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The aim of this study was to gain a broader understanding of the mechanisms con-
trolling root patterning and meristem maintenance by using forward and reverse 
genetics approaches.

Asymmetric cell division is an essential and universal mechanism for generating 
diversity and pattern in multicellular organisms. Divisions generating daughter cells 
different in size, shape, identity and function are fundamental to many develop-
mental processes including fate specification, tissue patterning and self-renewal. 
Chapters 1, 2 and 3 of this thesis focus on asymmetric cell division in the Arabidop-
sis root.

It is hypothesized that the angiosperm root meristem has evolved from the shoot 
apical meristem. Presumably, this is the outcome of the plants adaptation to chang-
ing environmental conditions, for example nutrient and water uptake and anchor-
age. Accordingly, key gene network motifs present in the shoot are expected and 
have been found to be important in the development and regulation of the root 
meristem, such as phytohormones, transcription factors as well as peptide ligands 
and their receptors. Chapters 4, 5 and 6 of this thesis deal with the conservation of 
shoot and root meristem maintenance pathways.

Chapter 1 summarizes recent advances in understanding of the mechanisms of 
cell fate determination by asymmetric cell division in Arabidopsis thaliana by focus-
ing on specific examples, including stem cell division, root ground tissue formation 
and stomatal patterning.

Chapter 2 describes the identification and analysis of SCHIZORIZA (SCZ). SCZ 
encodes a nuclear factor with homology to heat shock transcription factors that is 
necessary for the separation of multiple cell fates during asymmetric cell division in 
the stem cell niche of the Arabidopsis root. SCZ acts from the cortex, exerting both 
autonomous and non-autonomous effects to specify cortex identity and control the 
separation of cell fates in surrounding layers. The results unveil SCZ as a member of 
a novel pathway for asymmetric cell division in plants.

SCZ function is further investigated in Chapter 3 and its interactions with the 
well characterized root patterning transcription factor genes SHORT-ROOT (SHR), 
SCARECROW (SCR), PLETHORA1 (PLT1) and PLT2 are described. The results show that 
SCZ functions together with SHR-SCR to establish the root stem cell niche during 
embryogenesis.

Overexpression of CLE family peptides restricts the size of the shoot and root 
meristem suggesting that conserved signaling pathways are involved in meristem 
maintenance in both shoots and roots. Chapter 4 describes an activation tagging 
screen performed on transgenic plants ectopically expressing the small peptide 
ligand CLE19 in the root meristem, aimed to identify new components of a root 
CLE signaling pathway. A recessive mutant, sol3, was isolated in which the CLE19 
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overexpression phenotype is suppressed. Our data show that SOL3 has a dual role 
in the root controlling growth and formative cell divisions.

Chapter 5 describes a reverse genetics approach to isolate and characterize 
leucine-rich repeat receptor-like kinases (LRR RLKs) that are expressed in the root 
meristem. A collection of homozygous T-DNA insertion lines for 69 LRR RLKs was 
established and subsequently analyzed for developmental and conditional pheno-
types. Possibly due to genetic redundancy the functional loss-of-function studies 
revealed developmental phenotypes for only one mutant line, rlk902, which is 
further described in Chapter 6. T-DNA insertion mutants were further assayed for 
their response after exposure to environmental, hormonal/chemical and abiotic 
stress revealing several novel conditional functions for a number of LRR RLK genes.

Chapter 6 describes the characterization of rlk902, a LRR RLK mutant identified 
from the screen described in Chapter 5. rlk902 mutants show both reduced root 
growth and resistance to the oomycete pathogen Hyaloperonospora arabidopsidis. 
Surprisingly, these phenotypes are not caused by RLK902 inactivation but are linked 
to the T-DNA insertion. Microarray analysis revealed downregulated gene expres-
sion over an 84 kb region upstream of and including RLK902 in the insertion mutant 
putatively encompassing the causal gene(s). 

At the end of this thesis a summary of the preceding chapters is provided with 
perspectives for future research.
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Summary

Asymmetric cell division generates cell types with different fates. Recent studies 
have improved our understanding of the molecular mechanisms involved in asym-
metric cell division in Arabidopsis thaliana. Genetic approaches have identified 
candidate intrinsic factors and signaling components that mediate extrinsic cues. 
WOX genes appear to be putative intrinsic determinants acting in early embryonic 
asymmetric divisions. A non-canonical mechanism involving specific SHORT-ROOT/
SCARECROW nuclear complexes is implicated in ground tissue asymmetric divi-
sions. Asymmetric stem cell division requires extrinsic organizer signaling, whereas 
the involvement of intrinsic stem cell segregants is unknown. Finally, new studies 
on stomatal development have identified several intrinsic acting factors that specify 
cell fate and an extrinsic signaling cascade that controls the number and plane of 
asymmetric divisions.
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Introduction

Plants and animals are made up of a large number of distinct cell types. Asymmet-
ric cell division is the primary mechanism that leads to a diversity of cell types by 
creating two cell types from one. Cells can divide asymmetrically to produce two 
novel daughter cells at the expense of mother cell fate or, in the case of stem cells, 
one novel cell in addition to a copy of the mother cell. Two principal mechanisms 
exist by which distinct fates can be conferred on the daughters of the dividing cell: 
(1) segregation of intrinsic determinants during division and; (2) extrinsic cues 
that determine fate post-division (Figure 1) (Horvitz and Herskowitz, 1992). Actual 
development often involves a combination of these two mechanisms. For example, 
polarization of the mother cell before intrinsic asymmetric division may be under 
the influence of external spatial information.

