrane
domains of the PIN proteins were predicted using the TMHMM method on the website provided by
Krogh and colleagues (Krogh et al., 2001). Plots and statistics were created in R (R Core Team, 2015).
Significance was determined by a two-tailed Student's T-Test with the given p value. For image

processing, Adobe Photoshop was used. Contrast and brightness were adjusted in the mPS-PI sample
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pictures manually to increase the cell wall and starch visibility. When the fluorescence brightness was

compared, identical settings were used for all samples.
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3. Results

3.1.Auxin application affects root length negatively and root meristem size after long
exposure

Previously, it was shown that the external application of phytohormones such as auxin and cytokinin
affects the root architecture of plants in regard to root length, meristem size and structure (Martinez-de
la Cruz et al., 2015; Dello loio et al., 2007; Ruzicka et al., 2009; Carraro et al., 2006). Tagliani and
colleagues performed basic experiments on the influence of different auxins at various concentrations
on root length in barley (Tagliani et al., 1986). Here, root growth was inhibited by all auxins tested and
at all concentrations, even though to different degrees. To gain a better understanding of the effects of
auxin and cytokinin on barley root growth, similar root length measurements were performed in the
present study and the analysis was extended to include root meristem length, as the root meristem is
the source of new cells for longitudinal root growth. For the auxin treatment, the synthetic auxins
NAA and 2,4D were used, the first being the closest in structure and effect to the natural auxin, while
the latter cannot be transported out of cells by auxin efflux carriers (Delbarre et al., 1996). Low
(10 nM) and high concentrations (1 pM and 10 uM) were used for comparison, as auxins are known to

have opposite effects on meristem size at different concentrations (Ruzicka et al., 2009).

Growing barley plants on medium containing either no phytohormone or the different auxins for 6 or
10 days revealed that root length is not affected by low concentrations (10 nM) of NAA or 2,4D but is
significantly decreased at higher concentrations (1uM 2,4D, 1uM and 10uM NAA) (Figure 1A,
Supplementary figure 1A). Effects on the meristem size, however, were less pronounced and only
became significant when plants were treated for 10 days with high auxin concentrations (1 uM or
10 uM) (Figure 1B, C), although a weak, yet statistically not significant effect was already observable
at 6 days (Supplementary figure 1C). Only in case of treatment with 1 uM 2,4D, this reduction in
meristem size after 10 days correlated with a significant reduction in meristem cell number (Figure 1
D). Additionally, treatments with high concentrations (1 uM and 10 uM) increased meristem width
(Supplementary figure 3A). In Arabidopsis, Ding and Friml showed that auxin is involved in the DCS
maintenance (Ding and Friml, 2010), since auxin application results in differentiation of these stem
cells indicated by the accumulation of starch granules. In barley, no significant difference in the

number of DSC layers was detected after auxin application (Figure 1B, Supplementary figure 1B).
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Figure 1: Root length and meristem size given as percent of the respective mock-treated plants 6 DAG and
DSC phenotype of the cv. Morex upon auxin treatment for 10 days.

A) Root length after 10 day-treatment with auxin; experiment was performed twice; for a better comparison
between the experiments, all values were normalized to the respective mock-treated plants 6 DAG
(Supplementary figure 1A); n = 4-18 plants per data point. B) Upper panels show representative pictures of the
meristem phenotype of roots at 10 DAG upon hormone treatment according to the captions; arrow heads mark
the transition zones, i.e. the proximal end of the meristem; insets show magnifications of the transition zones;

lower panels show magnifications of the stem cell niche and root cap as indicated by the black frames in the
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upper panels; scale bars 100 pm. C), D) Meristem size upon hormone treatment, measured by meristem length
(C)) or meristem cell number (D)); experiment was performed twice; all values are normalized to the mock-
treated control 6 DAG (Supplementary figure 1C, D); n = 7-17 roots per data point; significance was determined
using the two-tailed Student’s t test, * = p<0.05, **= p<0.001.

3.2.The cytokinin 6-benzylaminopurine (6-BA) inhibits root growth and both cytokinins, 6-
BA and trans-zeatin (t-Z), influence root meristem maintenance negatively

To test the effect of cytokinin, both t-Z, a naturally occurring isoprenoid-type cytokinin (Podlesakova
et al., 2012), and the synthetic cytokinin 6-BA were used, both of which were shown to affect root and
meristem length upon application in Arabidopsis (Ruzicka et al., 2009; Dello loio et al., 2007). 6-BA
had a negative effect on root length in both used concentrations (1 uM and 10 pM) in barley, while t-Z
did not affect root growth significantly (Figure 2A, Supplementary figure 2A). Interestingly, the effect
on the root meristems was much stronger for both, 6-BA and t-Z, and resulted in a reduction in
meristem size (Figure 2C, Supplementary figure 2C). Both hormones seem to affect meristem size by
changes in cell division and/or differentiation rate, since a reduced cell number was responsible for the
difference in overall meristem size, rather than the mean length of the meristematic cells (Figure 2D,
Supplementary figure 2D). Measuring the width of the root meristems revealed that cytokinin
influences the width negatively (Supplementary figure 3B). Like auxin treatment, cytokinin treatment

did not affect the differentiation of the DSCs (Supplementary figure 2B).
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Figure 2: Root length and meristem size given as percent of the respective mock-treated plants 6 DAG of
the barley cv. Morex upon cytokinin treatment for 10 days.

A) Root length after 10 day-treatment with cytokinin; experiment was performed twice; for a better comparison
between the experiments, all values were normalized to the respective mock-treated plants 6 DAG
(Supplementary figure 2A); n = 7-18 plants per data point. B) Representative pictures of the meristem phenotype
of roots 10 DAG upon cytokinin treatment according to the captions; arrow heads mark the transition zones;
insets show magnifications of the transition zones; scale bars 100 um. C), D) Meristem size upon 10-day
cytokinin treatment, measured by meristem length (C)) or meristem cell number (D)); experiment was performed

twice; all values are normalized to the mock-treated control 6 DAG (Supplementary figure 2C, D); n=11-16
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roots per data point; significance was determined using the two-tailed Student’s t test, * = p<0.05, **= p<0.001.

3.3.Expression of auxin and cytokinin reporters
As both auxin and cytokinin had an effect on root length and meristem size, revealing the distribution
of the phytohormones in the root would indicate their sites of action. Therefore, synthetic reporters
were created that use repeating elements targeted by auxin or cytokinin response factors, respectively,

to drive the expression of the VENUS reporter gene.

For cytokinin, the T7CSn promoter was used to drive the expression of VENUS. Here, concatemeric
binding motifs for type-B ARRs are combined with a minimal promoter and display the activity of
cytokinin signalling (Ziircher et al., 2013). It was shown that applications of cytokinin enhanced the
activity of the promoter in Arabidopsis and maize protoplasts (Zurcher et al., 2013). In mature barley
root apical meristems, expression of the cytokinin reporter 7CSn:VENUS-H2B could be observed in
the differentiated root cap and the stele (Figure 3A’) with the exception of metaxylem (Figure 3A°,
white arrow head), but not in the QC or the surrounding initials (Figure 3A’, gray arrow head). 24 h
treatment with 6-BA, but not t-Z, increased the expression in the stele, measured by the mean gray
value (Figure 3B, C). Moreover, 6-BA treatment also induced 7CSn:VENUS-H2B expression in the
stele up to the transition zone (light gray arrow head in Figure 3F‘). As cytokinin and auxin signalling
were shown to be highly interconnected (Miiller and Sheen, 2008; loio et al., 2008; Zhang et al.,
2013), also the influence of externally applied auxin on the T7CSn:VENUS-H2B expression was tested.
However, auxin treatments did not change the expression in the stelar region nor did it induce
expression in other spatial domains than the mock treatment (Supplementary figure 4D, E). Additional
to the increased expression in the stele, treatment with both cytokinins caused expression in the DSCs,
in the cortex and endodermis initials, the epidermis initials and in the layer of the QC adjacent to the
root cap (Figure 3D). In control plants, expression in the DSCs, the QC or the surrounding initials
could never be observed (Figure 3D). The same induction of expression in the QC surrounding region
was observed in younger barley plants (3 DAG), an age, when the root meristem is not yet fully
mature (Kirschner et al., 2017) (Supplementary figure 4 A, B). Quantifications of the mean gray value
in this region showed that the induction by cytokinin here was even stronger than in older plants
(Supplementary figure 4C). In summary, the 7CSrn expression pattern in barley resembles the
expression in Arabidopsis (Zurcher et al., 2013) and increasing the cytokinin concentration by external

application induces the 7CSn expression.

As auxin reporters, two widely used regulatory sequences are the DRS5 and the DR5v2, the former
consisting of 9 inverted repeats of the auxin responsive element TGTCTC (Ulmasov et al., 1997) and
the latter of 9 repeats of the higher affinity auxin binding-site TGTCGG (Liao et al., 2015). Here, the
presence of auxin in a cell is indirectly determined through the activation of ARFs that bind to the

synthetic promoters in an auxin-dependent manner, activating expression of the reporter genes. In
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Arabidopsis, the responsiveness of these reporters to auxin was confirmed by auxin application to the
roots, leading to an enhanced expression of the reporter gene and a broadening of the expression
domain (Liao et al., 2015). The same reporters were successfully used in maize and rice to display the
spatial domain of auxin signalling (Gallavotti et al., 2008; Yang et al., 2017), therefore, the DR5 and

DR5v2 regulatory sequences might also be feasible for representing auxin signalling in barley.

However, no expression of the DR5:GFP reporter could be detected in transgenic lines, and the
expression of the DR5v2: VENUS-H2B reporter lines was very weak and inconsistent between different
roots and plant lines (Supplementary figure 5A’). Furthermore, no increase of the DR5v2:VENUS-H2B
expression was detected even upon high auxin concentrations (10 uM 2,4D) (Supplementary figure
5B’). Thus, the DRS5 and DR5v2 reporters do not seem to be suitable for reflecting the auxin signalling

in barley.
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Figure 3: Expression of the cytokinin reporter T7CSn:VENUS-H2B in the root meristem of the barley cv.
Golden Promise 8 DAG.

A), A’) TCSn:VENUS-H2B expression in untreated roots; transmitted light and VENUS emission (A)) and
VENUS emission only (A’)); white arrow head in A’) points to the metaxylem; gray arrow head in A’)
indicates QC; seven independent transgenic lines were examined and exhibit a similar expression pattern; hand-
sections. B) Quantification of the 7CSn: VENUS-H2B expression by the mean gray value of the region marked
with the red box in C); mean gray value is normalized to the PBS control; significance was determined using
the two-tailed Student’s t test, ** = p<0.001. C) Representative pictures of the 7CSn: VENUS-H2B expression in
root meristems upon 24 h of cytokinin treatment according to the captions; PBS only was used as control; three
independent transgenic lines were examined; experiment was performed three times; n = 8-31 per treatment. D)
Magnification of the stem cell niche and root cap of roots upon treatments indicated by the captions; treatment
with both cytokinins leads to expression in the cortex/ endodermis initials, the DSCs, the QC layer adjacent to
the root cap and the epidermis initials (PBS: 0/21 roots, 1 uM 6-BA: 1/9 roots, 10 uM 6-BA 8/18 roots, 1 uM
t-Z 2/9 roots, 10 uM t-Z 5/8 roots); root cap border is marked with a white frame. E), F) Representative pictures
of TCSn:VENUS-H2B expression in the whole root meristem treated with PBS (E)) or 10 uM 6-BA (F));
transmitted light and VENUS emission (E), F)) and VENUS emission only (E’), F’)); light gray arrow head in
F’) indicates transition zone; for a better comparison between samples, roots were cleared for one week before

microscopy (C), D), E)); scale bars 100 um.

3.4.Expression pattern of HvPLTI1
From the phenotypic effects of auxin and cytokinin treatment on meristem size, as well as the
expression pattern of the 7CSn reporter, it can be concluded that both phytohormones are active in the
root meristem. Therefore, possible target genes of auxin and cytokinin signalling were identified.
Based on the research conducted in other model plants such as Arabidopsis, rice and maize, a possible
role of the PLT transcription factors was analysed, which are expressed in the root meristem. In
Arabidopsis, the PLT genes are downregulated by cytokinin, and require auxin signalling for
expression (Aida et al., 2004; Blilou et al., 2005; Ioio et al., 2008). The rice OsPLTs are likewise
expressed in roots and transcription is induced by auxin and downregulated by cytokinin (Li and Xue,
2011). To identify possible PLT homologues of barley and to examine the phylogenetic relationship
between the Arabidopsis, rice, maize and barley PLTs, the barley proteome was searched (Mayer et
al., 2012) and an unrooted tree was created from whole protein sequences (Supplementary figure 6).
Because OsPLT1 grouped phylogenetically together with AtPLT1-3 and AtBBM (AtPLT4) in the
study by Li and Xue and therefore might have a similar function in the stem cell niche maintenance
(Li and Xue, 2011), it was focused on MLOC 76811 as the closest homologue of OsPLT1
(Supplementary figure 6) and named HvPLT1 accordingly. In the annotation database for the barley
genome, the gene 1is annotated as “AP2-like ethylene-responsive transcription factor”

(http://pgsb.helmholtz-muenchen.de/plant/barley/). As the annotation suggests, HvPLTI consists of
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two repeats of the conserved AP2 DNA binding domain and a conserved linker region (Figure 4A)
like its two homologues AtPLTI and AtPLT2 in Arabidopsis. To reveal the expression pattern of
HvPLTI, transgenic reporter lines were created that expressed HvPLTI fused to mVENUS under the
control of the putative endogenous HvPLTI regulatory sequence. The reporter lines showed a gradual
expression pattern of HVPLT1 with the maximum in the QC and the surrounding cells, gradually
decreasing towards the root cap, the proximal meristems and the outer root layers (Figure 4B, B’).
Non-transgenic control plants did not show any expression (Supplementary figure 7A, A’). RNA in

situ hybridisations with a probe for HvPLTI confirmed this expression pattern (Figure 4C).

HvpPLT1:HvPLT1-mVENUS

A B
start stop
1 3436 '

Figure 4: HvPLT1 gene structure, promoter activity and protein localization in the root meristem of the

barley cv. Golden Promise 8 DAG.

A) Genomic structure of the HvPLTI coding sequence; boxes represent exons, black horizontal lines represents
introns; dark gray boxes indicate coding sequence for AP2 domains, light gray boxes indicate coding sequence
for the linkers between AP2 domains. B) Representative picture of the HvpPLTI:HvPLTI-mVENUS emission in
the root meristem; transmitted light and mVENUS emission (B)), mVENUS emission only (B’)); gray arrow
head in B’) points to the QC; hand sections; seven independent transgenic lines were examined and exhibit a
similar expression pattern. C) Representative picture of RNA in situ hybridizations with a probe for HvPLT]

(purple staining) or the respective sense probe; scale bars 100 um.

3.5.1dentification of a PIN1 homologue in barley
In Arabidopsis, the expression of the AtPLTs is dependent on auxin signalling (Mahonen et al., 2014;
Galinha et al., 2007). The HvPLTI expression pattern suggests the presence of an auxin maximum in

the QC and the root stem cell niche also in barley. To create such an auxin maximum, auxin transport
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is necessary in a directed, polar manner. Auxin biosynthesis occurs in young aerial tissues and auxin is
transported towards the root via the phloem (Saini et al., 2013), and for many plants such as
Arabidopsis, rice and maize it has been shown that the subsequent cell-to-cell transport is facilitated
by PIN proteins (Wang et al., 2009; Carraro et al., 2006; Blilou et al., 2005). Computational analysis
of the structure of PIN proteins predicts that they consist of hydrophobic regions that span the cell
membranes and of hydrophilic regions that are exposed on the intracellular side of the plasma
membranes (Kfecek et al., 2009). Kfecek and colleagues sorted the eight Arabidopsis PINs into two
subfamilies, namely the “long” and the “short” PINs according to the length of their hydrophilic
region (Ktecek et al., 2009). The “long” PIN subfamily is characterised by its central hydrophilic loop,
separating two hydrophilic domains, each consisting of five trans-membrane regions. They are
primarily localised to the plasma membrane in the cell (Benkova et al., 2003; Blilou et al., 2005; Friml
et al., 2003). The "short" PINs, however, possess a short central hydrophilic region and localise to
internal cell membranes (Ganguly et al., 2010). To identify PINs in barley, the barley protein database
was searched for homologues of AtPINs and 13 possible HVPIN protein sequences were found that
were used to build a phylogenetic tree and analyze their topology (Mayer et al., 2012) (Supplementary
figure 8A, B). In the phylogenetic tree, MLOC 64867.2 (HvPIN1a), MLOC 12686.1 (HvPIN1b) and
MLOC 293.2 (HvPINIc) grouped with AtPIN1 and the PIN1 homologues from rice and maize,
AK366549 (HvPIN2) grouped together with OsPIN2 and AtPIN2 (Supplementary figure 8A),
therefore these barley homologues can be regarded as PIN1 and PIN2 homologues, respectively. A
transmembrane helices prediction analysis moreover revealed that these barley PIN1 and PIN2
homologues carry 4 - 5 transmembrane domains that group around a central hydrophilic region
(Supplementary figure 8B). Therefore, these HVPINs can be classified as being part of the "long" PIN
subfamily. On the other hand, PINs that cluster with the "short" PINs from Arabidopsis could be
identified: MLOC_60446.1 (HvPINSa) and MLOC_71135.1 (HvPINSb) grouped together with PINS,
MLOC 61956.2 (HvPINS) grouped together with PINS, and MLOC _38112.1 (HvPIN9a) and
MLOC 53867.1 (HvPIN9D) belong to the clade of PIN9 which has no homologue in Arabidopsis but
only exists in maize and rice (Supplementary figure 8A). Indeed, these proteins exhibited only a short
central hydrophilic region (Supplementary figure 8B). MLOC 6128.3 (HvPIN3a), MLOC 38023.1
(HvPIN3b), MLOC 38022.1 (HvPIN10a) and MLOC 60432.1 (HvPIN10b), on the other hand,
grouped together with the clade of ZmPIN10 and OsPIN3. Like in maize and rice, also the barley
genome did not harbour PIN4 and PIN7 homologues (Wang et al., 2009; Forestan et al., 2012). In
regard to their structure, the HvPIN3s and HvPIN10s did not show the typical structure of neither
"short" nor "long" PINs. They either have no large hydrophilic region (HvPIN10a, HvPIN10b and
HvVPIN3Db) or the hydrophilic region is not central (HvPIN3a) (Supplementary figure 8B). For the
subsequent work on PIN protein localization in barley, it was focussed on PIN1, as this is the best
studied PIN protein in other model plants. Both in maize and rice, the two maize PIN1-like proteins

and OsPIN1 show a similar transmembrane helices prediction profile, with two hydrophobic domains
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at the N and C termini and a central hydrophilic region (Xu et al., 2005; Wang et al., 2009; Carraro et
al., 2006). From the HvPINs that grouped together with the other PIN1s, HvPIN1a is the one with the

transmembrane helices prediction profile most similar to AtPIN1 (Supplementary figure 8B).

3.6.Expression pattern and polar localization of HvPIN1a
In the Arabidopsis root, PINI is expressed in the root meristem, in particular in the vasculature and
endodermis, and weaker in the epidermis and cortex (Blilou et al., 2005). PINI homlogues of maize
and rice are also expressed in the root meristem, but also in the root cap (Forestan et al., 2012; Wang
et al., 2009). In barley, the expression of HvPINla was examined by means of transgenic reporter lines
with the genomic HvPINla sequence, under control of the putative endogenous HvPINIa regulatory
sequences, consisting of 3453 bp upstream of the start codon. The sequence of the fluorophore
mVENUS was inserted into the part of the HvPINIa gene sequence that encodes for the intracellular
hydrophilic region of the protein, as it was described for the A¢tPINI-GFP construct (Benkova et al.,
2003) (Supplementary figure 8B). Strong expression was detected in the whole root meristem, except
for the cell area of the presumed QC, where expression was weaker compared to surrounding tissues
(Figure 5 A’, D’). High expression was observed in the stele, the endodermis, the cortex and the
DSCs, and the differentiated root cap (Figure 5D’). The PIN1s from Arabidopsis, maize and rice were
shown to be mostly polarly localised to the plasma membranes at defined sides of the cells. In
Arabidopsis roots, AtPIN1 is localized to the basal plasma membranes (Blilou et al., 2005), and a
basal localisation was also observed for ZmPIN1 in the epidermis, the meristematic regions and the
central cylinder in maize, whereas ZmPIN1 appeared to be cytosolic in the root cap (Forestan et al.,
2012; Carraro et al., 2006). In barley, a basal plasma membrane localisation was detected in the stele,
endodermis and the inner cortex cell layers (gray arrow heads in Figure 5B, D’), but apical localisation
was observed in the outermost cortex cell layer and the lateral root cap (white arrow head in Figure
5B, D’). In the central region of the root cap, polar localisation was not detectable, but HvPIN1a was

evenly distributed in the plasma membrane (Figure 5D’).
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HvpPIN1a:HvPIN1a-mVENUS
BT ," : A’

Figure 5: HvPIN1a expression in the root meristem of the barley cv. Golden Promise 8 DAG.

A) Representative picture of HvpPINla:HvPINIa-mVENUS expression; six independent transgenic lines were
examined; white box in A’) marks magnification in B); gray box in A’) marks magnification in D). B)
Magnification of the epidermal, cortical and endodermal cell layers depicted with white frame in A’). C)
Schematic illustration of HvPINIa expression in the root meristem, high = dark gray, low = gray; red arrows
indicate possible auxin flow created by localisation of PIN1a auxin transporters; En = endodermis, Co = cortex,
Ep = epidermis, LRC = lateral root cap, RC = root cap. D) Magnification of the stem cell niche depicted with
gray frame in A’); transmitted light and mVENUS emission (A), D)), mVENUS emission only (A”), D”)); white
arrow heads mark apically localised PIN1a, gray arrow heads mark basally localised PIN1a; brightness adjusted
in B and D’); scale bars 100 pum in A), D); 50 um in B).
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3.7.HvPIN1a-mVENUS is found in vesicles upon Brefeldin-A (BFA) treatment
PINs are continuously recycled from the cell membrane to endosomes. Involved in the trafficking of
basally localised PINs in Arabidopsisis are the GDP/GTP exchange factor for small G proteins of the
ADP-ribosylation factor class (ARF-GEFs), which contain Sec7 domains (Kleine-Vehn et al., 2009;
Steinmann et al., 1999; Geldner et al., 2003). The inhibitor of protein secretion BFA stabilizes an
intermediate of the reaction of the ARF-GEF Sec7 domain with GDP, thereby blocking the cycle of
activation of the ARF-GEFs and the thereto related recycling pathways (Peyroche et al., 1999).
Therefore, BFA can be used to reveal the involvement of BFA-sensitive ARF-GEFs in the PIN
recycling pathways. Treatment with BFA induces intracellular accumulation of AtPIN1 by blocking
the exocytosis of PIN1, which normally cycles rapidly between plasma membrane and endosomal
compartments (Geldner et al., 2001, 2003). To test if the PIN1 recycling mechanism is conserved in
barley, HvpPINIaHvPINIa-mVENUS expressing roots were treated with 50 uM BFA and the
HvPIN1a-mVENUS localisation was monitored in the outer cortex cell file after 2 h. While HvPIN1a-
mVENUS was exclusively localised at the apical cell membranes before the BFA treatment and upon
mock controls, the formation of vesicles within the cells could be observed after 2 h of BFA treatment
(gray arrow heads in Figure 6A). This indicates the existence of a conserved mechanism of PINI

recycling between endosomal compartments and the plasma membrane in barley.

3.8. HvPIN1a expression is regulated by cytokinin
As the recycling of the HvPIN1a protein is similarly affected by BFA like in Arabidopsis, it was
examined if gene expression of HvPINla is regulated by the same factors as in Arabidopsis. Dello loio
and colleagues showed that AtPINI expression is downregulated by cytokinin (loio et al., 2008). In
barley, treatment with the cytokinin 6-BA for 24 h reduced HvPINIa-mVENUS expression as well
(Figure 6B, C).
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Figure 6: HvPIN1a localisation is influenced by BFA and its expression is influenced by cytokinin.

A) Representative pictures of the HvpPINla:HvPINIa-mVENUS expression in the outer cortex cell layer
immediately (0 h) or 2 h after mock (PBS) or 50 uM BFA treatment; the respective right pictures display
magnifications of the areas framed in white in the left pictures; gray arrow heads point to vesicles; scale bar
20 pm; three independent transgenic lines were examined; experiments were performed twice; n = 4 - 6. B)
Representative pictures of HvpPINIa:HvPINIa-mVENUS expression upon mock (PBS) or cytokinin treatment
as indicated; scale bar 200 um. C) Quantification of the HvpPINIla:HvPINIa-mVENUS expression in B),
measured by the mean gray value of the whole meristem and the root cap; values are normalized to the PBS-

control; five different independent transgenic lines were used; experiment was performed twice; n = 24 per
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treatment; significance was determined using the two-tailed Student’s t test, * = p<0.05.
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4. Discussion

4.1.Meristem length measurements and expression of the cytokinin reporter 7CSn:VENUS-
H2B reveal a role for cytokinin in meristem maintenance

In this study, the role of the phytohormones auxin and cytokinin on barley root growth and the root
apical meristem maintenance was analysed. Growing barley seedlings on medium with the cytokinin
6-BA caused a reduction in root growth (Figure 2A, Supplementary figure 2A). The same was shown
for Arabidopsis, where application of 6-BA already at low concentrations between 10 nM and 100 nM
reduces root growth (Ruzicka et al., 2009). Application of the cytokinin t-Z, however, did not cause
any significant reduction in barley root growth at the concentrations tested (Figure 2A, Supplementary
figure 2A). It was shown for Arabidopsis CKXs, enzymes that participate in the cytokinin degradation
pathway, that they preferentially cleave isoprenoid cytokinins, which include t-Z but not 6-BA
(Galuszka et al., 2007), and for CKX1 from maize that it predominately cleaves free cytokinin bases,
including t-Z (Mrizova et al., 2013). In barley, thirteen putative members of the HvCKX family were
identified (Zalewski et al., 2014). Their presence could lead to an enhanced degradation of the
externally added t-Z, thereby leading to a reduced influence on root growth in comparison to 6-BA. In
Arabidopsis, application of both, t-Z and 6-BA, in only low concentrations of about 50 nM leads to a
reduction in meristem size (Ruzicka et al., 2009; Dello loio et al., 2007). In barley, both t-Z and 6-BA
treatments reduced the meristem size, however, the effect was again more pronounced in roots treated
with 6-BA (Figure 2B, C, D, Supplementary figure 2C, D). In this case again, the observed difference
of effect of the two synthetic cytokinins could be caused by the degradation of t-Z by the endogenous
HvCXKs. Nevertheless, in barley, cytokinin application led to a reduced meristem size, caused by a
reduced number of meristematic cells (Figure 2B, C, D, Supplementary figure 2C, D). In Arabidopsis
it was shown that cytokinin mediates the cell differentiation at the transition zone and cytokinin
application reduces the mitotic activity in the root meristem (Dello loio et al., 2007; Ruzicka et al.,
2009). As displayed by the barley cytokinin reporter line 7CSn: VENUS-H2B, application of 6-BA, but
again not of t-Z, induces the reporter gene expression in the stele up to the transition zone of the
meristem, indicating that also in barley cytokinin, more precise 6-BA, is involved in the transition
between the meristematic and the elongation-differentiation zone (Figure 3F’). If cytokinin is also
involved in the mitotic activity in barley, however, has not yet been analysed. The reduction in root
growth upon cytokinin application could be explained by a premature differentiation of the

meristematic cells and thereby a lower production of new cells.

Besides its influence on root length and meristem size, cytokinins also influence the root diameter.
The impact of cytokinin on root diameter was previously shown in Arabidopsis plants harbouring a
358:AtCKX7 construct and a 30 % reduction in overall cytokinin content. These plants developed
fewer vascular cell files in the central cylinder (Kollmer et al., 2014). Increasing cytokinin

concentrations by external application could, on the other hand, result in the formation of additional
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vascular cell files, and hence a greater root diameter. However, cytokinin application in barley had in
the opposite effect, as it significantly reduced the diameter of the barley roots in the meristematic
region (Supplementary figure 3B). This outcome is partially surprising, however, earlier studies in
Arabidopsis have already shown that overexpression of different CKX isoforms resulted in opposite
effects on root growth (Werner et al., 2003; Kdllmer et al., 2014). Therefore, it is possible that it is not

overall cytokinin concentrations, but rather local cytokinin distribution that influences root size.

4.2.Cytokinin signalling is active in the root cap and the stele and activated by cytokinin
application in the root stem cell niche

In Arabidopsis, reporter genes under control of the 7CSn regulatory sequence are expressed in the
differentiated columella cells and in the vasculature of roots (Ziircher et al., 2013). In maize, Saleem
and colleagues found a predominant localization of the cytokinin cis-zeatin, one cis- zeatin precursor,
and its conjugate cis-zeatin O-glucoside in the cortex, indicating that cytokinin biosynthesis is
primarily occuring in the cortex (Saleem et al., 2010). The TCSn:VENUS-H2B barley reporter line
revealed that cytokinin signalling occurs in the differentiated root cap cells and the stele, but, however,
did not express in the cortex (Figure 3A), implying that the localisation of the barley cytokinin
signalling rather resembles the cytokinin signalling in Arabidopsis than the cytokinin distribution in
maize (Saleem et al., 2010; Ziircher et al., 2013). The TCSn sensor was initially designed for
Arabidopsis, and additionally tested for cytokinin response in maize protoplasts, but so far, the
functionality in monocot roots has not been proven. Therefore, the TCSn: VENUS-H2B barley reporter
lines were tested for their cytokinin response in the roots. Noteworthy, although externally applied
cytokinin is most likely taken up through all root tissues, enhanced expression of the reporter appeared
to be restricted to specific cell types. The TCSn reporter consists of concatemeric repeats of the DNA-
binding motif of the Arabidopsis type-B ARR (Ziircher et al., 2013). Therefore, some cells may lack
expression of genes that are necessary for the multistep phosphorelay signalling cascade for cytokinin,
for instance cytokinin receptors, so that the type-B ARRs are not phosphorylated despite a high
cytokinin concentration in the cell. Furthermore, the 7CSn was designed by analysing the DNA-
binding motifs of the Arabidopsis type-B ARRS, which might differ from those of barley. 6-BA
treatment enhanced expression of T7CSn: VENUS-H2B in the stelar cells (Figure 3 B, C) and treatment
with both used cytokinins resulted in additional expression of the reporter in the QC cells adjacent to
the root cap, the DSCs, the cortex/endodermis initial, the epidermis initial, and older cortex,
endodermis and epidermis cells (Figure 3 D). Moreover, this induction of reporter gene expression in
the stem cell niche was even more pronounced when 3-day old seedlings were treated with cytokinin
in comparison to older seedlings (Supplementary figure 4A, B, C). At this age, the meristem has not
yet reached its final size (Kirschner et al., 2017). The enhanced expression of TCSn:VENUS-H2B in
the root initials especially in young roots implies that these cells are targets of cytokinin activity and

that cytokinin is involved in determining the cell fate. In summary, these data suggest that the 7CSn
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reporter is applicable for reflecting cytokinin signalling in barley roots, as the 7CSn expression pattern
resembles the expression in Arabidopsis (Ziircher et al., 2013) and increasing cytokinin concentration
by external application induces the 7CSn expression. The TCSn expression indicates an involvement
of the cytokinin 6-BA in root meristem maintenance, while both 6-BA and t-Z play a role in

specification of the root tissue.