In plants, cell movement is limited by the cell wall. Therefore, the orientation and 
asymmetry of divisions is important in generating the overall cellular pattern dur-
ing development. In this update, we focus on asymmetric cell divisions involved 
in embryonic apical–basal patterning, radial ground tissue patterning, stem cell 
maintenance and the formation of the stomatal complex in light of recent progress; 
we concentrate on gene networks in Arabidopsis thaliana. For a general overview 
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Figure 1. Asymmetric cell divisions. Before intrinsic asymmetric cell division, the mother cell (green) is 
polarized (i.e. asymmetric in cell shape, or distribution of molecular components; arrow). The intrinsic fac-
tors (yellow and/or blue) segregate to daughter cells during division and determine cell fate. During extrin-
sic asymmetric cell division, daughter cells have equal developmental potential at first (green), but their 
fates (yellow and blue) diverge later on through interactions with each other or neighboring cells (arrows).
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of asymmetric divisions in plant development and a detailed description of cell 
polarity, cytokinesis and embryonic patterning, the reader is referred elsewhere 
(Heidstra, 2007; Fischer et al., 2004; Boutte et al., 2007; Jurgens, 2005; Lloyd and 
Chan, 2006; Jenik et al., 2007).

WOX genes as putative intrinsic factors

The first asymmetric division in diploid plant life is the zygotic division that gener-
ates a smaller apical and a larger basal cell, each with different fates. Asymmetry 
is already evident prior to fertilization, because the nucleus and the vacuole in 
the egg cell show polar localization (Mansfield and Briarty, 1991). A well-studied 
later asymmetric division occurs in globular stage embryos, when the hypophysis 
generates an apical lens-shaped cell that is the progenitor of the root-organizing 
quiescent center (QC) cells. WOX proteins, members of the homeodomain transcrip-
tion factor family, of which WUSCHEL (WUS) is the founding member, are candidate 
intrinsic factors in embryonic asymmetric division with expression dynamics mark-
ing changes in cell fate (Figure 2).

WOX2 and WOX8 mRNAs are initially expressed in both the egg cell and zygote, 
and segregate together with apical and basal cell fates, respectively (Haecker et al., 
2004). The reported dynamic expression pattern of WOX9, with mRNA accumulating 
in the basal cell together with WOX8 after zygotic division (Haecker et al., 2004), was 
not observed by Wu et al. (2007), but the authors did identify redundancy in WOX 
gene function. Whereas wox2 mutant embryos exhibit a transient apical embryonic 
phenotype wox8 wox2 double mutants display enhanced apical defects resulting 
in abnormal cotyledon separation. In addition, removal of wox8 enhances wox9, 
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Figure 2. Embryonic asymmetric cell divisions. The zygote is polar (arrow) and expresses WOX2 and 
WOX8 (brown) that putatively segregate during zygotic division to the apical (blue) and basal cell (orange), 
respectively. Auxin and/or auxin-induced signals (green arrows) act as extrinsic factors to specify the hy-
pophysis resulting in WOX5 expression (red). During hypophysis division, putatively involving a polarity 
cue (arrow), intrinsic WOX5 may segregate to the lens-shaped cell, the precursor of the QC. The thick black 
lines indicate radial asymmetric divisions giving rise to the three main tissues: vascular (v), ground tissue 
(g) and epidermis (e).
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resulting in embryos showing defects as early as the first cell division (Wu et al., 
2007). Interestingly, the MAPKK kinase YODA (YDA) influences zygotic division and 
subsequent basal cell fates, indicating a role for extrinsic receptor-mediated signal-
ing in this process (Lukowitz et al., 2004).

Around the 32-cell stage, auxin and/or auxin-induced signals act as extrinsic fac-
tors to specify the uppermost suspensor cell as the hypophysis (Friml et al., 2004; 
Weijers et al., 2006; Friml et al., 2003). With hypophysis specification, expression 
of another putative intrinsic determinant, the WOX family member WOX5, initi-
ates and segregates to the lens-shaped QC progenitor cell to be maintained in its 
descendants (Haecker et al., 2004; Sarkar et al., 2007). Similar expression dynam-
ics is observed for SCARECROW (SCR) (Wysocka-Diller et al., 2000), but in this case 
segregation appears to be regulated via a different mechanism, as discussed later. 
In line with a role for these transcription factors as intrinsic fate determinants, in 
wox5 and scr mutants the QC is not properly specified (Sarkar et al., 2007; Sabatini 
et al., 2003). It is not known whether auxin acts to polarize the hypophysis before its 
asymmetric division.

Thus, zygote and hypophysis asymmetric divisions both segregate WOX proteins 
as candidate intrinsic determinants. Whereas zygotic division seems to require a 
maternal input that polarizes the egg cell prior to fertilization and external factors 
to stabilize post-division fates, hypophysis division possibly requires extrinsic fac-
tors for both processes.

Novel mechanism regulating asymmetric ground tissue division

Embryonic radial asymmetric divisions give rise to the three main tissues, epidermis, 
ground tissue and vascular tissue (Mansfield and Briarty, 1991). The Arabidopsis root 
endodermis and cortex originate from periclinal asymmetric divisions of ground 
tissue stem cell daughters involving GRAS family transcription factors SHORT-ROOT 
(SHR) and SCR (Figure 3) (Benfey et al., 1993; Scheres et al., 1995; Di Laurenzio et al., 
1996; Helariutta et al., 2000).

SHR is transcribed in the stele, but the SHR protein moves outward to the adjacent 
QC, ground tissue stem cell and endodermis. There it acts as an endodermal fate 
determinant, and activates SCR that cell-autonomously induces the asymmetric 
periclinal ground tissue division (Di Laurenzio et al., 1996; Helariutta et al., 2000; 
Nakajima et al., 2001; Gallagher et al., 2004; Heidstra et al., 2004). Only the ground 
tissue stem cell daughter undergoes radial asymmetric division, likely due to QC sig-
naling that prevents this division in the stem cell (Sabatini et al., 2003; Di Laurenzio 
et al., 1996; Heidstra et al., 2004; van den Berg et al., 1997). Following asymmetric 
division, SHR protein transiently persists in both sister cells before accumulating in 
the inner endodermal progenitor cells. This indicates that SHR is not an intrinsically 
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segregated fate determinant and that an active mechanism limits SHR movement 
to essentially one cell layer (Benfey et al., 1993; Nakajima et al., 2001).

Movement of SHR beyond a single layer in the absence of SCR implicates a role 
for SCR in this mechanism (Heidstra et al., 2004; Sena et al., 2004). Not surprisingly, 
SCR is one of six direct SHR targets confirmed by chromatin immunoprecipitation 
experiments (Cui et al., 2007; Levesque et al., 2006). Some direct SHR targets also 
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Figure 3. Model of ground tissue patterning. SHR is transcribed in the vascular bundle (V; gray) and the 
SHR protein moves outward to the adjacent ground tissue stem cell (green), its daughter and the endoder-
mis (E; yellow). JKD and SCR expression is set up independent of SHR in the immature ground tissue and 
endodermis, respectively. There they bind and trap SHR to the nucleus, initiating the feed-forward loop to 
restrict its movement beyond a single layer. In the stem cell and its daughter, SHR activates expression of 
SCR and MGP, resulting in asymmetric division and determination of endodermis and cortex (C; blue) fate. 
MGP binding to the SHR/SCR complex promotes and JKD binding inhibits asymmetric cell divisions. QC 
signaling prevents asymmetric division in the ground tissue stem cell (red T-line).
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appear to be direct SCR targets. For example, SCR binds its own promoter, demon-
strating that SCR is controlled by a SHR/SCR-dependent feed-forward loop (Cui et 
al., 2007). Importantly, in the absence of SCR, SHR binding to other target promoters 
tested is abolished. The suggested physical interaction between SHR and SCR was 
confirmed by reciprocal pull-down experiments and yeast two-hybrid analyses 
(Cui et al., 2007). Binding of SHR to SCR, combined with positive feedback on SCR 
transcription, clarifies previous observations of rapid fate separation and SCR au-
toactivation upon clonal activation and deletion of SCR, respectively (Heidstra et 
al., 2004). More importantly, it provides an active mechanism to limit SHR to the 
endodermis and explains additional endodermis layers in SCR knockdown plants 
in which residual SCR cannot sequester all incoming SHR protein to endodermal 
nuclei (Cui et al., 2007). Nevertheless, endodermis characteristics present in scr but 
lacking in shr mutant ground tissue demonstrate that endodermis specification is 
controlled through SHR targets independent of the SHR–SCR transcription factor 
complex.

The SHR targets MAGPIE (MGP), NUTCRACKER (NUC) (Levesque et al., 2006) and 
another C2H2 zinc finger transcription factor family member, JACKDAW (JKD), were 
independently isolated in a screen for ground tissue expressed genes (Welch et 
al., 2007). Unlike MGP and NUC, initiation of JKD expression in the embryo is inde-
pendent of SHR and SCR activity. jdk mutants display ectopic asymmetric divisions 
in the cortex, generating an additional layer. Prior to these ectopic divisions, SCR 
expression is lowered in endodermal cells, which, according to the model above, 
allows SHR to expand to the cortex. Indeed, upon ectopic cortex division, inner jkd 
cells start to express SCR and nuclear-localized SHR and transit to endodermal fate. 
mgp and nuc single and double mutants exhibit a wild type phenotype, but mgp 
RNAi suppresses the jkd ground tissue phenotype, suggesting that MGP promotes 
and JKD inhibits asymmetric cell divisions. Studies in plants and yeast indicate that 
JKD and MGP form complexes with SHR and SCR in the nucleus (Welch et al., 2007).

Taken together, these studies suggest that asymmetric division and fate speci-
fication in the ground tissue are controlled by nuclear factors and their reciprocal 
interactions.

Conserved mechanisms in asymmetric stem cell division

Stem cells typically depend on extrinsic signals for their maintenance that are pro-
vided by organizer cells in a so-called niche (Spradling et al., 2001). In turn, intrinsic 
stem cell factors are involved in the decision to preserve the stem cell state (Xie et 
al., 2005).