4.3. Auxin reduces barley root growth, but root meristem maintenance is only influenced to a
minor extent

Cytokinin signalling in the root is highly interwoven with auxin signalling (Miiller and Sheen, 2008;
loio et al., 2008; Zhang et al., 2013). Like cytokinin, auxin application influences the root growth and
root meristem size in many plants, such as Arabidopsis and maize (Evans et al., 1994; Martinez-de la
Cruz et al., 2015; Ruzicka et al., 2009). At low concentrations of 0.001-10 nM auxin was shown to
have a positive effect on root growth of Arabidopsis by stimulating cell elongation (Miissig et al.,
2003; Evans et al., 1994), while the root growth is affected negatively at higher concentrations in
many plant species, such as Arabidopsis, maize and rice (Evans et al., 1994; Martinez-de la Cruz et al.,
2015; Yang et al., 2017). In the present study, the influence of the synthetic auxin NAA and the non-
transportable synthetic auxin 2,4D on barley root growth was analysed. NAA can enter the cells by
passive diffusion and is transported by the auxin efflux carriers. Accordingly, NAA treatment will
elevate the auxin concentration within the wild type distribution pattern in the root. 2,4D, on the other
hand, is taken up with influx carriers, but not secreted by efflux carriers, so that it cannot be
transported within the plant (Delbarre et al., 1996). This results in elevated auxin concentrations in all
cells of the root. Therefore, a stronger effect of 2,4D on root growth would be expected in comparison
to NAA. Accordingly, many studies showed that low concentrations of 2,4D were sufficient to
decrease the root growth to the same extend as high concentrations of NAA (Tagliani et al., 1986;
Martinez-de la Cruz et al., 2015; Miissig et al., 2003). In barley, however, 2,4D and NAA had an
equally strong negative effect on root growth when applied at a concentration of 1 uM (Figure 1A).
This might be caused by the applied plant growth methods. Tagliani and colleagues measured the root
length of barley by placing the seedlings between wet filter paper, soaked with the phytohormone or
the control solution (Tagliani et al., 1986), while Martinez-de la Cruz and colleagues used liquid
medium for maize root growth, ensuring that the roots were completely immersed in the solution
(Martinez-de la Cruz et al., 2015). In the present study, the plants were grown on the surface of solid
growth medium containing the phytohormones (see Material and Methods), so that the roots only took
up the hormones at the contact points with the medium. Thus, NAA can be taken up and redistributed
into different cells via active transport, while 2,4D concentrations are elevated at the sites of root to
medium contact, possibly explaining the unexpected low effect of 2,4D. In contrast to studies in
Arabidopsis, where low concentrations of auxins were shown to increase the root growth rate (Evans

et al.,, 1994; Miissig et al., 2003), no enhancement of root growth rates upon applications of low
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concentrations of NAA and 2,4D (10 nM) was observed in barley (Figure 1B). Root longitudinal
growth can primarily be attributed to cell divisions in the meristematic zone and cell elongation in the
elongation zone. Both of these processes are, among other factors, regulated by auxin signalling
pathways. A reduction in meristem size upon treatment with high auxin concentrations (1 uM or
10 uM) was observed, both in regard to cell number and meristem length (Supplementary figure 1C,
D). This effect, however, was only significant compared to the control after 10 days of auxin
treatment, while overall root growth was already inhibited after 6 days (Figure 1C, D). Ruzicka and
colleagues observed a similar effect for root length and meristem size in Arabidopsis, where root
length was stronger affected by auxin application than the meristem length (Ruzicka et al., 2009).
Thus, it is most likely that auxin affects root growth not by affecting the meristematic activity, or at
least only to a minor proportion, but mainly through reduction of the cell elongation in the
differentiated part of the root. This effect of externally applied auxin at micromolar concentrations was
shown before in Arabidopsis (Perrot-Rechenmann, 2010). However, a closer examination of average
cell length of differentiated barley root cells and meristematic cell division rates upon auxin treatment

is necessary to reveal the underlying mechanism of how auxin affects root growth in barley.

Besides the effect of auxin application on longitudinal root growth and meristem size in Arabidopsis,
the phytohormone also influences the DSC that give rise to the columella cells. Auxin application
leads to differentiation of these stem cells, marked by accumulation of starch granules (Ding and
Friml, 2010). In barley, however, no starch granule accumulations could be observed in any additional
DSC file in barley (Figure 1B, Supplementary figure 1B). Previously, similar observations for the
application of a CLE peptide were published. CLE peptides were shown to cause both a differentiation
of the proximal root meristem and the DSCs in Arabidopsis, whereas application of CLE peptides did
only affect the proximal root meristem but not the DSC differentiation in barley (Kirschner et al.,
2017; Stahl et al., 2009). This indicates that DSC maintenance, in contrast to root meristem
maintenance, is regulated differently in barley than in Arabidopsis. In Arabidopsis, the DSCs are
maintained by signalling from the QC, shown among other experiments by laser ablation (van den
Berg et al., 1997). In monocots, however, similar studies are lacking. Nevertheless, also in monocots
there is evidence for signalling between the cells of the QC and the root cap. When the root cap is
excised in maize, the remaining root changes its developmental programme to regenerate a new cap
(Feldman, 1976). Furthermore, Campos and colleagues could show that the expression of some root
cap specific genes is dependent on the presence of the QC in maize (Ponce et al., 2000). This suggests
that in monocots there is indeed communication between the QC and the root cap, although the

underlying genetic and molecular mechanisms appear to be different from the dicot Arabidopsis.
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4.4.The expression patterns of HvPLTI and HvPINIa indicate an auxin distribution in the
root tip similar to Arabidopsis, rice and maize

These findings raise the question, where auxin signalling is active in the barley root meristem. The
synthetic reporters DRS5 and DR5v2, consisting of auxin responsive elements as regulatory sequence,
revealed that in Arabidopsis an auxin maximum is formed in the QC, the root cap, the lateral root cap
and the epidermal cells (Liao et al., 2015). The same auxin distributions were observed in rice with the
DRS5 reporter, although here, the reporter is also expressed additionally in the epidermis in the
meristematic and elongation zone (Yang et al., 2017). In maize, activity of the DR5 reporter was
reported in the tip of the root cap and the vasculature (Forestan et al., 2012). External application of
auxin extends the expression of the reporter, whereas the expression pattern is disrupted by the
application of the auxin transport inhibitor NPA, suggesting that the expression patterns of the
reporters reflect the actual auxin distribution (Yang et al., 2017; Forestan et al., 2012). However, no
expression of the DR5:GFP nor a consistent expression pattern of the DR5v2:VENUS-H2B was
detected in transgenic barley lines (Supplementary figure SA’). In Arabidopsis, the two auxin reporters
DR5 and DR5v2 exhibit a difference in expression patterns, indicating that the ARFs have a different
binding affinity towards the auxin responsive elements TGTCTC (DRJ5) and TGTCGG (DR5v2) (Liao
et al., 2015). Moreover, it was shown that spacing in between the auxin responsive elements, flanking
sequences and the number of repeats are important for the reactivity of the reporter to auxin (Ulmasov
et al., 1997). The present results suggest that in barley different auxin responsive elements and/or a

different composition of the reporters are necessary for an induction by auxin.

As the DR5 and DR5v2 reporter did not deliver a satisfactory reflection of the auxin distribution in
barley roots, the expression of auxin downstream targets was analysed. In other plants like rice, maize
and Arabidopsis, downstream targets of auxin and cytokinin signalling are the PLTs (Li and Xue,
2011; Zhang et al., 2014). In Arabidopsis, the PLT promoters produce an expression gradient in roots
with an expression maximum in the stem cell niche, which is broad for AtPLTI and A¢tPLT2 and more
restricted for A¢tPLT3 and AtPLT4/BBM (Galinha et al., 2007). In rice, the root-specific PLTs also
show an expression maximum around the QC (Li and Xue, 2011). In barley, a similar expression
pattern of HvPLTI was detected, both on RNA and protein level (Figure 4). This suggests that the
expression of PLTs is conserved between the plant species, indicating that the well described auxin-
and PLT-mediated cell specification mechanism in the root meristem is conserved between
Arabidopsis and barley (Aida et al., 2004; Galinha et al., 2007; Méhonen et al., 2014).

Auxin distribution in the root is mediated primarily by PIN auxin efflux carriers (Wang et al., 2009;
Carraro et al., 2006; Blilou et al., 2005). In barley, 13 proteins were identified that, based on protein
sequence homology, probably belong to the PIN family (Supplementary figure 8A). Four PINs can be
classified into the subfamily of "long" PINs in regard to their transmembrane topology (HvPINla,
HvPIN1b, HvPIN1c and HvPIN2, Supplementary figure 8B). The subcellular localisation of HvPIN1a
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revealed that it is localised at the plasma membrane in barley root meristems, and polarly localised in
certain tissues, just as it was observed for other “long” PINs in Arabidopsis and maize (Figure 5B, D)
(Gallavotti et al., 2008; Blilou et al., 2005). The PINs of the “short” subfamily in Arabidopsis contain
only a short central hydrophilic loop and are probably involved in intracellular auxin homeostasis and
localise to the ER (Ktecek et al., 2009; Mravec et al., 2009). In barley, five PINs were identified that
potentially belong to this subfamily: HvPINS, HvPIN9a, HvPIN9b, HvPINS5a and HvPINSb, however,
their cellular localisation remains to be analysed (Supplementary figure 8A,B). As in rice and in
maize, distinct homologues of AtPIN3, AtPIN4 and AtPIN7 could not be identified (Wang et al.,
2009; Forestan et al., 2012). For maize it was hypothesized that in the root apex, the three ZmPIN1s
could take over the role for PIN3, PIN4 and PIN7 efflux carriers (Forestan et al., 2012). The same
distribution of functions could hold true for barley. HvPIN3a, HvPIN3b, HvPIN10a and HvPIN10b
are PIN homologues that cannot be assigned as "long" or "short" PIN because their transmembrane
topology does not follow either structure (Supplementary figure 8B). This divergence in
transmembrane topology has not been reported for PINs in Arabidopsis, rice and maize and therefore,
the localisation and function of these PINs should be subjected to a closer examination.

PIN1 homologues were found in many plant species. In Arabidopsis, AtPIN1 is expressed in the
vasculature and weaker in epidermis and cortex (Blilou et al., 2005). In maize, the three PIN1
homologues ZmPIN1s are expressed in the root, with ZmPINla expression in the DSCs and the
meristematic region, ZmPIN1b expression in the epidermis, root cap and vasculature and ZmPIN1c
expression in the epidermis and vasculature of the central cylinder (Forestan et al., 2012). The rice
OsPINIs are also expressed in the root, OsPINla is expressed in the stem cell niche and the root cap,
OsPIN1b and c are additionally expressed in the stele (Wang et al., 2009). In barley, strong HvPIN1a
expression was detected in the stele, the endodermis, the cortex, the DSCs and the differentiated root
cap, and weak expression in the QC, the first layer of DSCs and the proximal epidermis (Figure 5A”).
Thus, the expression of PIN1 in the root is conserved between species, while expression in individual
tissues differs (Wang et al., 2009; Blilou et al., 2005; Forestan et al., 2012). On a cellular level, PIN1s
localise to the cell membrane, as they act as carriers that provide auxin efflux from the cells. AtPIN1
in Arabidopsis localizes to the basal membrane of the vascular cells, while other AtPINs show a
localisation to either the basal or apical side of the cells depending on the tissue. AtPIN2, for example,
localises apically in the epidermis and basally in the cortex (Blilou et al., 2005). Forestan and
colleagues found that ZmPINI1 is polarly localized in the epidermis, in the meristematic regions and
the central cylinder at basal membrane (Forestan et al., 2012). Nevertheless, there are exceptions: in
the root cap cells, ZmPINI is localised in the cytosol (Forestan et al., 2012). The expression pattern as
well as the polar localization of the PINs create an auxin flux that is directed to the tip via the
vasculature of the roots (Forestan et al., 2012; Carraro et al., 2006; Blilou et al., 2005). In barley,
HvPIN1a is basally localized only in the stele, the endodermis and the inner cortex layers, while it is

apically localised in the outer cortex layers and the lateral root cap. In the root cap and the QC, no
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polar localisation can be observed (Figure 5B, D’). In contrast to the dicot PIN1 (Arabidopsis), PIN1s
in monocots might therefore have a broader role for the auxin distribution as their expression is not
only restricted to the vasculature and their localisation differs according to the tissue type (Figure 5A,
B, D) (Blilou et al., 2005; Carraro et al., 2006). Nevertheless, the expression pattern and polar
localization of HvPIN1a indicates that also in barley, an auxin flow is created that is directed towards
the QC, the stem cell niche and the root cap and also a flow from the stem cell niche to the proximal
meristem via the outer cortex cell layers (Figure 5C), as it was proposed for the Arabidopsis PINs

(Blilou et al., 2005).

4.5.HvPIN1a polar localization is controlled via a BFA sensitive recycling mechanism
Genetic analysis and BFA-treatment experiments revealed that in Arabidopsis, the basal localisation of
PINs is dependent on the ARF-GEF GNOM (Geldner et al., 2003). The kinase PID regulates the PIN
localization by phosphorylating the PINs at the plasma membrane, making them less affine to the
GNOM-dependent basal recycling pathway. The phosphorylated PIN proteins are then recruited to the
apical GNOM-independent trafficking pathways (Kleine-Vehn et al., 2009; Steinmann et al., 1999;
Geldner et al., 2003). For the apically localised AtPIN2 in the Arabidopsis epidermis, however, it was
shown that its vacuolar trafficking is independent of GNOM and involves an additional, BFA-sensitive
ARF-GEF (Kleine-Vehn et al., 2008). In the outer cortex cell layer, where HvPINla is localised
apically, BFA caused the accumulation of HvPIN1a in vesicles (Figure 6A), indicating that in barley,

too, BFA-sensitive components are involved in PIN1 trafficking.

4.6.HvPIN1a expression is downregulated by cytokinin
Besides intracellular localisation of the PIN1 protein, also the expression of PINI is subject to
regulation by other factors. Dello loio and colleagues showed that in Arabidopsis, AtPINI expression
is downregulated by cytokinin (loio et al., 2008). In rice, the PIN1 homologues OsPINlIa, OsPIN1b
and OsPINIc, however, are not transcriptionally regulated by cytokinin (Wang et al., 2009). In barley,
HvPINla expression is downregulated by cytokinin treatment (Figure 6B, C). Thus, HvPINIa
expression is similarly regulated in barley as it is in Arabidopsis, but different from rice (loio et al.,
2008; Wang et al., 2009). Auxin treatment of the barley 7CSn:VENUS-H2B reporter line furthermore
revealed that at least in the stele, cytokinin signalling is not affected by auxin application (Figure 4D,

E), suggesting that there is no direct regulation of the cytokinin signalling by auxin.

In summary, barley exhibits many apparently conserved mechanisms with Arabidopsis, maize and rice
in regard to cytokinin and auxin signalling. External application of both phytohormones causes a

reduction in root growth which is probably due to reduced cell elongation in case of auxin and due to a
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premature meristem differentiation in case of cytokinin, as it was also observed in other plants.
Cytokinin signalling reflected by the 7CSn reporter occurs in the stele and the differentiated root cap
cells, but reporter gene expression can be induced by cytokinin application in the root stem cell niche.
Furthermore, the barley genome contains homologues of the PIN and PLT genes that are connected to
auxin and cytokinin signalling in other plants. HvPLT1 is expressed in a gradient with the maximum in
the QC, while HvPINla is expressed in the whole root meristem, but weaker in the epidermis and the
QC. HvPINla expression is downregulated by cytokinin application, as it was shown for Arabidopsis,

and its intracellular localisation is regulated in a BFA-sensitive manner.
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5. Supplementary figures
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Supplementary figure 1: Root length and meristem size given as percent of the respective mock-treated
plants and DSC layer number of the cv. Morex upon 6-day treatment with auxin.

A) Root length after 6-day treatment with auxin; experiment was performed twice; for a better comparison
between the experiments, all values were normalized to the respective mock-treated plants; n = 12-31 plants per
data point. B) Number of DSC layers upon 6-day treatment with auxin; experiment was performed twice; n = 6-
21 per data point. C), D) Meristem size upon 6-day auxin treatment, measured by meristem length (C)) or

meristem cell number (D)); experiment was performed twice; all values are normalized to the mock-treated
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control; n = 6-27 roots per data point; significance was determined using the two-tailed Student’s t test,

p<0.05, **=p<0.001.
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Supplementary figure 2: Root length and meristem size given as percent of the respective mock-treated
plants and DSC layer number of the cv. Morex upon 6-day treatment with cytokinin.
A) Root length after 6-day treatment with cytokinin; experiment was performed twice; for a better comparison

between the experiments, all values were normalized to the respective mock-treated plants; n = 15-31 plants per

data point. B) Number of DSC layers upon 6-day treatment with cytokinin; experiment was performed twice;
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n=4-21 per data point. C), D) Meristem size upon 6-day cytokinin treatment, measured by meristem length
(C)) or meristem cell number (D)); experiment was performed twice; all values are normalized to the mock-
treated control; n = 13-27 roots per data point; significance was determined using the two-tailed Student’s t test,

* = p<0.05, **= p<0.001.

A Meristem width
S T
2 _ - T
E 41 Il me o 185 = B =
5 8 — - ! ! E 1 — - : !
"=E - - i -
o] . EX3
§ 8 *F
| m 6DAG
O 10 DAG
o
N
S & O &F P
S & & O
Treatment
B ] ]
Meristem width
£
- * %
S _ T —
— © -
81 T 1 Ws mld BE =S
_9 | e o . i .
z 3 *
) * B 6DAG
O 10 DAG
o
N N R N
N N R
Treatment

Supplementary figure 3: Root meristem width upon auxin and cytokinin treatment.

Meristem width measured at the transition zone from root meristems exemplarily shown in Figure 1B and

Figure 2B. A) Roots were treated with auxin for 6 or 10 days according to the colour of the boxplots;
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experiment was performed twice; n = 7-27 (6 DAG), n= 12-25 (10 DAG) roots per data point. B) Roots were
treated with cytokinin for 6 or 10 days according to the colour of the boxplots; experiments were performed

twice; n=13-27 (6 DAG), n=15-25 (10 DAG) roots per data point; significance was determined using the

two-tailed Student’s t test, * = p<<0.05, **= p<0.001.
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Supplementary figure 4: Expression of 7CSn:VENUS-H2B in 3-day old seedlings in comparison to roots
8 DAG and auxin treatments in the cv. Golden Promise.

A) Expression of 7CSn:VENUS-H2B in roots 3 or 8 DAG upon mock (PBS only) or 10 uM 6-BA treatment
according to the captions; white outlines mark the root cap. B) Magnification of the region marked with the
white rectangle in A); scale bars 50 pm. C) Quantification of the VENUS expression by mean gray value of the
region marked with the red rectangle in B); experiment was performed twice; three independent transgenic lines
were examined; n = 7-41 significance was determined using the two-tailed Student’s t test, * = p<0.05, **=
p<0.001. D) Representative pictures of the TCSn: VENUS-H2B expression in root meristems upon 24 h of auxin
treatment according to the captions. E) Quantification of the TCSn: VENUS-H2B expression in the stele by the
mean gray value of the region marked with the red box in E); mean gray value is normalized to the PBS control;
experiment was performed once; n = 5-15; significance was determined using the two-tailed Student’s t test, **=
p<0.001; scale bar 100 um; for a better comparison between samples, roots were cleared as described in Material

and Methods (A), B), D)).

DR5v2: VENUS-H2B, line 37

ok

Supplementary figure S: Expression of the auxin reporter DR5v2: VENUS-H2B in the root meristem of the
barley cv. Golden Promise 8 DAG.

A) Exemplary picture of DR5v2:VENUS-H2B expression in the transgenic line 37; transmitted light and VENUS
emission (A)), VENUS emission only (A’)); VENUS expression is very weak and inconsistent between roots
and independent transgenic lines. B) DR5v2: VENUS-H2B expression upon treatment with 10 uM 2, 4D for 24 h;
transmitted light and VENUS emission (B)), VENUS emission only (B”)); DR5v2:VENUS-H2B expression
intensity is unchanged upon treatment with the non-transportable auxin 2,4D in comparison to PBS treatment
(A)), indicating that the DR5v2:VENUS-H2B construct does not reflect auxin signalling; hand-sections; scale
bars 200 pm.
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Supplementary figure 6: Phylogenetic tree of PLT homologue proteins in rice, maize, Arabidopsis and
barley.
Rice PLT sequences were named according to Li and Xue (Li and Xue, 2011), Arabidopsis PLT sequences were
taken from arabidopsis.org; maize PLT sequences were identified in a BLAST search with AtPLT1 as template
(e-value below 5e-75) on the Phytozomev.12.0 website and named according to Zhang et al., 2014; barley genes
were identified by BLAST-p search on http://webblast.ipk-gatersleben.de/barley/ with AtPLT1 as template (e-
value below 4e-47 for high-confidence genes and 2e-11 for low-confidence genes; "Hv" was added to mark all
barley genes; the chosen candidate as PLT1 homologue HvPLT1 is marked with a black frame. Alignments were
performed using MEGA7. 0 (Molecular Evolutionary Genetics Analysis version 7.0 for bigger datasets (Kumar,
Stecher and Tamura 2015)) and a MUSCLE alignment; the phylogenetic tree was obtained using MEGA7.0 by
the Maximum Likelihood method; the tree with the highest log likelihood (-25123.8247) is shown; initial tree(s)
for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix
of pairwise distances estimated using a JTT model, and then selecting the topology with superior log likelihood

value; the tree is drawn to scale, with branch lengths measured in the number of substitutions per site; all
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positions containing gaps and missing data were eliminated.
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non-transgenic control, cleared

Supplementary figure 7: Barley cv. Golden Promise as non-transgenic control.

A) Representative picture of the root meristem of a non-transgenic Golden Promise seedling 8 DAG; transmitted
light and mVENUS emission (A)), mVENUS emission only (A”)), same settings as in Figure 4B, B’; hand-
sections as described in Material and Methods; only background signal with mVENUS excitation. B)
Representative picture of the root meristem of a non-transgenic Golden Promise seedling 8 DAG; transmitted
light and mVENUS emission (B)), mVENUS emission only (B”)), same settings as in Figure 5A’; cleared as
described in Material and Methods; only background signal with mVENUS excitation; scale bars 100 pm.

85



Role of Auxin and Cytokinin in Barley Root Growth and Root Meristem Maintenance

A -]
3
=
o
E
~N
~ m
P & PINS
2 R
g8 &
2 ~ ~ \@‘0
s s 3 &
~N N - &
= 2 & & BV
z & = < &
2 g 9 g
0.1€| [s] S é(\r(’
z & ¥
& é?u (QQ-
Q\
0’9
Y
9.
’\\'\}
&
\3\\,
&
o° =
A A
o° 1‘&1‘1\
nG
et
P
ees90® "
AW
AtPINg OsPIN PIN9
OsPIN1d
Hv MLOC 38122.1
0sPIN1D

T'E208€ JOTN AH

AtPIN1 MLOGC_84867_HvPIN1a
a S
2 - *
@ @
[=} [=]
= 2
Z o = ©
3 3 3 °
o
<] 2
8 3 53
o~ o™~
o [=}
[= [=]
S| T (=] T T
200 300

200 300 400

86



probability

probability

probability

probability

1.0

00 02 04 08 08

1.0

00 02 04 06 08

00 02 04 06 08 10

1.0

00 02 04 08 08

Role of Auxin and Cytokinin in Barley Root Growth and Root Meristem Maintenance

MLOC_12686-1 HVPIN1b

100 200 300 400 500 600
AK368459 HvPINZ
I 1 1
100 200 300 400

MLOC_71135-1 HvPIN5b

MLOC_38122-1 HvPIN9a

87

probability

probability

probability

probability

1.0

00 02 04 06 08

1.0

0.0 02 04 0.6 08

1.0

00 02 04 06 08

1.0

00 02 04 06 08

MLOC_283-2 HvPIN1c

MLOC_60446-1 HvPINSa

MLOC_61956-2 HvPINg

200 250 300

MLOC_53867.1 HVPIN9b




Role of Auxin and Cytokinin in Barley Root Growth and Root Meristem Maintenance

MLOC_6128-3 HvPIN3a MLOC_38023-1 HvPIN3b
< 2
@ @
o o
= =
= o© =
§ S g e
3 3
&z 83
o o
[=} =]
o (=]
o T T T S
200 300 400
MLOC_38022-1 HvPIN10a MLOC_60432-1 HvPIN10b
o e 4
@ @
=) .. ©
= =
% g é @d O inside
9 2 - = (ran§membrane
5 ‘Df. 58 I H outside
3 3
o o
o T T T =} T T T T
50 100 150 200 250 300 50 100 150 200 250 300 350

amino acids amino acids

Supplementary figure 8: Phylogeny and topology of barley PINs.

A) Phylogenetic tree of maize, Arabidopsis, rice and barley PINs; barley PINs were taken from
http://webblast.ipk-gatersleben.de/barley/ with BLAST-p with HvPINla (MLOC 64867) as template (e-value
below le-41 for high and low-confidence genes); rice sequences are taken from Miyashita et al., 2010;
Arabidopsis PINs were searched at arabidopsis.org; maize PINs were taken from Phytozome v12 (e-value below
4.3e-29) and named according to Forestan et al., 2012. Alignments were performed using MEGA7. 0 (Molecular
Evolutionary Genetics Analysis version 7.0 for bigger datasets, Kumar, Stecher and Tamura 2015) and a
MUSCLE alignment; the phylogenetic tree was obtained using MEGA?7.0 by the Maximum Likelihood method;
the tree with the highest log likelihood (-25123.8247) is shown; initial tree(s) for the heuristic search were
obtained automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using a JTT model, and then selecting the topology with superior log likelihood value; the tree is
drawn to scale, with branch lengths measured in the number of substitutions per site; proteins of the same
subfamily are framed with the same colour; black frame marks HvPINla. B) Topology of the transmembrane
barley PIN proteins in comparison to AtPIN1; domains predicted to the inside of the cell are shown in light-gray,
transmembrane domains are shown in dark-gray and domains outside the cell are depicted in black according to
the legend; in the protein topology of MLOC 64867 - HvPIN1a the asterisk marks the site where mVENUS is
inserted for the reporter line shown in Figure 5; newly identified HvPINs are named according to their topology

and the cluster of the Arabidopsis, maize and rice PIN family to which they belong.
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1. Introduction

Post-embryonic development of plant organs depends on the activity of meristems which harbour the
plant stem cell niches. In the meristem, cells are undifferentiated and have a high division potential.
All above-ground organs are produced by the shoot apical meristem (SAM), whereas longitudinal root
growth is enabled by the root apical meristem (RAM) (reviewed in Stahl and Simon, 2005). Cells in
the SAM center have a low mitotic activity, while cells in the surrounding peripheral zone divide more
often (Laufs et al., 1998). The stem cell population is located in the outermost cell layers in the central
region. Stem cell progenitors are displaced from the stem cell niche into the peripheral zone where
they proliferate before differentiating in the organ primordia at the flanks of the meristem (reviewed in
Stahl and Simon, 2005). Right below the stem cell niche resides the organizing center (OC) which is
essential to maintain a stable pool of stem cells (Mayer et al., 1998). Here, the homeodomain
transcription factor WUSCHEL (WUS) is expressed and acts non-cell autonomously to maintain the
overlying stem cells (Mayer et al., 1998; Laux et al., 1996). The stem cells in turn produce the small
secreted peptide CLAVATA3 (CLV3) which acts through the receptor kinase CLAVATA1 (CLV1)
and the receptor/kinase pair CLAVATA2 (CLV2)/CORYNE (CRN) to negatively regulate WUS
expression in the OC, thereby establishing a negative feedback loop (Yadav et al., 2011; Brand et al.,
2000; Ogawa et al., 2008; Jeong et al., 1999; Bleckmann et al., 2010; Miiller et al., 2008; Schoof et al.,
2000).

It is assumed that the RAM has evolutionarily evolved from the SAM, since many of the key
regulators act in both tissues and the earliest discovered roots are morphologically similar to shoots
(Jiang and Feldman, 2005). Thus, the role of the OC in the SAM is resembled by the cells of the
quiescent center (QC) in the RAM, that maintain the surrounding cells in stem cell state (Clowes,
1978). In Arabidopsis thaliana. the four QC cells are almost mitotically inactive but send short-range
signals to the surrounding cell layer to prevent these cells from differentiating (Dolan et al., 1993; van
den Berg et al.,, 1997). One of these signals is the WUS homologue WUSCHEL-RLEATED
HOMEOBOXS (WOXS5) that maintains the distal columella stem cells (DSCs) in a pathway involving
the receptor-like kinase ARABIDOPSIS CRINKLY4 (ACR4), CLV1 and the CLE-peptide CLV3/
ENDOSPERM SURROUNDING REGION40 (CLE40) which is closely related to CLV3 (Sarkar et
al., 2007; Stahl et al., 2009, 2013). The proximal root meristem in Arabidopsis is maintained by the
CLE40 peptide via a CLV2- and CRN-dependent pathway (Fiers et al., 2005). The GRAS family
members SCARECROW (SCR) and SHORTROOT (SHR) are necessary for specification of
endodermis and QC (Di Laurenzio et al., 1996; Sabatini et al., 2003; Cui et al., 2007).

While most of this knowledge was gained from the dicot model system Arabidopsis, there is
accumulating evidence that the pathways described above are at least partially conserved in other
plants, from monocots to dicots. CLV1 homologues, the leucine-rich repeat receptor kinases THICK

TASSEL DWARF1 (TD1) and FLORAL ORGAN NUMBERI1 (FON1) were identified in maize and
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rice, respectively (Bommert et al., 2005; Suzaki et al., 2004). FLORAL ORGAN NUMBER?2 (FON2,
also identified and named independently FON4) represents a rice CLV3 homologue (Chu et al., 2006;
Suzaki et al., 2008, 2006). Furthermore, FASCIATED EAR2 (FEA2) was identified as CLV2
homologue in maize and mutations in the FEA2 gene lead to a resistance to the Arabidopsis CLV3
peptide, suggesting an involvement in the CLE signalling pathway (Taguchi-Shiobara et al., 2001; Je
et al., 2016).

Mutations in the genes coding for these homologues lead to enlarged inflorescence meristems,
indicating that they participate in stem cell maintenance like their homologues in Arabidopsis
(Bommert et al., 2005; Suzaki et al., 2004; Nagasawa et al., 1996; Taguchi-Shiobara et al., 2001). In
contrast, no functional WUS homologues have been identified in monocots so far. OsWUS and
ZmWUS1 and ZmWUS?2 represent WUS homologues in rice and maize respectively, but none of these
genes show an OC-specific expression in the SAMs (Nardmann and Werr, 2006). For the WUS-
related WOXS5, however, homologues were found in maize and rice (named QUIESCENT-CENTER-
SPECIFIC HOMEOBOX (QHB) in rice and ZmWOX5B in maize) that are expressed specifically in
the QC in the RAM (Nardmann et al., 2007; Kamiya et al., 2003b; Chu et al., 2013). The rice
homologue of CLE40, FON2-LIKE CLE PROTEINI1 (FCP1), is involved in the maintenance of the
SAM during the vegetative phase of development (Suzaki et al., 2008). Furthermore, FCP1, as well as
the recently described barley CLE40 homologue HvCLE402, participate in the maintenance of the
proximal RAM (Suzaki et al., 2008; Kinoshita et al., 2007; Kirschner et al., 2017). CR4 represents a
homologue of the Arabidopsis ACR4 in maize, where it controls cell differentiation particularly in the
shoot epidermis and in the aleurone of the endosperm (Becraft et al., 2001). A conserved expression
pattern in the root was also examined for the maize and rice homologues of SCR, ZmSCR, OsSCR and
OsSHR, in particular in the endodermis in case of ZmSCR and OsSCR, and in the stele in case of
OsSHR (Lim et al., 2000; Cui et al., 2007; Kamiya et al., 2003a). Thus, similar pathways involving
GRAS family members, CLE peptides, CLV genes and WUS-related proteins exist in both dicots and
monocots and control stem cell specification and maintenance in the shoot as well as in the root.