During embryogenesis, WUS transcription is initiated by unknown cues in the 
progenitors of the shoot-organizing center (OC) and specifies it. Maintenance of 
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intrinsically acting WUS transcripts within the OC itself involves asymmetric divi-
sions eliminating WUS expression in the daughters of divided basal OC cells, the 
mechanism of which is unknown (Mayer et al., 1998; Laux et al., 1996). WUS in the 
OC induces extrinsic signaling to maintain the overlying stem cells, which in turn 
emit the signal peptide CLV3 that acts through the CLV1 receptor kinase to restrict 
the size of the WUS expression domain, thereby preventing the accumulation of 
excess stem cells (reviewed in Sablowski, 2007).

In the root, the auxin–PLETHORA (PLT) pathway provides positional information 
to set up the stem cell niche. In parallel, the SHR–SCR pathway specifies the orga-
nizer, or QC (reviewed in Scheres, 2007). JKD, also implicated in radial patterning, 
is required to maintain QC expression of SCR from early embryogenesis onwards 
(Welch et al., 2007). Laser ablation studies have identified the QC as the source of 
short-range signals that inhibit differentiation of the contacting stem cells (van den 
Berg et al., 1997). Ethylene regulates organizer cell numbers through symmetric 
divisions showing that mitotic quiescence is not a prerequisite for QC function 
(Ortega-Martinez et al., 2007). In addition, occasional asymmetric self-renewing QC 
divisions generate daughters that replace stem cells displaced from their position 
(Kidner et al., 2000).

Downstream of the SHR/SCR pathway the putative intrinsic organizer factor 
WOX5, which is specifically expressed in the QC, is required to maintain columella 
stem cells (Sarkar et al., 2007). Mutant combinations with shr, scr and plt1 plt2 show 
that WOX5 is also, albeit redundantly, required to maintain proximal stem cells. 
Importantly, WUS and WOX5 are interchangeable between the shoot and root for 
stem cell maintenance and do not change the fate of differentiating daughters, 
suggesting an evolutionarily conserved mechanism for stem cell maintenance. 
Furthermore, ectopic WOX5 expression similar to shoot ectopic expression of WUS 
results in the accumulation of dividing cells, which in the case of ectopic WOX5 were 
shown to maintain a stem cell-like state independent of the QC (Sarkar et al., 2007; 
Schoof et al., 2000). If the WUS-WOX5 analogy is further extended with regard to 
protein movement (Sarkar et al., 2007), which has not been tested for WOX5, then 
WOX5, like WUS, would induce extrinsic signaling from the organizer to maintain 
surrounding stem cells.

Stem cells appear very sensitive to RETINOBLASTOMA-RELATED (RBR) levels and 
clonal analysis suggested that non-autonomous RBR activity from the QC influ-
ences stem cell maintenance (Wildwater et al., 2005). This suggests that extrinsic 
QC signaling is controlled by the RBR gene, which also acts downstream of SCR. The 
relation between WOX5 and RBR-dependent extrinsic QC signaling remains to be 
established. Recently, the PLT expression gradient was found to determine cellular 
activity and function in the root, with high expression levels promoting stem cell 
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fate in an RBR-dependent manner (Galinha et al., 2007). These results indicate that 
more intrinsic factors may be involved in specifying stem cells and their organizers.

Taken together, these findings indicate that intrinsic shoot and root organizer 
factors are, at least in part, homologous and may both induce unknown extrinsic 
signals to maintain stem cells. Such extrinsic factors, e.g. those inducing CLV3 ex-
pression in shoot stem cells, remain to be discovered.

Stomata formation by de novo asymmetric divisions

Stomatal development initiates with the specification of meristemoid mother cells 
(MMCs) within a field of initially equivalent cells through as yet unidentified cues. 
MMCs undergo asymmetric division to generate a smaller triangular meristemoid. 
The larger sister cell may enlarge and become a pavement cell or adopt MMC fate. 
Meristemoids undergo up to three asymmetric divisions before differentiating 
into small, round guard mother cells (GMCs) that divide symmetrically once more 
to generate a pair of guard cells around a pore. During specification of stomatal 
lineages, cells follow a one-cell spacing rule by specifically oriented asymmetric di-
visions, implying regulation by position-dependent extrinsic signaling cues (Figure 
4) (reviewed in Bergmann and Sack, 2007).