Roots of monocots like rice, maize and barley consist of the same tissues as Arabidopsis and the stem
cell niche in the RAM is structured in a similar way, however, monocots form a larger number of
cortical and stelar cell files (Rebouillat et al., 2009; Hochholdinger et al., 2004b; Kirschner et al.,
2017). Inevitably, the formation of cortex and endodermis occurs by a different mechanism than in
Arabidopsis in rice and barley (Ni et al., 2014; Kirschner et al., 2017). Furthermore, the QC size is
different between the species, with 4 QC cells in Arabidopsis and rice, around 30 in barley and 800 -
1200 in maize (Jiang et al., 2003; Kirschner et al., 2017; Ni et al., 2014; Dolan et al., 1993). In this
given manuscript, more homologues of key regulators in RAM and SAM maintenance were identified
in barley. Moreover, it was analysed how the HvCLE402 peptide affects these patterns. To this end,
the barley homologues of CR4, CLV1, WOXS5, CLE40, SHR and SCR were cloned and their

expression patterns were mapped in planta. It was found that, like its Arabidopsis homologue,
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HvCLE402 is expressed in the stele and the differentiated root cap. However, unlike the CLE40
homologues in Arabidopsis and rice, HvCLE402 does not affect expression of the barley WOX5
homologue HvWOX35. Furthermore, HYWOXS5 is not expressed in the cells of the QC, but in the
metaxylem, indicating that homologues of the RAM regulators in barley are indeed expressed in the
root, but their specific function might differ from their homologues in Arabidopsis and other monocots
such as rice. HvSCR and HvSHR are expressed in the stele, or endodermis, respectively, like
homologues in Arabidopsis and rice, but HvSCR expression levels are much lower in the QC. Notably,
it appeared that HvCLV1 and HvCR4 are expressed exclusively in the SAM, but are absent from the
RAM, again pointing towards a different mechanism for RAM establishment and maintenance in

barley.
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2. Material and Methods

2.1.Plant growth
For monitoring root growth and expression of reporter genes in the root, seedlings were grown on
square plates as it was described previously (Kirschner et al., 2017) for 8 days after germination
(DAG). For all experiments either the cultivars (cv.) Golden Promise or Morex were used as indicated.
SAMs were monitored in plants grown 8 DAG on agar plates (Waddington stage I, “transition apex”)
or plants grown on soil under greenhouse conditions for around 3 weeks (Waddington stage II

“double-ridge”) (Waddington et al., 1983).

2.2.Cloning
The HvpWOX5:HvWOX5-mVENUS construct was constructed by PCR amplification of a 5228 bp
fragment upstream of the start codon of HvWOX5 (MLOC 74758.1 on morex_ contig 66485, Mayer
et al.,, 2012) as putative regulatory sequence from Morex genomic DNA (gDNA) and cloned by
restriction and ligation via a Ascl site into a modified pMDC99 (Curtis and Grossniklaus, 2003). The
whole HvWOXS5 coding region without stop codon (755 bp) was amplified from Morex gDNA and
inserted downstream of the promoter by Gateway cloning (Invitrogen). A C-terminal mVENUS
(Koushik et al., 2006) was integrated downstream of the gateway site by restriction and ligation via
Pacl and Spel. The HypSCR:HvSCR-mVENUS construct was cloned in the same way, the HvSCR
regulatory sequence included 2539 bp upstream of the start codon of HVSCR (AK359827 on
morex_contig 49323) and the whole HvSCR coding region without stop codon (2359 bp) was
amplified from Morex gDNA. The HvpCR4:HvCR4-mVENUS construct included the regulatory
sequence of 1266 bp upstream of the start codon and 2691 bp as coding region, the
HvpCLVI:HvCLVI-mVENUS construct comprised a regulatory sequence of 2826 bp upstream of the
start codon and 3573 bp as coding sequence amplified from Morex gDNA and cloned similarly as the
above described reporter constructs. The HvpCLE402:VENUS-H2B construct was cloned by
amplifying the regulatory sequence including 2034 bp upstream of the start codon and inserted by
Gateway cloning (Invitrogen) into the modified pMDC99 (Curtis and Grossniklaus, 2003). This
modified pMDC99 contained the gateway cassette, the coding sequence of VENUS (Nagai et al.,
2002) and a T3A terminator, which were inserted by restriction via Ascl and Sacl from pAB114
(described in Bleckmann et al., 2010). Furthermore, it contains the coding sequence of Arabidopsis
HISTONE H2B (AT5G22880) at the C terminus of VENUS, inserted via restriction and ligation at a

Pacl restriction site.

2.3.Barley transformation
Barley transformation was performed at the Justus-Liebig University in GieBen, Germany, in the
research group Plant biotechnology as described by Imani and colleagues in the barley cultivar Golden

Promise and tested for hygromycin resistance by growth on medium containing hygromycin and PCR
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on the hygromycin gene (Imani et al., 2011). For root expression analysis, the seeds of the plants
recovered from the transformed scutella were used (T1) and again tested for the presence of the
reporter construct by PCR with primers binding in the gene of interest and the downstream reporter

gene.

2.4.Preparation of the reporter line samples
Clearing of the transgenic reporter lines was performed as described by Warner and colleagues for pea
root nodules with a different fixation, in particular with 4 % para-formaldehyde in phosphate buffered
saline (PBS) for 1 h in vaccuum (Warner et al., 2014). Samples were incubated in the clearing solution
for 1 week in darkness at 4 °C. In case of lines with weak expression and to examine expression in
uncleared roots, the roots were embedded in liquid 5 % agarose in dH,O for stabilization and sectioned

longitudinally in the middle by hand with a sharp razor blade.

2.5.Stainings
Berberine hemisulfate staining, and microscopy of the stained samples were performed as described
previously (Kirschner et al., 2017). SAM preparation and propidium iodide (PI) staining of cell walls
of the SAMs was carried out by removing all leaves from the SAMs and incubate the SAMs in 5 mM
PI for 5 min, and washed with dH,O afterwards.

2.6. Treatments

Peptide treatments were carried out as described previously (Kirschner et al., 2017).

2.7.RNA in situ hybridisations
Probes for the HvWOX5 mRNA were prepared from complementary DNA (cDNA) of the cv. Morex
from start to stop codon of the HvWOX5 gene (630 bp). For HvSCR probes, cDNA of cv. Morex was
amplified from start to stop codon of HvSCR (1755 bp) or a fragment containing the VHIID motif
(Lim et al., 2000) (373 bp) from Morex gDNA. For HvSHR probes, parts of exon 1 were amplified
from Morex gDNA including 421 bp downstream of the start codon. The DNA was cloned into the
pGGCO000 entry vector of the GreenGate cloning system (Lampropoulos et al., 2013) and amplified
including the T7 and sp6 promoter sites by PCR. RNA probes were produced as described previously
(Hejatko et al., 2006). The RNA probes for HvWOXS5 were hydrolysed by adding 50 ul carbonate
buffer (0.08 M NaHCOs3, 0.12 M Na,COs3) to 50 ul RNA probe and incubation at 60 °C for 46 min. On
ice, 10 ul 10 % acetic acid, 12 pl sodium acetate and 312 pl EtOH were added, the RNA was
precipitated and dissolved in RNase-free dH,O. RNA in situ hybridisations were performed on roots of
plants 8 DAG as described before (Kirschner et al., 2017). For hybridisations of HvWOX5 and
HvSHR, 10 % polyvinyl alcohol were added to the nitro-blue tetrazolium chloride (NBT)/ 5-bromo-4-
chloro-3'-indolyphosphate p-toluidine salt (BCIP) staining buffer. In cases of strong staining,
permanent specimens were created by washing the slides in 50 % ethanol (EtOH), 70 % EtOH, 95 %
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EtOH and 100 % EtOH for 2 min each and for 10 s in xylol, and after drying, addition of a few drops
of Entellan (Merck) and a cover slip. For examining the HvWOX5 expression upon mock-and peptide-
treated plants, root sections of roots 5 DAG with the control treatment and peptide treatment were
placed next to each other on the same slide to guarantee an equal RNA probe hybridisation, antibody

incubation and staining.

2.8.Microscopy

The transgenic reporter lines with mVENUS and VENUS were examined with a 40x water objective
with a numeric aperture (NA) of 1.20 using the confocal microscope Zeiss LSM 780. Yellow
fluorescence was excited with a 514 nm Argon laser with emission detection at 519 to 620 nm. The
pinhole was set to 2,24 Airy units. Transmitted light pictures were recorded with a transmitted light
detector (T-PMT). Pictures were recorded with the tile scan function with 10 % overlap, a threshold of
0.70 and automatically stitched by the LSM Zen software. RNA in situ hybridizations were examined
with a plan-neofluar 20x objective with a NA of 0.50 or a plan-neofluar 40x objective with a NA of
0.75 using the Zeiss Axioskop light microscope.

2.9. Analysis
Picture analyses were carried out in Fiji (Schindelin et al., 2012). For information about creation of the
phylogenetic tree see captions in the respective supplementary figure. For image compilation, Adobe
Photoshop was used. If contrast and brightness were adjusted manually, the same changes were

applied equally on the whole picture and on the pictures of all compared samples.
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3. Results

3.1.Expression pattern of HvSCR and HvSHR
In Arabidopsis roots, endodermis and cortex are single-layered and the QC is formed by 4 cells (Dolan
et al., 1993). Most monocot roots, however, consist of more cortex cell files and a larger QC area
(Hardtke and Pacheco-Villalobos, 2015; Rebouillat et al., 2009; Hochholdinger et al., 2004a;
Kirschner et al., 2017; Jiang et al., 2003; Ni et al., 2014). While in Arabidopsis and rice, one (in
Arabidopsis) or several (in rice) periclinal divisions of the cortex-endodermis initial (CEI) create the
single endodermis and the cortex cell layers (Dolan et al., 1993; Ni et al., 2014), in barley, the inner
cortex cell layers and the endodermis are derived from a shared initial (inner cortex endodermis initial,
ICEI) and the outer cortex cell layers are derived from another initial (outer cortex initial, OCI)
(Figure 1A) (Kirschner et al., 2017). In Arabidopsis, the transcription factors SHR and SCR are
important for QC specification and cortex/endodermis formation (Sabatini et al., 2003; Di Laurenzio
et al., 1996). To figure out if a similar regulatory mechanism might be conserved in barley, the barley
genome was searched for SCR and SHR homologues and MLOC 64716 (AK359827) was identified
as a SCR homologue in barley (called HvSCR hereafter) and MLOC 62665.1 as the closest SHR
homologue (called HvSHR hereafter) based on their amino acid sequences (Supplementary figure 1).
As its homologue AtSCR, HvSCR localized to the nucleus when tagged to mVENUS in barley
reporter lines (Figure 11). The expression pattern, however, could not be analysed with the reporter
line, as only one transgenic reporter line with mVENUS expression could be recovered from TO and
this line showed a ubiquitous expression (Figure 1H’). Therefore, the chosen promoter of 2539 bp
might miss regulatory elements or the construct integrated in a position in the genome where it is
controlled by different regulatory elements. Expression pattern analysis by RNA in sifu hybridisation
revealed that HvSCR is expressed in the endodermis and in the ICEI in the root meristem (10/10
roots), but only weakly (3/10 roots) or not expressed in the QC region (7/10 roots) (Figure 1 B, B’, D).
HvSHR mRNA was detected in the stelar cells of the root meristem, but as for HvSCR, HvSHR mRNA
could not be detected in the QC region (Figure 1F, F’). This expression pattern is conserved between
monocots and dicots, suggesting that despite of the different root anatomy, cortex and endodermis
specification might be regulated by a conserved mechanism involving SHR and SCR. In Arabidopsis,
rice and maize, however, SCR is additionally expressed in the QC (Di Laurenzio et al., 1996; Sabatini
et al., 2003; Ni et al., 2014; Lim et al., 2000). As only weak, if any, HvSCR expression was observed
in the barley QC in the analysed stages, QC specification might depend on another factor than HvSCR

in barley.
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Figure 1: Cortex and endodermis formation in Arabidopsis, rice and barley.

A) Schematic representation of ground tissue formation in Arabidopsis, rice and maize (according to Kirschner
et al.,, 2017; Dolan et al., 1993; Ni et al., 2014; Coudert et al., 2010; Rebouillat et al., 2009); dashed lines
represent cell divisions; En = endodermis, Co = cortex. B) — G) Localisation of the HvSCR and HvSHR mRNA
in the roots of 8 DAG-old barley plants by RNA in situ hybridization in the cv. Morex (B), C), F), G)) or Golden
Promise (D), E)). B) Probe for HvSCR. B') Magnification of the region framed in B); black lines indicate the
position of the ICEI and the ICEI daughters. C) Sense control for HvSCR D) Cross section in the meristematic
region and hybridization with probe for HvSCR. E) Sense control for HvSCR. F) Probe for HvSHR. F')
Magnification of the region framed in F). G) Sense control for HvSHR. G’) Magnification of the region framed
in G); H), H’) Expression of HypSCR:HvSCR-mVENUS in roots of the barley cv. Golden Promise 8 DAG; roots
were cleared for one week as described in Material and Methods; only one transgenic reporter line with the
HvpSCR:HvSCR-mVENUS construct could be recovered after transformation. I) Magnification of nuclei with
mVENUS expression; brightness adjusted. H), I) mVENUS emission and transmitted light, H) mVENUS
emission only; scale bars 50 pm (A) — G)), 200 pm (H)), 20 um (I)).

3.2.1dentification of a WOXS homologue in barley

Another gene, which is expressed in the QC in rice and Arabidopsis, is WOX5 (Ni et al., 2014; Sarkar
et al., 2007). In Arabidopsis, WOX5 signalling from the QC maintains the DSCs (Sarkar et al., 2007).
Based on the closest phylogenetic relationship of the whole protein sequence to ZmWOXSA and
ZmWOXS5B, rice QHB, the wheat WOXS5 homologues and the Arabidopsis WOXS5, MLOC 74758
was identified as a barley WOXS5 homologue (called HYWOXS5 hereafter) (Supplementary figure 2).
The same phylogenetic analysis including the homeobox domain of the proteins only (as described by
Nardmann et al., 2007) revealed similar results. Expression analysis revealed that both the HvIWOX5
mRNA and protein are present in the metaxylem in the root meristem (Figure 2). No expression,
however, was detected in the QC (Figure 2). Non-transgenic control lines did not show any expression
(Supplementary figure 5B’). The expression pattern of HvWOX)5 therefore seems to be more closely
related to the rice WOX5 homologue QHB, which is expressed in both the QC and the metaxylem of
roots (Chu et al., 2013; Ni et al., 2014). Interestingly, though, OHB expression is regulated by the rice
CLE peptide OsFCP2, just like 4tWOXS5 expression by the Arabidopsis CLE peptide AtCLE40, which
could be equally possible for HvWOX5/HvCLE402 (Chu et al., 2013; Stahl et al., 2009; Kirschner et
al., 2017).
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Figure 2: HyWOXS5 expression in the root of the barley cv. Golden Promise.

Localisation of HvWOX5 mRNA and protein in the roots of 8 DAG-old barley plants by RNA in situ
hybridization and transgenic reporter lines. A) RNA in situ hybridisation with a probe for HvyWOX5. A')
magnification of the region outlined in A). B) sense control for HvWOX5. C), C") Transgenic lines expressing
HvpWOX5:HvWOX5-mVENUS; roots were cleared as described in Material and Methods. D), D)
magnification of region indicated with the white frame in C”) with adjusted brightness. C), D) transmitted light
(TM) and mVENUS emission, C’), D) mVENUS emission only. Three independent transgenic lines were

examined, which showed the same expression pattern; scale bars 100pm.
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3.3.HvCLE402 is expressed in differentiated root cap cells and the stele
In order to investigate whether HvWOX5 expression is possibly affected by HvCLE402, the expression
pattern of HvCLE4(02 was examined. The transcriptional barley reporter line HvCLE402p:VENUS-
H2B line revealed that the putative HvCLE402 promoter consisting of 2034 bp upstream of the
HvCLE40?2 start codon is active in the differentiated root cap cells and in the stele (Figure 3), thereby
reflecting the expression pattern of AtCLE40 (Stahl et al., 2009). However, when the plants were
grown on medium containing 1 uM HvCLE402 peptide (HvCLE402p), no change in the HvWOX5
expression pattern could be detected, nor any change in the metaxylem structure in regard to the cell
arrangement in differentiated metaxylem (Supplementary figure 3). This indicates that HvWOX5
expression is independent of HVCLE402 signalling, therefore suggesting that, while HvWOX5 and
HvCLE402 are expressed in a similar pattern to their Arabidopsis and rice homologues, they seem to

function differently.

HvpCLE402:VENUS-H2B
A (B

s

Figure 3: HvCLE402 expression in the root of the barley cv. Golden Promise.

Activity of the HvCLE402 promoter in the barley root 8 DAG in the stele and the differentiated root cap,
displayed by expression of the HvpCLE402:VENUS-H2B construct; roots were cleared for one week as
described in Material and Methods; two independent transgenic lines were examined and showed a similar
expression pattern in the root. A) VENUS emission and transmitted light A’) VENUS emission; white frame

indicates the root outlines of the root and the root cap junction; scale bar 100um.

3.4. Expression of HvCLV1, HvCR4 and HvCLE4(02 in the SAM
Subsequently, the expression patterns of the potential HvCLE402 receptors HvCR4 and HvCLV1
were analysed. MLOC 66232.2 was identified as possible CLV1 homologue in barley, as it clusters
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closely together with the maize and rice CLV1 homologues TD1 and FONI1 and the Arabidopsis
CLVI1 based on their protein sequence (Supplementary figure 4). The CR4 homologue from barley
HvCR4 was previously described by Olsen and colleagues (Olsen et al., 2008) and consists of a single
exon like the Arabidopsis ACR4 (The Arabidopsis Information Resource, TAIR). To monitor the
expression and subcellular localisation of HvCLV1 and HvCR4, translational barley reporter lines
were created. Interestingly though, no expression in the RAM was detected. As CLE40, ACR4 and
CLV1 are also known to be involved in SAM maintenance in Arabidopsis, maize and rice (Bommert
et al., 2005; Suzaki et al., 2004; Clark et al., 1997; Hobe et al., 2003; Gifford et al., 2005; Stahl et al.,
2013; Gifford et al., 2003; Nimchuk et al., 2011), the expression of the barley homologues was also
investigated in the SAM. The SAM of barley is structured similarly to SAMs of other monocots.
While in dicots, the tunica region consists of the clonal layers L1 and L2, the tunica only comprises
one layer in monocots (L1, Figure 4 A, E) and the L2 belongs to the corpus (reviewed in Carles and
Fletcher, 2003). The HypCLE402:VENUS-H2B reporter line revealed that the HvCLE402 promoter is
active in the whole SAM in both examined SAM stages (Figure 4B’, F’). HvypCR4:HvCR4-mVENUS
was expressed in the whole SAM as well (Figure 4 C’, G”), with an apparent maximum in the L1 layer
(epidermis) (inset in Figure 4 G’). This difference, however, might be due to the imaging method, as
the fluorescence intensity decreases within the tissue. Overall, the expression was quite weak, but still
distinguishable from the background of non-transgenic plants (Supplementary figure 5). Interestingly
in Arabidopsis, AtACR4 is also expressed mainly in the L1 in the SAM and is thought to signal to the
meristem center from the epidermis (Gifford et al., 2003). It was shown for the Arabidopsis ACR4 and
maize CR4, that they localize to plasmodesmata in the Arabidopsis cotyledon epidermis or the maize
aleurone layer, respectively (Tian et al., 2007; Stahl et al., 2013). In the barley SAM, however, no
specific localization to plasmodesmata was detected (Figure 4 G’), maybe due to the low expression
level. HvpCLVI1:HvCLVI-mVENUS expression was detected in the whole SAM in Waddington stage I
and II (Figure 4 D, H). HvCLV1-mVENUS was apparently mostly localized at the plasma membrane,
but also in vesicles within the cells, indicating internalized HvCLV1-mVENUS, similar to AtCLV1
localization (Nimchuk et al., 2011). It is to note, however, that the expression intensity between the
different layers within the established pattern slightly varied between plants of the same transgenic
line. Sometimes, the expression was higher in the L1 and corpus and lower expression in the L2 (8/14
SAMs in Waddington stages I or II, Figure 4 D’, H’). In the other cases, the expression was higher in
the L1 and L2 and lower in the corpus (6/14 SAMs in Waddington stages I or II). In summary, while
HvCLE402 is expressed in both RAMs and SAMs of barley, the ACR4 and CLV1 homologues
HvCR4 and HvCLVI1 homologues are not expressed in the RAMs, but only in the SAMs.
Accordingly, it appears that similar, conserved pathways control stem cell maintenance in the SAM of
Arabidopsis and barley, but RAM maintenance must be controlled by a different regulatory system,

involving some of the same key players, but not all of them.
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Figure 4: SAM structure and expression of HvCLE402, HvCLV1 and HvCR4 in the SAM of the barley
cv. Golden Promise.

A), E) Cell layers in barley SAMs can be distinguished in the outer layer (L1) and the corpus, that includes the
second-inner layer (L2) in monocots; cell walls in SAMs counterstained with PI. B), B’), F), F’) Promoter
activity of the HvpCLE402 promoter in the SAM displayed by HvpCLE402:VENUS-H2B expression; 5
independent transgenic lines show a similar expression pattern. C), C’), G), G’) Expression of HvCR4 in the
SAM visualized with the HvpCR4:HvCR4-mVENUS construct; inset in G) shows focus on the epidermis of the
tip of the SAM, scale bar 50 pm in the inset, same settings like in G’); 5 independent transgenic lines express
similarly, however, the expression strength varies. D), D’), H), H’) Expression of HvCLV1 in the SAM
displayed by HvpCLVI:HvCLVI-mVENUS; 4 independent transgenic lines show similar expression; A) — D)
SAMs in Waddington stage I, scale bar 50 um, E) — H) SAMs in Waddington stage II, scale bar 100 pm; B), C),
D), F), G), H) VENUS emission and transmitted light, B*), C”), D”), F’), G’), H’) VENUS emission.
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4. Discussion

4.1.Tissue-specific expression of HvSCR and HvSHR
Almost all vascular plants like maize, rice, Arabidopsis and barley develop a single-layered
endodermis, suggesting a highly conserved mechanism for endodermis formation (Dolan et al., 1993;
Kirschner et al., 2017; Hochholdinger et al., 2004b; Rebouillat et al., 2009). In rice and Arabidopsis,
the endodermis develops from the same CEI as the cortex by first one anticlinal cell division and
subsequently one (in Arabidopsis) or several (in rice) periclinal divisions of the CEI daughter (Figure
1A, Rebouillat et al., 2009; Dolan et al., 1993). AtSCR, OsSCRI and ZmSCR are all expressed in the
endodermis and in one layer of the QC, while A£SHR and OsSHR are expressed in the stele, but the
SHR protein can be detected in stele, QC, CEI and endodermis (Lim et al., 2000; Kamiya et al., 2003a;
Sabatini et al., 2003; Helariutta et al., 2000; Du et al., 2001; Cui et al., 2007). In Arabidopsis,
movement of SHR from the stele to the endodermis, and subsequent sequestration through interaction
with SCR determines endodermis fate, and therefore differentiation of the endodermis from the cortex,
to where SHR can no longer travel (Helariutta et al., 2000; Du et al., 2001). The SHR homologues
from Brachypodium distachyon and rice are able to rescue the endodermal cell fate in the Arabidopsis
shr mutant, and the maize SCR homologue is able to complement radial defects in Arabidopsis scr
mutant roots, indicating that the SCR homologues not only share a similar expression pattern, but also
a conserved function (Wu et al., 2014; Lim et al., 2005). In contrast, the protein movement of the
monocot SHRs from the stele to the ground tissue in Arabidopsis is not restricted to the endodermis,
suggesting that interaction with the Arabidopsis SCR is not sufficient to prevent further movement of
the monocot SHRs (Wu et al., 2014). Movement of the monocot SHRs to the ground tissue induces the
formation of additional ground tissue layers in Arabidopsis, indicating a possible mechanism to
regulate the cortex cell number in monocots (Wu et al., 2014). In barley seminal roots, the ground
tissue consists of a single layer of endodermis and 5 layers of cortex cell layers, similar to other
monocots (Kirschner et al., 2017). As reported recently, in barley, cortex and endodermis formation
differs from rice and Arabidopsis in that the inner cortex and endodermis are derived from the same
initial (ICEI), while the outer cortex cells are clonally distinct and originate from the outer cortex
initals (OCI) (Figure 1A, Kirschner et al., 2017). In accordance with this classification of two distinct
types of CEls, in this given manuscript it is presented that the HvSCR mRNA is restricted to the ICEI,
but absent from the OCI (Figure 1B’). Localization of HvSCR-mVENUS in the nucleus indicates
furthermore that HvSCR might act as transcription factor (Figure 1I). Moreover, HvSHR expression in
the stele provides further evidence that, despite the morphological difference between Arabidopsis and
barley, ground tissue specification could be regulated through the widely conserved SCR-SHR module
(Figure 1F). Additionally to its role in endodermis patterning in Arabidopsis, AtSCR is also important
for QC specification (Sabatini et al., 2003). The size and position of the QC can be determined, on the

one hand, by cell division analysis, as the QC cells are less mitotically active than the surrounding
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cells (Clowes, 1984; Ni et al., 2014; Dolan et al., 1993; Vanstraelen et al., 2009). On the other hand,
established markers for the QC, like WOXS and SCR are often used to define the presence and
position of the QC (Ni et al., 2014; Vanstraelen et al., 2009; Cruz-Ramirez et al., 2013). Studies of the
QC development in scr mutants of other plants than Arabidopsis are still lacking (Slewinski et al.,
2012; Sabatini et al., 2003). In barley, however, only occasionally weak HvSCR expression could be
detected in one layer of the QC (Figure 1B’). The phenotype of the maize scr single mutant only
partially resembles the Arabidopsis scr mutant in respect to the endodermis, suggesting that maize
SCR genes act redundantly here (Slewinski et al., 2012). A similar redundancy of barley SCR genes
could also explain the weak HvSCR expression in the QC, because close SCR homologues might take
over the SCR function in the QC. Candidates for these homologues are AK365059/MLOC 79758 and
MLOC AK366346/MLOC_ 21726, which are closely related to HVSCR based on their phylogeny
(Supplementary figure 1). Interestingly, although SCR expression is often used as a QC marker (Aida
et al., 2004; Ni et al., 2014), ZmSCR is expressed in one layer adjacent to the root cap in maize, while
the maize QC is proposed to contain 800 — 1200 cells based in their low cell division rate, and
therefore comprising more cells than only the SCR expressing ones (Jiang et al., 2003; Lim et al.,
2000). Likewise, the weak HvSCR expression in the barley QC region is detected in only one cell
layer, although cell division studies showed that the actual mitotically “quiescent” region in barley
comprises more cell layers (Kirschner et al., 2017). The expression patterns of HvSCR and ZmSCR
imply that the mitotically “quiescent” region defined as QC in barley and maize might actually consist
of different subgroups of cells, some expressing WOXS, others expressing SCR, depending on their
sub-function. Overlap of AtSCR and AtWOX5 expression in the Arabidopsis QC could be due to the

small size of the Arabidopsis root and not necessarily displaying a general concept for other plants.

4.2. A metaxylem-specific role of HyWOXS in barley
AtWOXS is expressed in the QC and signals from there to maintain the stemness of the DSCs (Sarkar
et al., 2007; Pi et al., 2015). In maize, the WOX5 homologue ZmWOX5B is expressed in the QC and
basal provascular strands in the coleoptilar stage embryo (Nardmann et al., 2007). In rice, the WOX5
homologue OsQHB is expressed in the QC and the surrounding region. Additionally, it is expressed in
the metaxylem (Kamiya et al., 2003b; Chu et al., 2013; Ni et al., 2014). In barley, the HvWOX5
mRNA and protein was detected exclusively in the metaxylem of the root meristem, but not in the QC
(Figure 2). Thus, although based on protein sequence comparison, HyWOXS5 is the closest homologue
of the AtWOXS5, OsQHB and ZmWOXS5 (Supplementary figure 2), HYWOXS5 expression pattern
differs in barley, only resembling the expression of OsQHB and ZmWOXSB partially. WOX5
expression is commonly regulated by CLE peptides, for instance, AtWOXS5 is transcriptionally
regulated by the peptide AtCLE40, OsQHB expression is influenced by the CLE40 homologue
OsFCP1 peptide and the closely related OsFCP2 peptide (Stahl et al., 2009; Suzaki et al., 2008; Chu et
al., 2013). A role for RAM maintenance has already been shown for the CLE40 homologue
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HvCLE402 in barley, and HvyWOXS5 and HvCLE402 do have overlapping expression patterns in the
metaxylem, making a mutual regulation possible (Figure 2, Figure 3, Kirschner et al., 2017). However,
HvWOX5 does not seem to be under transcriptional control of the HvCLE402 peptide, another
indication that its role is not homologous to AW OX5 when it comes to its role in RAM maintenance
(Supplementary figure 3, Stahl et al., 2009). Moreover, exogenous HvCLE402 peptide application has
no influence on vasculature development, as it was shown for OsFCP2 in rice (Supplementary figure
3, Chu et al., 2013). Another possibility is that HvWOX5 and vasculature development are regulated
by a different CLE peptide, or by some completely different mechanism.

In Arabidopsis, another WOX family gene, WOX4, is expressed in cambium and procambium and
participates in a pathway that maintains the vascular stem cells (Hirakawa et al., 2010). It is regulated
by the TRACHEARY ELEMENT DIFFERENTIATION INHIBITORY FACTOR peptide (encoded
by CLE41 and CLE44) (Hirakawa et al., 2010). A possible role for the CLE41/44 homologues of
barley on HvWOXS5 could therefore be investigated. The fact that HvWOXS5 is absent from the QC
region and not regulated by the HvCLE402 peptide indicates that another WOX gene might have taken
over the WOX function in the QC. In this case it will be difficult to identify the right WOX candidate,
as based on their protein sequence, there is no other WOX protein closely related to HvWOXS5 and the
other WOXS5 homologues (Supplementary figure 2). For AtWOXS5 it was shown that it is partially
interchangeable with its related protein AtWUS in control of stem cell number in SAM and RAM,
therefore indicating that rather promoter specificity than protein function was subject to evolutionary
change (Sarkar et al., 2007). Absence of HvWOXS5 from the barley QC could also indicate that there is
no WOX function necessary here. This idea is supported by the finding that, although HvCLE402
peptide application regulates the maintenance of the proximal RAM, the DSCs are not affected as they
are in Arabidopsis (Kirschner et al., 2017; Stahl et al., 2009). Additionally, although HvCLE402 is
expressed in the differentiated columella cells, neither of the putative receptors HvCR4 and HvCLV1
is expressed in the RAM stem cell niche (Figure 3), suggesting a CLE40/WOXS5-independent

mechanism of DSC regulation in barley.