Three closely related bHLH proteins, SPEECHLESS (SPCH), MUTE and FAMA, have 
been identified as intrinsic factors required for cell fate transitions in the stomatal 
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Figure 4. Asymmetric cell divisions in stomatal development. SPCH is expressed in MMCs (brown) and 
initiates the asymmetric division generating a meristemoid (M, orange), upon which SPCH protein is down-
regulated. MUTE as an intrinsic meristemoid factor may be segregated following meristemoid polarization 
(arrow) and limits asymmetric divisions and induces GMC fate (pink) in a concentration-dependent manner. 
FAMA and FLP (together with MYB88) are independently required to limit mitotic GMC divisions, and FAMA 
promotes differentiation into guard cells (purple). AGL16 and miR824, expressed in mature guard cells (dark 
purple) and nearby satellite meristemoids (orange), respectively, control the formation of higher-order sto-
matal complexes. Meristemoids, GMCs and young guard cells produce signals (green arrows: EPF1, and 
X via SDD1). Signaling is relayed (blue arrows) through the TMM/ERf–YDA–MKK4/5–MPK3/6 cascade and 
directs the orientation and frequency of division to receptive stomatal lineage cells.
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lineage (MacAlister et al., 2007; Pillitteri et al., 2007; Ohashi-Ito and Bergmann, 
2006). SPCH is expressed in a subset of protodermal cells and is necessary and suf-
ficient for asymmetric MMC division (MacAlister et al., 2007; Pillitteri et al., 2007). 
MUTE is mainly expressed in meristemoids and protein levels appear to increase 
with consecutive rounds of asymmetric meristemoid division. Mutations in MUTE 
result in meristemoids that undergo additional rounds of inward-spiraling asym-
metric divisions, terminating with an arrested meristemoid at the center that fails 
to differentiate into a GMC (MacAlister et al., 2007; Pillitteri et al., 2007). These 
observations indicate that MUTE is a candidate asymmetrically segregated intrinsic 
meristemoid factor that limits asymmetric divisions and induces GMC fate in a 
concentration-dependent manner, although unequal distribution of MUTE has not 
been observed at the resolution used to examine GFP-fusion protein expression. 
Expression of FAMA and the R2R3-type MYB transcription factor FOUR LIPS (FLP) with 
its partly redundant homolog MYB88 is independently required to limit mitotic GMC 
divisions. fama resembles flp myb88 double mutants in producing caterpillar-like 
cells, but only in the latter can cells terminate as guard cells, indicating that FAMA 
promotes differentiation into guard cells (Ohashi-Ito and Bergmann, 2006; Lai et al., 
2005; Yang and Sack, 1995).

A candidate extrinsic ‘spacing’ signal is encoded by the EPIDERMAL PATTERNING 
FACTOR1 (EPF1) gene that was identified from a screen in which putative secreted 
peptides were overexpressed (Hara et al., 2007). epf1 mutants display increased 
numbers of stomata with meristemoids adjacent to guard cells or precursors. EPF1 
is expressed in meristemoids, GMCs and young guard cells, and thus appears to act 
downstream of SPCH, consistent with the apparent absence of signaling between 
MMCs (Geisler et al., 2000). The putative interacting TOO MANY MOUTHS (TMM) and 
ERECTA family (ERf: ER, ERL1, ERL2) receptors are implicated in the regulation of 
asymmetric entry and spacing division (Shpak et al., 2005). EPF1 may serve as their 
ligand, on the basis of observation that epf1 tmm double mutants resemble tmm 
(Hara et al., 2007). Genetic interactions did not confirm whether TMM/ERf signaling 
cues initiate and/or depend on MMC fate and SPCH expression for asymmetric entry 
division. YDA acts downstream of the TMM/ERf receptors (Bergmann et al., 2004) 
and recently this pathway was extended with the identification of the downstream-
acting MAPK kinases 4 and 5 (MKK4/5) and MAP kinases 3 and 6 (MPK3/6), which are 
also involved in relaying environmental inputs (Wang et al., 2007; Bush and Krysan, 
2007).

Three levels of signaling limit stomata numbers by influencing asymmetric divi-
sions. First, environmental signals are known to influence stomatal density and 
may act through the TMM/ERf–YDA–MKK4/5–MPK3/6 pathway (Pedley and Martin, 
2005). Second, a signal also acting through the TMM/ERf receptors was proposed 
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that involves processing mediated by STOMATAL DENSITY AND DISTRIBUTION1 
(SDD1, a putative subtilisin-like extra cytoplasmic serine protease) (Nadeau and 
Sack, 2003; von Groll et al., 2002). Although SDD1 and EPF1 expression overlaps in 
meristemoids and GMCs, the EPF1 overexpression phenotype does not depend on 
SDD1, indicating that EPF1 is not the substrate (Hara et al., 2007). Third, the MIKC-
type MADS box gene AGAMOUS-LIKE16 (AGL16) and its regulating microRNA miR824 
control the formation of higher-order stomatal complexes derived from satellite 
meristemoids (Kutter et al., 2007). More higher-order stomatal complexes form in 
plants expressing miR824-resistant AGL16 mRNA and fewer in agl16-1 mutant or 
miR824 overexpressing plants, suggesting that AGL16 promotes the expression of 
genes necessary for continued asymmetric divisions and/or satellite meristemoid 
identity. Surprisingly, AGL16 mRNA is present in guard cells, whereas miR824 is 
detected in the satellite meristemoids positioned close by, which led the authors to 
hypothesize that AGL16 mRNA moves to neighboring meristemoids. The relation of 
this pathway to the TMM/ERf receptor signaling cascade is not yet known.

In summary, intrinsic factors, of which MUTE may be a candidate segregated 
determinant, specify cell fate, and the numbers and planes of asymmetric divisions 
are under the control of extrinsic signals that represent developmental and envi-
ronmental cues.

Concluding remarks and future prospects

Recent studies have implicated several intrinsic and extrinsic factors in plant asym-
metric cell division. The WOX and bHLH genes encode putative intrinsic factors 
involved in asymmetric embryonic and stomatal lineage divisions, respectively. Fu-
ture studies should disclose whether subcellular localization of RNAs and/or protein 
occurs for these intrinsic factors to polarize cells and whether unequal inheritance 
of these factors directs daughter cell fate analogous to animal asymmetric cell divi-
sions. Kinematic analyses that greatly helped to visualize division dynamics in both 
shoot and root meristems may be a valuable tool for studying asymmetric division 
dynamics (Wildwater et al., 2005; Campilho et al., 2006; Reddy and Meyerowitz, 
2005).