4.3.The expression patterns of key regulators of shoot meristem size are conserved between
barley and Arabidopsis
HvCLE402, HvCLV1 and HvCR4 were broadly expressed in the SAM (Figure 4). AtCLE40 is only
expressed at low levels in the Arabidopsis SAM, but it is able to activate CLV signalling
independently of AtCLV3 (Hobe et al., 2003). In rice, the CLE40 homologue OsFCP1 is required for
SAM maintenance as well, and OsFCP1 function primarily depends on the tenth amino acid in the 12
amino acid CLE motif, an isoleucine (Suzaki et al., 2008). The HvCLE402 CLE motif consists of the
same amino acids as the one in FCP1, thus at the tenth position, there is an isoleucine (Kirschner et al.,
2017). Together with an expression pattern throughout the SAM and in the RAM similar to OsFCP1
and AtCLE40 (Figure 4B’, F’), this suggests a similar function for HvCLE402 in the SAM. In the
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SAM, HvCLE402 signalling could possibly depend on HvCLV1 and HvCR4, as both are expressed in
the same domains (Figure 4D’, H’). HvCLV1 is expressed throughout the whole SAM of barley,
although in some cases the expression was restricted to the L1 and corpus only, with an exclusion
from the layer that corresponds to the L2 in dicots, and in other cases higher expression in the L1 and
L2, and lower in the corpus (Figure 4D’°, H’). Nevertheless, the expression of HvCLV1 in the SAM
reflects the expression pattern of CLV1 in Arabidopsis and FON1 in rice, suggesting an involvement
in the stem cell maintenance pathway. Analysis of the subcellular localization of HVCLV1 revealed
that the protein is not exclusively localized at the plasma membrane, but signal of the fluorophore is
rather detected in vesicles in the cells (Figure 4D’, H’). This might indicate active CLV1 signalling, as
Nimchuk and colleagues found for Arabidopsis that CLV3 binding to CLV1 activates the CLV1
kinase and CLV1 is internalized from the plasma membrane into lytic vacuoles where it is degraded
(Nimchuk et al., 2011). Another kinase that is involved in the shoot development is CRINKLY4
(CR4), that was first identified in maize as receptor-like kinase. The transcript is present in the whole
SAM, and the gene is involved in leaf epidermis and endosperm aleurone formation in maize (Becraft
et al., 2001). In Arabidopsis, the CR4 homologue ACR4 is expressed in the L1 cells in all apical
meristems and young organ primordia and necessary for normal cell organisation during L1-derived
ovule integument development (Gifford et al., 2003). In barley, the defective seed 5 (des5) mutant,
which displays defects in the aleurone cell layer in the seed, was shown to have lower transcript
abundance of HvCR4 (Olsen et al., 2008). HVCR4 is expressed weakly throughout the whole SAM,
but at slightly higher levels in the epidermis in the SAM (Figure 4 C’. G’). This expression pattern
resembles the expression pattern of maize CR4 in the whole SAM (Becraft et al., 2001). Together with
the observation that in the barley des5 mutant the defect in the aleurone cell layer goes together with a
downregulation of HvCR4 expression (Olsen et al., 2008), this suggests that downregulation of HvCR4
expression in the L1 could be the reason for the defect in the aleurone cell layer in the des5 mutant. In
both maize and Arabidopsis, localization of the CR4 or ACR4 protein, respectively, was associated
with plasmodesmata and hypothesized to control the mobility of a signalling molecule (Tian et al.,
2007; Stahl et al., 2013). In the barley SAM, however, no localisation associated with plasmodesmata
could be detected (Figure 4C°, G’). It will be interesting to study if HvCLE402, or possibly another
peptide of the CLE family, is responsible for HvCLV1 or HvCR4 dependent SAM signalling. From
the studies in Arabidopsis and rice, the presence of a CLV3 homologue in barley would be expected,
that takes over a more specific role in stem cell maintenance and would be exclusively expressed in
the stem cells (Suzaki et al., 2006; Fletcher et al., 1999). In the available barley genome, however,
only HvCLE402 as CLV3/CLE40 candidate gene could be identified, encoding for a peptide with CLE
motif and exhibit the same intron/exon structure (two introns) as AtCLE40, AtCLV3, OsFCP1 and
OsFON2 (Mayer et al., 2012; Kirschner et al., 2017). Therefore, there is no obvious candidate for a
CLV3 homologue in barley.
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5. Supplementary figures
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Supplementary figure 1: Phylogenetic tree of representative members of the GRAS family.

Phylogenetic tree of the GRAS family from Arabidopsis, rice, maize and barley; sequences from Arabidopsis
(At) GRAS family members were taken from The Arabidopsis Information Resource (TAIR10) and named
according to Xu et al., 2015; rice (Os) sequences were taken from Xu et al., 2015; the sequences for maize (Zm)
proteins were taken from Lim et al., 2000; for barley homologues, AtSHR and AtSCR were used as template for
BLAST-p search on http://webblast.ipk-gatersleben.de/barley ibsc/ among high confidence genes with an e-
value below 5e-33; search among low-confidence genes gave no hits (Mayer et al., 2012); proteins were aligned
by MUSCLE alignment in MEGAT7; the evolutionary history was inferred using the Neighbor-Joining method.
The optimal tree with the sum of branch length = 13.85733761 is shown. The tree is drawn to scale, with branch
lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The
evolutionary distances were computed using the Poisson correction method and are in the units of the number of
amino acid substitutions per site. The analysis involved 49 amino acid sequences. All positions containing gaps

and missing data were eliminated. There were a total of 265 positions in the final dataset. Evolutionary analyses

were conducted in MEGAY7; the frame marks HvSCR, the dashed frame marks HvSHR.
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Supplementary figure 2: Phylogenetic tree of WOX family proteins.

Phylogenetic tree of WOX homologues from Arabidopsis, rice, wheat, maize and barley; Arabidopsis (At)
WOX family members were taken from The Arabidopsis Information Resource (TAIR10); for barley WOX
proteins, AtWOX5, TaWOX5, OsWOX5 and ZmWOXSA protein sequences were used as templates for
BLAST-p search on http://webblast.ipk-gatersleben.de/barley ibsc/ among high- and low-confidence genes
with an e-value below 4e-08 (Mayer et al., 2012); for rice WOX homologues, OsQHB (Kamiya et al., 2003b)
was used as template for blast-x search at https://phytozome.jgi.doe.gov/pz/portal.html and results with an e-
value below3.8e-09 are displayed; selected WOXS5 from maize (Zm) and wheat (Ta) homologues were taken
from Nardmann et al., 2007 and Zhao et al., 2014; the whole protein sequences were aligned by MUSCLE
alignment in MEGAY7; the evolutionary history was inferred using the Neighbor-Joining method. The optimal
tree with the sum of branch length = 5.64116747 is shown. The tree is drawn to scale, with branch lengths in
the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary
distances were computed using the Poisson correction method and are in the units of the number of amino
acid substitutions per site. The analysis involved 43 amino acid sequences. All positions containing gaps and

missing data were eliminated. There were a total of 37 positions in the final dataset. Evolutionary analyses

were conducted in MEGAT7; the frame marks HvWOXS5.
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A no peptide

14M AtCLE40p 1uM HvCLE402p

Supplementary figure 3: Effect of CLE40 peptides on the vascular structure and HvWOXS5 expression in
the barley cv. Morex.

Application of CLE40 peptides (CLE40p) for 5 DAG does neither influence the structure of the vasculature nor
HvWOX5 expression. A) Effect of peptide (as indicated in the captions) on the vasculature; mock = CLE40
consisting of randomized amino acids (Kirschner et al., 2017); roots stained with berberine hemisulfate (green
fluorescence of the casparian strip in the endodermis, autofluorescence of the xylem vessels); n = 5 - 6 per
treatment, experiment was performed twice. B) Effect of HYCLE402 peptide on HvWOX5 expression; n = 10

per treatment, experiment was performed three times; scale bars 100 pm
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Supplementary figure 4: Phylogenetic tree of CLV homologues of barley, Arabidopsis, maize and rice.

Selected Arabidopsis (At) sequences were taken from The Arabidopsis Information Resource (TAIR10); for the
barley CLV homologues, AtCLV1 was used as template for BLAST-p search on http://webblast.ipk-
gatersleben.de/barley ibsc/ among high confidence genes with an e-value below 4e-115 and among low-
confidence genes with an e-value below 3e-44 (Mayer et al., 2012); sequences for rice FON1 and maize TD1
were taken from Suzaki et al., 2006 and Bommert et al., 2005. MUSCLE alignment of whole protein sequence
was performed in MEGAT7; the evolutionary history was inferred by using the Maximum Likelihood method
based on the JTT matrix-based model. The tree with the highest log likelihood (-119724.7918) is shown. Initial
tree(s) for the heuristic search were obtained automatically by applying Neighbor-Join and BioNJ algorithms to
a matrix of pairwise distances estimated using a JTT model, and then selecting the topology with superior log
likelihood value. The tree is drawn to scale, with branch lengths measured in the number of substitutions per
site. The analysis involved 74 amino acid sequences. There were a total of 1888 positions in the final dataset.

Evolutionary analyses were conducted in MEGA?7; the frame marks HvCLV1.
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non-transgenic control

Tk T

Supplementary figure 5: Non-transgenic control for microscopy (Golden Promise).

A), A’) SAM in Waddington stage I, settings like Figure 4C), C’). B), B’) Roots were cleared for one week as
described in Material and Methods; settings like in Figure 2 C and C’; A), B) VENUS excitation and transmitted
light, A”). B’) VENUS excitation; scale bars 50um.
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VIII. Summary

In this study, the barley (Hordeum vulgare) root apical meristem was analysed in detail in regard to
the number and the origin of all occuring cell files. The expression pattern of genes that are known to
be important for cell specification, root meristem development and maintenance were examined.
Additionally, the expression of genes that are possibly expressed in both root and shoot apical

meristem was examined in the shoot apical meristem.

Suberin staining showed that the barley seminal root consists of one layer of epidermis, five cortex
cell layers and one endodermal layer surrounding the central cylinder. Cell division studies by EAU
staining and RNA in situ hybridisation with a probe for HISTONE H4 demonstrated that the Quiescent
Center in barley consists of around 30 cells. Analysis of the cell wall arrangements revealed that
endodermis and cortex do not share one common initial like it was observed in Arabidopsis thaliana
and rice, but that the inner cortex shares a common initial with the endodermis, while the outer cortex
is derived from another. Furthermore, the epidermis is derived from a different initial, and independent
of the root cap. The among plant species widely conserved CLE40 peptide-dependent signalling
pathway to regulate maintenance of the proximal meristem was found to be conserved in barley, the
maintenance of the columella stem cells by this signalling pathway, however, seems to be restricted to

Arabidopsis.

Literature research showed that altogether, the barley root meristem is structured like meristems of
other monocots like rice and maize. However, it exhibits small but significant differences, like the
origin of cortex and endodermis and the size of the QC. As barley features all root types of other
monocots, a primary root, seminal roots and crown roots, and is much more salt-tolerant than other
cereal crop plants, it is a valuable model plant for root growth of other monocot plants. There are
many examples, in which barley genes were successfully transferred to other plants and increased

drought and salinity resistance.

The study about conserved signalling components revealed that many homologue genes exist in barley
that might regulate the barley root and shoot meristem homeostasis. HvSCR and HvSHR expression
resembles the expression of their homologues from other plants, indicating a role for endodermis and
cortex formation. The WOX5 homologue HvWOX5 is expressed in the metaxylem, resembling the
expression pattern from other WOX5 homologues partially, but indicating a role in vascular
development. HVCLV1, HvCR4 and HvCLE402 are expressed throughout the whole shoot meristem,
indicating a role for shoot meristem development. Additionally, HvCLE402 is also expressed in the
root meristem, which supports the theory that the root meristem is evolutionarily derived from the

shoot meristem.
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Studies on the influence of the phytohormones auxin and cytokinin revealed that both phytohormones
have a negative influence on barley root and meristem growth, when applied exogenously to the
seedlings. Auxin has a lower influence on root meristem length, therefore the decreased root growth is
possibly caused by a lower cell elongation in the whole root. Transgenic barley reporter lines revealed
that cytokinin signalling mostly takes place in the stele cells proximal to the QC and in the
differentiated root cap cells, but by cytokinin application, expression of the reporter gene can also be
induced in the columella stem cells, the QC and epidermis initials, and more proximal in the stele at
the transition zone of the meristem. As cytokinin application leads additionally to a reduced meristem
size, the phytohormone probably influences the root growth negatively by premature differentiation of
the meristem. Analysing signalling targets of auxin revealed that a homologue of AtPLT1, HvPLT1, is
expressed in a similar way as AtPLT1 in Arabidopsis, in particular in the QC and the surrounding
cells. Furthermore, a homologue of the auxin PIN transporters PIN1, HvPIN1, is expressed in the root

meristem, its expression is regulated by cytokinin and the intracellular localisation is affected by BFA.

This givens study provides a basis for shoot and root meristem research in barley. Understanding the
signalling pathways that regulate meristem development of both shoot and root contributes to the

ability to genetically manipulate plant growth and thereby enhance the yield.
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IX. Zusammenfassung

In dieser Arbeit wurde das Wurzelapikalmeristem von Gerste (Hordeum vulgare) in Bezug auf Anzahl
und Entstehung der vorhandenen Zellreihen analysiert. Das Expressionsmuster von Genen wurde
untersucht, die an der Zellspezifizierung, Wurzelmeristementwicklung und -—aufrechterhaltung
beteiligt sind. Zusétzlich wurde die Expression von Genen im Sprossapikalmeristem untersucht, die

moglicherweise sowohl im Wurzel- als auch im Sprossapikalmeristem exprimiert sind.

Suberinfarbung zeigte, dass die Seminal-Wurzeln von Gerste aus einer Schicht Epidermiszellen, fiinf
Cortex-Zellreihen und einer Schicht Endodermis bestehen, die den Zentralzylinder umgeben.
Zellteilungsstudien mit EdU-Farbung und RNA ir situ-Hybridisierung mit einer Sonde gegen
HISTONE H4 zeigten, dass das Ruhende Zentrum (QC) in Gerste aus ungefahr 30 Zellen besteht.
Analysen der Zellwand-Anordnung ergaben, dass Endodermis und Cortex nicht wie in Arabidopsis
und Reis aus einer gemeinsamen Initial-Zelle hervorgehen, sondern dass die inneren
Cortexzellschichten und Endodermis eine gemeinsame Initialzelle teilen, wéhrend die &uBeren
Cortexzellschichten aus einer separaten Initialzelle hervorgehen. AuBlerdem geht die Epidermis aus
einer anderen Initialzelle hervor, die unabhédngig von der Wurzelhaube ist. Der zwischen
Pflanzenspezies weitgehend konservierte CLE40-peptidabhéngige Signalweg zur Aufrechterhaltung
des proximalen Meristems ist auch in Gerste konserviert, die Aufrechterhaltung der Columella-

Stammzellen durch diesen Signalweg scheint jedoch auf Arabidopsis beschrinkt zu sein

Literaturrecherchen ergaben, dass das Wurzelmeristem von Gerste weitgehend genauso strukturiert ist
wie das von anderen einkeimbléttrigen Pflanzen wie Reis und Mais. Jedoch weist es kleine, aber
signifikante Unterschiede auf, wie etwa den Ursprung von Cortex und Endodermis und die GroBe des
QCs. Da Gerste alle Wurzeltypen besitzt, die auch andere einkeimbléttrige Pflanzen aufweisen,
namlich eine Primirwurzel, Seminalwurzeln und Kronwurzeln, und Gerste salztoleranter ist als andere
Getreide-Erntepflanzen, kann sie als wertvolle Modellpflanze fir Wurzelentwicklung in anderen
einkeimbléttrigen Pflanzen dienen. Es gibt viele Beispiele, in denen Gene aus Gerste schon erfolgreich

in andere Pflanzen tibertragen, und damit die Trockenstress- und Salz-Toleranz erhdht wurde.

Die Analyse der konservierten Signalkomponenten ergab, dass in Gerste viele homologe Gene
existieren, die potentiell Wurzel- und Sprossmeristemhomoostase regulieren konnten. Das HvSCR-
und HvSHR-Expressionsmuster gleicht dabei der Expression der homologen Gene aus anderen
Pflanzen, sodass eine Rolle in Endodermis- und Cortexentstehung moglich wiére. Das WOX5-
Homolog HYWOJX5 ist im Metaxylem exprimiert, was nur zum Teil der Expression von anderen
WOX5-Homologen entspricht, aber eine Rolle fiir die vaskuldre Entwicklung impliziert. HvCLV1,
HvCR4 und HvCLE402 sind im ganzen Sprossapikalmeristem exprimiert und dadurch moglicherweise

an der Sprossmeristem-Entwicklung beteiligt. Zusitzlich ist HvCLE402 auch im Wurzelmeristem
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exprimiert, was die Theorie unterstiitzt, dass das Wurzelmeristem entwicklungsgeschichtlich vom

Sprossapikalmeristem abstammt.

Analyse der Einwirkung von Auxin und Cytokinin zeigten, dass beide Phytohormone einen negativen
Einfluss auf das Wachstum von Gerstenwurzeln und dem Wurzelmeristem haben, wenn die Pflanzen
exogen damit behandelt werden. Auxin hat einen geringeren Einfluss auf die Wurzelmeristemlange,
deswegen ist es moglich, dass das verringerte Wurzelwachstum durch eine geringere Zell-Elongation
in der ganzen Wurzel ausgelost wird. Transgene Reporterlinien deckten auf, dass Cytokinin-
Signalwege hauptsdchlich in den Stele-Zellen proximal vom QC und in der differenzierten
Wurzelhaube aktiv sind, die Expression der Reporterlinien aber durch exogene Behandlung mit
Cytokinin auch in den Columella-Stammzellen, dem QC und den Epidermis-Initialen aktiviert werden
kann, und dariiberhinaus auch in der Stele auf Hohe der Transitionszone. Da Cytokininbehandlung
zusétzlich zu einer reduzierten Meristemldnge fiihrt, ist es wahrscheinlich, dass das Phytohormon das
Wurzelwachstum durch eine vorzeitige Differenzierung des Meristems negativ beeinflusst. Analysen
der Zielgene des Auxin-Signalwegs zeigten, dass das Homolog von AtPLT1, HvPLTI, in einem
dhnlichen Muster exprimiert ist wie AtPLT1 in Arabidopsis, ndmlich im QC und den umliegenden
Stammzellen. AuBlerdem ist auch ein Homolog des Auxin-Transporters PIN1, HvPINI1, auch im
Wurzelmeristem exprimiert, seine Expression wird von Cytokinin reguliert und die intrazelluldre

Lokalisation wird von BFA beeinflusst.