In the ground tissue, the moving SHR transcription factor determines endodermis 
fate, whereas other nuclear factors restrict its movement and stabilize boundary 
formation, representing a novel mechanism to regulate asymmetric division.

Plant stem cell biology still suffers from a lack of knowledge on intrinsic stem 
cell factors and extrinsic signaling. Target analysis of shoot WUS and root PLT and 
SHR/SCR/RBR/WOX5 pathways can help to identify relevant genes. In contrast, an 
elaborate extrinsic signaling cascade has been identified that directs the number 
and orientation of asymmetric division planes during stomatal development. De-
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termining how this signaling cascade translates into control of cell division plane 
represents a major challenge for the future.
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Summary

Cell divisions generating daughter cells different in size, shape, identity and function 
are indispensable for many developmental processes including fate specification, 
tissue patterning and self-renewal. In animals and yeast, perturbations in factors 
required for well-described asymmetric cell divisions generally yield cells of equal 
fate. We here report on SCHIZORIZA (SCZ), a single nuclear factor with homology to 
heat shock transcription factors that controls the separation of cell fate in a set of 
stem cells generating different root tissues: root cap, epidermis, cortex and endo-
dermis. Loss-of-function, expression and reconstitution experiments indicate that 
SCZ acts mainly from within its cortical expression domain in the stem cell niche, 
exerting both autonomous and non-autonomous effects to specify cortex identity 
and control the separation of cell fates in surrounding layers. Thus, SCZ defines a 
novel pathway for asymmetric cell division in plants.
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Results and Discussion

Asymmetric cell division is a fundamental and universal mechanism for generat-
ing diversity and pattern in multicellular organisms (ten Hove and Heidstra, 2008; 
Knoblich, 2008). The radial organization of the Arabidopsis root is derived from 
stereotyped asymmetric cell divisions of different stem cells, the initials. These cells 
and their daughters produce defined tissue layers with distinct cell fates (Figure 1a)
(Benfey and Scheres, 2000). The stem cells surround a small group of rarely divid-
ing cells, the quiescent center (QC), required for their maintenance. The QC itself is 
formed early during embryogenesis when an asymmetric division of the hypophy-
seal cell forms the lens-shaped QC progenitor cell and future columella root cap 
(Jürgens and Mayer, 1994). QC fate is specified in parallel by the PLETHORA (PLT) 
and SHORT-ROOT (SHR), SCARECROW (SCR) transcription factors (Aida et al., 2004; 
Galinha et al., 2007; Sabatini et al., 2003). SHR and SCR are also required for ground 
tissue patterning: shr and scr mutants lack the asymmetric periclinal division in 
the ground tissue stem cell daughter resulting in a single ground tissue layer. For 
shr this layer lacks endodermal identity, but in scr this layer displays mixed cortex/
endodermis identity (Di Laurenzio et al., 1996; Helariutta et al., 2000; Nakajima et 
al., 2001). Several other reports have appeared that suggest plant cells may possess 
mixed fates (Schnittger et al., 1998; Szymanski and Marks, 1998; Nodine et al., 2007). 
To our knowledge, the only known example of mixed fate phenotypes in animal de-
velopment comes from extensive genetic screening approaches in C. elegans, which 
have uncovered mutants in which a single neuronal fate decision is inappropriately 
executed resulting in a mixed fate phenotype (Sarin et al., 2007). Here we describe 
the SCZ nuclear factor that is required for plant cell fate separation in several tissues, 
acting both cell-autonomously and non-cell-autonomously. Our data highlight a 
novel mechanism of cell fate separation in plants that is particularly relevant for 
asymmetric cell divisions within stem cell areas.

SCZ encodes a member of the heat shock transcription factor family

To find novel genes involved in QC specification and stem cell maintenance we 
performed a QC-marker based mutagenesis screen. A line doubly homozygous for 
QC25 and QC46 promoters (Sabatini et al., 2003) fused to ERCFP and ERYFP, respec-
tively (Figures 1b,c), was mutagenized and the M2 progeny was analyzed for altered 
expression. Five phenotypically indistinguishable mutant lines combined reduced 
QC25::ERCFP and QC46::ERYFP activity with retarded root growth and disorganization 
of the stem cell niche (Figures 1d,e and see below). Complementation tests showed 
that all five lines carried allelic mutations. Given the equal allele strength we contin-
ued to use one allele, qc351, for further analysis.
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Compared to wild type qc351 roots developed more hairs, lacked the stereotypi-
cal pattern of alternating hair and nonhair files and initiated root hairs from subepi-
dermal tissue reminiscent of the schizoriza (scz) mutant phenotype (Figures S1a,b) 
(Mylona et al., 2002). Complementation analysis revealed that qc351 was allelic to 
scz. Accordingly, we renamed our mutant alleles scz-2 to scz-6.

We molecularly characterized the scz mutation using a map-based approach. Fine 
mapping located SCZ to a single locus in an area of 70 kb on chromosome 1 (Figure 
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Figure 1. Identification and cloning of SCZ. (a) Schematic view of the Arabidopsis root meristem. (En) 
endodermis; (Co) cortex; (Ep) epidermis; (LRC) lateral root cap; (Col) columella; (QC) quiescent center. (b-
d) 4-Day-old wild type root expressing both QC46::ERYFP (b; arrowhead marks QC) and QC25::ERCFP (c) and 
4-day-old qc351/scz-2 root showing QC46::ERYFP expression (d; false green). (e) 8-Day-old wild type and scz-
2 – scz-6 seedlings. (f ) Root length (in mm) of wild type and scz-2 seedlings at indicated days post germina-
tion (dpg). For each data point n ≥ 57; error bars, standard error of the mean. (g) Schematic representation 
of the identification of the SCZ gene by positional cloning. SCZ/HsfB4 location relative to a contig of five BAC 
clones; the proportion of recombinant seedlings is shown in parenthesis. Boxes indicate coding sequence. 
Conserved functional domains according to (Nover et al., 2001) are indicated; the conserved DNA binding 
domain (grey); HR-A/B oligomerization region (green); nuclear localization signal (NLS; orange); nuclear 
export signal (NES; blue). R (R/KLFGV) motif (purple) (Ikeda and Ohme-Takagi, 2009). The positions of the 
nucleotide sequence changes are shown for each mutant allele; scz-7 and scz-8 are TILLING alleles (Till et 
al., 2003). See also Figure S1.
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1g). One of the candidate genes we sequenced was the heat shock transcription 
factor B4 (HsfB4) locus (At1g46264) based on its stem cell enriched in silico root ex-
pression pattern (www.arexdb.org) (Birnbaum et al., 2003; Nawy et al., 2005; Brady 
et al., 2007). Comparison with the corresponding wild type sequence revealed 
different mutations in the HsfB4 gene for all scz alleles, including two additional 
TILLING alleles (Figure 1g, Table S1). The identical phenotype indicates that they are 
likely HsfB4 mutant null alleles. For Arabidopsis the 21 Hsfs are classified into three 
major groups, A (16 members), B (4 members including SCZ) and C (1 member), 
according to the different flexible linkers in their HR-A/B oligomerization regions 
(Figure 1g, green). Despite considerable diversification in size and sequence, the 
basic structure of Hsfs is conserved among eukaryotes (Nover et al., 2001).

SCZ mRNA is first detected at triangular stage embryos in the QC progenitor 
cells. From heart stage onwards SCZ mRNA accumulation expands into ground and 
vascular tissue progenitors and their immediate daughters (Figures 2a,b,c). This 
expression pattern is maintained in the postembryonic root with highest SCZ mRNA 
accumulation in QC and ground tissue stem cells and their immediate daughters 
(Figure 2d). In the scz-2 mutant, hybridization signal is absent from the subepider-
mal layer (Figures S2a,b). SCZ promoter-reporter fusions essentially corroborate the 
in situ hybridization expression pattern (Figures S2c,d,e). Consistent with its func-
tion as a putative transcription factor the complementing 35S::GFP:SCZ translational 
fusion localizes to the cell nucleus (see below).

Disturbed asymmetric cell division from embryogenesis onward in scz

The reduction in root growth together with altered expression of QC markers 
QC25::ERCFP and QC46::ERYFP in mutants (Figures 1d,e) might indicate a role for SCZ 
in QC/stem cell specification and/or function. However, scz-2 roots continue to grow 
in an indeterminate manner with root length lagging by about half behind wild 
type (Figure 1f ). Similarly, root meristem size is reduced but maintained in scz-2 
(Figure S1c). These observations show that SCZ is not critically required for stem cell 
maintenance.

Cells at the position of the QC and columella stem cells in scz-2 mutant roots 
are morphologically abnormal and accumulate starch granules, which marks dif-
ferentiated columella in wild type (Figures 2f,g). QC25, QC46, QC184 markers are 
displaced from the QC and express diffuse activity in the starch granule containing 
cells. WOX5 also marks the QC and the gene product is required to maintain the 
underlying columella stem cells. WOX5::ERGFP expression faded from the position of 
the QC but did not appear in the columella (Figures 2f-i, Figures S2f-i). Apparently, 
QC and columella fates are present but not separated in scz-2 roots and the separa-
tion defect does not affect stem cell niche activity. Interestingly, this observation 
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of mixed fates was reminiscent of the formation of root hairs from subepidermal 
tissues reported when scz mutants were first described (Mylona et al., 2002).