Die vorliegende Arbeit stellt die Basis fiir Wurzel- und Sprossmeristem-Forschung in Gerste dar. Die
Signalwege zu verstehen, die die Meristementwicklung von Spross und Wurzel regulieren, leistet
einen wichtigen Beitrag zur genetischen Manipulation von Pflanzenwachstum, hin zu einem héheren

Ertrag.
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Appendix

1. Abbreviations

2,4D
6-BA
ABA
ACR4
AIL
AHK
AHP
AP2/EREBP
ARF
ARF-GEF
ARR
Aux/TAA
AuxRe
bp

BCIP
BFA
bGLU
CBL
cDNA
CIPK
CKX
CLE40
CLVI
CLV2
CLV3

cMX

2,4-dichlorophenoxyacetic acid

6-benzylaminopurine

abscisic acid

ARABIDOPSIS CRINKYL4

AINTEGUMENTA-like

ARABIDOPSIS HISTIDINE KINASE

ARABIDOPSIS HISTIDINE PHOSPHOTRANSFER PROTEIN
APETALAZ2/ethylene-responsive element binding protein
AUXIN RESPONSE FACTOR

GDP/GTP exchange factor for small G proteins of the ADP-ribosylation factor
ARABIDOPSIS RESPONSE REGULATOR

AUXIN/ INDOLE-3-ACETIC ACID

auxin responsive element

base pairs

5-bromo-4-chloro-3'-indolyphosphate p-toluidine salt
Brefeldin-A

[-glucosidase promoter

calcineurin B-like

complementary DNA

CBL-interacting protein kinase

CYTOKININ OXIDASE/DEHYDROGENASE

CLV3/ ENDOSPERM SURROUNDING REGION40
CLAVATAI

CLAVATA2

CLAVATA3

central metaxylem
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CRN CORYNE

CV. cultivar

DAG days after germination

DSC distal stem cell

EtOH Ethanol

FCP1 FON2-LIKE CLE PROTEIN1
FEA2 FASCIATED EAR2

FONI1 FLORAL ORGAN NUMBERI
FON2 FLORAL ORGAN NUMBER2
eDNA genomic DNA

H2B HISTONE H2B

IBA indole-3-butyric acid

IAA indole-3-acetic acid

ICEI inner cortex endodermis initial
IPT ISOPENTENYLTRANSFERASE
mPS-PI modified pseudo-Schiff propidium iodide
NAA 1-naphthalene acetic acid

NBT nitro-blue tetrazolium chloride
NPA 1-N-Naphthylphthalamic acid

oC organizing center

OCI outer cortex initial

PBS phosphate buffered saline

PIN PINFORMED

PLT PLETHORA

pMX peripheral metaxylem

QHB QUIESCENT-CENTER-SPECIFIC HOMEOBOX
QC quiescent center

QTL quantitative trait locus
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RAM

SAM

SCR

SHR

SHY?2

TCS

TDI1

TIR1/AFB

t-Z

WOXS5

WUS

Appendix

root apical meristem

shoot apical meristem

SCARECROW

SHORTROOT

SHORT HYPOCOTYL2

Two Component signalling Sensor

THICK TASSEL DWARF

TRANSPORT INHIBITOR RESPONSE 1/AUXIN SIGNALING F-BOX
trans-zeatin

WUSCHEL-RLEATED HOMEOBOXS5

WUSCHEL
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2. List of genes, promoter length and identifiers

Gene name identifier Morex annotation Length of Length of
. used CDS, genomic
contig promoter | DNA [bp from
[bp start to stop
upstream of codon]
start codon]

HvWOX5 MLOC 74758.1 | 66485 WUSCHEL-related 5228 758
homeobox 5

HvCLV1 MLOC 66232.2 | 51275 Receptor protein 2826 3573
kinase-like protein

HvPLTI1 MLOC 76811.2 | 73008 AP2-like ethylene- 1929 3433
responsive
transcription factor

HvCR4 AK374415 146323 | Kinase family protein | 1266 2694

HvSCR AK359827 49323 Scarecrow 2539 2362
transcription factor
family protein

HvPINI AK357068 49437 Auxin efflux carrier 3453 2402

MLOC-64867

HvCLE402 MLOC 3686.1 | 132695 | CLE family 2034 318
OsCLEA402 protein

HvSHR MLOC 62665.1 | 46826 GRAS family Not used 1791
transcription factor

HVHISTONE | AK362824 2450454 | Histone H4 Not used 309

H4

Table 1: List of cloned genes
Information taken from http://webblast.ipk-gatersleben.de/barley ibsc/ (Mayer et al 2012).
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3. List of transgenic lines

Appendix

#

Construct name

Basis
vector

Available lines

Expressing
lines

Expression
in T2
confirmed?

125

HvpWOX5:HvWOXS5-mV

pAB134

1,2,3,4,5

2,3,4

not yet

126

HvpSCR:HvSCR-mV

pAB134

1,2,4

4

not yet

127

HvpCR4:HvCR4-mV

pAB134

4,5,6,7,8,9,11, 12, 14,
16,18, 19, 24, 33

9,11,12,
18, 24

not yet

128

HvpCLVI:HvCLVI-mV

pAB134

1,2,3,4

1,2,3,4

yes

129

DR5::GFP

Gift from
Benkova
lab

1,2,3,4,5,6,7,10,11, 12,
14, 15, 16, 17, 18, 19, 20,
21, 22, 23, 24, 27, 28, 29,
30, 31, 33, 34, 35, 36

138

HvpCLE40:VENUS-H2B

pAB146

1,2,3,4,5-2,5,7,8,9, 10,
11, 13, 14, 15, 16, 17, 18,
19, 20, 22, 23, 24, 25, 26,
27, 28, 29, 30, 31, 32, 33,
34, 35, 36, 37, 39

5,5-2,13,
16, 18,
23, 29,
30,31, 32

not yet

139

TCSn:Venus-H2B

pAB146

1,2,3,4,6,7,8,9,10, 11,
12, 12, 15, 16, 17, 18, 19,
21, 22, 25, 26, 27, 28, 29,
30, 31, 32, 33, 35, 36, 37,
38, 39, 40, 43, 45, 46

1’ 4’ 6’ 7’
9,10, 21

yes

140

HvpPLTI:HvPLTI-mV

pAB134

1, 2,3, 4 (2x), 10, 11, 12,
13, 14, 16, 17, 19, 21, 22,
23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36,
37,38, 39, 40, 41, 42

1,2,3,
10,17, 25

yes

141

HvpPINI:HvPINI-mV

pAB134

1,2,3,6,7,8,9,12,13, 15,
16, 17, 18, 20, 23, 26, 27,
29, 30, 31, 32, 33, 34, 35,
36,37, 38, 39, 40, 41

9,12, 20,
27,40

not yet

143

DR5v2-Venus-H2B

pAB146

3,4,5,7,8,9, 10, 12, 13,
15, 16, 18, 19, 20, 21, 22,
23, 24, 25, 26, 27, 28, 29,
30, 31, 32, 33, 34, 35, 36,
37,38, 39,40

18, 25,
36,37

Table 2: List of available transgenic lines.
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4. Plasmid maps

mB T2 transcription terminator
rmB T1 transcription terminator

M13 (-40) forward primer
W13 (-20) forward primer
atiL1

T

W13 reverse primer
primer
T7 promaoter,
TOPO binding site, aﬂLZ\ \\ Kan(R), pUC origin
!
d
PENTR/D-TOPO
att R2
B

hygromycin resistance

v Y ..

RB

L8
pMDC99

10743 bp
kanamycin resistance

pBR322 origin

Figure 1: Exemplary maps of entry and destination vectors.

A) Plasmid map of pENTR/D-TOPO entry vector (Invitrogen) without insert; attL1, attL2 = Gateway
recombination sites; Kan(R) = kanamycin resistance. B) Plasmid map for pMDC99 used as backbone for
destination vectors; LB = left border, RB = right border, attR1, attR2 = Gateway recombination sites; ccdB =

cytotoxic protein for bacterial selection; Cmr = chloramphenicol resistance; pVS1 = minimal replicon for

replication in gram negative bacteria; pBR322 = replication starting point.
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aftB2

TOPO binding site

A WOX5 CDS genomic
directional TOPO overhang
TOPO binding site_____

mVenus
T3A

hygromycin resistance

HvpWOXS5

LB

HvpWOXS5:HYWOX5-mVENUS

16475 bp

pBR322 origin

pVS1

attB2

B TOPO binding site
WOX5 CDS genomic

directional TOPO overhang
TOPO binding site

mVenus
T3A

hygromycin resistance

HvpWOXS

LB
HvpCLE402:VENUS-H2B

16475 bp

L .
kanamycin resistance

pBR322 origin

Figure 2: Exemplary maps of expression vectors.

A) Exemplary plasmid map for translational reporter lines (HvpWOX5:HvWOX5-mVENUS), expressing the
gene and mVENUS under the respective endogenous promoter. B) Exemplary plasmid map for transcriptional
reporter lines (HvpCLE402:VENUS-H2B), expressing VENUS fused to H2B under the respective promoter.
LB = left border, RB = right border; attB1, attB2 = Gateway recombination sites; T3A = transcriptional
terminator; pVS1 = minimal replicon for replication in gram negative bacteria; pPBR322 = replication starting

point.
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5. Primers

Experiment
transgenic lines

HvpWOX5:HvWOXS5-
mV

HvpSCR:HvSCR-mV

HvpCR4:HvCR4-mV

HvpCLVI:HvCLVI-
mV

amplifying
CDS

amplifying
promoter

amplifying
CDS

amplifying
promoter

amplifying
CDS

amplifying

promoter

amplifying

CDS

amplifying
promoter

Appendix

Primer name

GK-HvWOXS5-fw+CACC

GK-HvWOXS5-rv-stop

GK-HvpWOXS5-fw-Ascl

GK-HvpWOXS5-rv-Ascl

GK-HvSCR-fw+CACC
GK-HvSCR-rv-stop

GK-HvpSCR-fw-Ascl

GK-HvpSCR-1rv

GK-HvpSCR-rv-Ascl

GK-HvCR4-fw+CACC

GK-HvCR4-rv-stop

GK-HvpCR4-fw

GK-HvpCR4-fw-Ascl

GK-HvpCR4-rv

GK-HvpCR4-rv-Ascl

GK-HvCLV1-fw+CACC

GK-HvCLV1-rv-stop2

GK-HvpCLV1-fw-Ascl

GK-HvpCLV1-rv3
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sequence (5°-3°)

CACCATGGAGGCGCTGAGCGG

GACTAGATACCGATCGAAGCTGCAG
AGCCT

AAAGGCGCGCCTCCATAAATTTCCC
CACTGTTGTTT

AAAGGCGCGCCTGACACTATGCTAG
CTCGATTGAGC

CACCATGGTCCGAA GCGCCC
GCGACCAGAGGTGGTGTGCATGG

AAAGGCGCGCCGCTTCGTAATTCTC
TCCGATCTA

GGCGGCGAGTTCTTGGTGGTC

AAAGGCGCGCCGGCGGCGGCGAGT
TCTT

CACCATGGGCAGTGTTCTAGCTCTC
TCTC

GAAGTTGTGCTGCAAGTACAGGTTC
TCCT

TGCATGCATGCATGGTAGAGAGATG

AAAGGCGCGCCTGCATGCATGCATG
GTA

TCCTTGAAGCTCGGAGCTAATGCC

AAAGGCGCGCCTCCTTGAAGCTCGG
A

CACCATGCCGCCACCTCACCTGC

GAAGGAGAGGATGAGGTCGTCGTC
GG

AAAGGCGCGCCGTTTATTTATTGAA
GTATTAATCA

GCAGGTGAGGTGGCGGCATTGTG



DR5v2-Venus-H2B

HvpCLE40:VENUS-
H2B

HvpPLTI:HvPLTI-
mV

HvpPINI:HvPINI-
mV

amplifying
DRS5
sequence

amplifying
promoter

amplifying
CDS

amplifying
promoter

amplifying
CDS

insert
mVENUS

amplifying
promoter

RNA in situ hybridisations

HyWOX5

Appendix

GK-HvpCLV1-rv-Ascl

GK-DR5v2-fw

GK-DR5v2-rv

GK-HvpCLE402-fw+CACC

GK-HvpCLE402-rv

GK-HVPLTI-fw+CACC

GK-HVPLT1-rv-stop

GK-HvpPLT1-fw-Ascl

GK-HvpPLT1-rv

GK-HvpPLT1-rv-Ascl

GK-HvVPIN1-fw+CACCv2

GK-HvPIN1-rv-v2

GK-mVenus+Smal-fw

GK-mVenus+Smal-rv-stop

GK-HvpPINI1-fw-v2

GK-HvpPIN1-fw-Ascl-v2

GK-HvpPIN1-rv-v2

GK-HvpPIN1-rv-Ascl-v2

GK-HvWOX5-fw-GG-Entry-

Exonl

GK-HVvWOX5-rv-GG-Entry-

Exon2
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AAAGGCGCGCCTGTGGCGGGC

CACCAACCCAACTCCATACTGGAAT
TC

CCTGTAATTGTAATTGTAAATAGT

CACCCATGCGACGTTCCCCAACAGC
CT

CCAATCCGGCCTTGGCCCTAGCG

CACCATGGAGGAGGAGGAGCGGG

TTCCATTCCAAAGATCGGCGTCTGA
AAGGCT

AAAGGCGCGCCTTGGTCGTTGCAAT
CAAT

CTCGCCTGCACATGCATACACACAC
ATACAT

AAAGGCGCGCCCTCGCCTGCACAT

CACCATGATCACGGGCACGGACTTC

TCACAGGCCGAGCAGGATGTAGTAG
A

AAACCCGGGATGGTGAGCAAGGGC
GAG

AAACCCGGGCTTGTACAGCTCGTCC
A

GTGCATGAACCGTTGCTTCAAGTTC

AAAGGCGCGCCGTGCATGAACCGTT
GCT

CTTGCCCTGTGTTTCCTTGCTCCTC

AAAGGCGCGCCCTTGCCCTGTGTTT
CCTT

AAAGGTCTCAGGCTTAATGGAGGGC
GCTGAGCGG

AAAGGTCTCTCTGAGACTAGATACC
GATCGA



HvSCR

HvSHR

HvPLTI

HvHA4

GK-HvSCR-fw-GG-Entry-
Exonl

GK-HvSCR-1rv-GG-Entry-
Exon2

GK-HvSCR-fw-GG-Entry-
VHIID

GK-HvSCR-1rv-GG-Entry-
VHIID

GK-HvSHR-fw-GG-Entry-
Anfang

GK-HvSHR-1rv-GG-Entry-
Anfang

GK-HvPLT1-fw-GG-Entry

GK-HvPLT1-rv-GG-Entry

GK-HvH4-fw-GG-Entry-

Anfang

GK-HvH4-rv-GG-Entry-
Anfang
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AAAGGTCTCAGGCTTAATGGTCCGC
AAGCGCCC

AAAGGTCTCTCTGAGCGACCAGAGG
TGGTGTG

AAAGGTCTCAGGCTTAGCTGCTGCT
GCAGTGCGC

AAAGGTCTCTCTGACCACTGGAGCC
CCTGCATGA

AAAGGTCTCAGGCTTAATGGATACG
CTGTTTAGGTTG

AAAGGTCTCTCTGACAGCCGTGGAC
GATGTGGAGAGC

AAAGGTCTCAGGCTTAATGGAGGAG
GAGGAGC

AAAGGTCTCTCTGATTCCATTCCAA
AGATCGGC

AAAGGTCTCAGGCTTAATGTCGGGG
CGCGGCAAGGGCGGCAA

AAAGGTCTCTCTGAGCCTCCGAAGC
CGTAGAGGGTGCGTC
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