To gain more insight in the possible role for SCZ as a fate determination and/or 
separation factor we traced back the scz-2 defects to their embryonic origin. The 
initial defect in scz-2 occurs in heart stage embryos where ground tissue initial cells 
perform an aberrant periclinal division (Figure 2j) resulting in the ectopic ground 
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Figure 2. SCZ expression and (post-)embryonic mutant stem cell defects. (a-d) In situ hybridization with 
SCZ antisense probe in wild type at triangular (a); heart (b; black arrowhead marks ground tissue accumula-
tion); and torpedo stage embryo (c); and two-day-old seedling (d). (e,j) Heart stage wild type (e) and scz-2 
(j) embryos. Inset shows blowup of normal anticlinally divided ground tissue initial (e; green arrowhead), 
aberrant periclinally divided ground tissue initial (j; red arrowhead). (f,g) QC184 expression (blue) in 6-day-
old wild type (f ) shifts in the columella in scz-2 (g) roots. Red arrow marks columella stem cells devoid of 
purple starch granules, black arrow; accumulation of starch granules in mutant QC region. (h,i) WOX5::ERGFP 
expression in 4-day-old wild type (h) and scz-2 (i) roots. (k,l) Aniline blue stained wild type (k) and scz-2 (l) 
mature embryos. End of lateral root cap layer (white arrow); root/hypocotyl boundary (dashed line); ground 
tissue layers in hypocotyl (#); ectopic periclinal ground tissue divisions leading to supernumerary mutant 
layers in scz-2 (*). See also Figure S2. White arrowhead marks QC.



SCHIZORIZA regulates cell fate differentiation 35

tissue layer observed at torpedo stage (Mylona et al., 2002) (data not shown). The in-
ner ground tissue daughter cells continue to perform additional periclinal divisions 
generating more ectopic layers (Figure 2l, asterisk). The organization of QC, colu-
mella, pericycle and vasculature appears normal throughout embryogenesis. In wild 
type mature embryos, an additional cortical layer proximal to the end of the lateral 
root cap marks the hypocotyl (Figure 2k) (Dolan et al., 1993). Similarly, in scz-2 the 
hypocotyl possesses three ground tissue layers (Figure 2l). However, the lateral root 
cap layer contains fewer cells and epidermal cells below the root-hypocotyl junction 
appear long and flat, morphologically reminiscent of lateral root cap cells suggestive 
of mixed fates (Figure 2l, proximal to arrow). These observations are consistent with 
a role for SCZ in cell fate separation from heart stage embryogenesis onward.

Non-cell autonomous regulation of epidermis/lateral root cap fate separation

To probe the identity of the scz-2 epidermis we analyzed the promoter activity 
of the WEREWOLF gene (WER) (Lee and Schiefelbein, 1999) and accumulation of 
SOMBRERO (SMB):GFP protein (Willemsen et al., 2008) in embryos and roots. WER 
has a role in epidermal cell fate specification and WER>>ERCFP is expressed in lateral 
root cap and epidermis including the stem cell in wild type (Figures 3a,b,e,f ). SMB 
represses stem cell-like divisions in the root cap and accordingly SMB::SMB:GFP is 
expressed in nuclei of root cap stem cell daughters and maturing root cap layers 
(Figures 3a,b,e,f ). In scz-2 embryos SMB:GFP is also expressed in epidermal cells 
and both markers even extend to the subepidermal cells (Figures 3c,d). In the distal 
root meristem the epidermal expression overlap is maintained but subepidermal 
expression is observed only in the distal most cells including the stem cells (Figures 
3g,h, arrows). Next we combined GLABRA2 promoter expression marking develop-
ing nonhair cells (GL2::GUS) (Masucci et al., 1996) with transverse root sections to 
examine cell number and shape typical for their differentiation status (Figures 3i-l). 
Cross sections of scz-2 root meristems reveal that vascular tissues are normal but a 
double layer of endodermis-like cells is present (Figure 3k). Epidermal cell number 
is reduced from the normal ~22 rectangular shaped cells to ~12 ellipsoidal cells 
resembling the underlying cortex-like cells (Figures 3i,k). An additional layer with 
lateral root cap morphology surrounds the epidermis. GL2::GUS is weakly expressed 
in almost all epidermal and in few subepidermal cells (Figure 3k). Strikingly, whereas 
epidermal cell files are tightly connected in the wild type, they separate as tissues 
mature in scz-2, a feature that is restricted to root cap cells in the wild type (Figure 
3l). Our data indicate that scz-2 root epidermal and subepidermal tissues are com-
promised in fate segregation. Importantly, the nearest tissue expressing SCZ is the 
cortex suggesting that SCZ acts non-cell autonomously in epidermis/lateral root cap 
fate separation.
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SCZ is required for cortex fate specification

Initial characterization of scz revealed ectopic expression of epidermal markers into 
the ground tissue and misexpression of a ground tissue marker (Mylona et al., 2002). 
To further investigate the fate of the mutant ground tissue layers we analyzed expres-
sion of endodermal markers. SHR::SHR:GFP is expressed in stele cells and the protein 
moves to accumulate in the nuclei of QC, ground tissue stem cells and endodermis 
where it activates its target SCR (Figure 3q) (Nakajima et al., 2001). Upon periclinal 
asymmetric division of the ground tissue stem cell daughter SCR promoter activity 
is rapidly shut down in the outer cortex cell (Figure 3s, arrow) (Wysocka-Diller et 
al., 2000). In line with the QC defects by which we selected scz mutants, SHR:GFP 
and SCR::H2BYFP expression is absent from the QC region (Figures 3r,t, arrowhead). 
In the scz-2 ground tissue SHR:GFP is only observed in the innermost layer adjacent 
to the stele (Figure 3r) whereas SCR::H2BYFP expression extends into the next layer 
(Figure 3t). Taking these data together with the cell morphology characteristics 
we conclude that these layers represent endodermis. In addition, SCR::H2BYFP, like 
WER>>ERCFP and SMB:GFP, even extends into the distal subepidermal tissue (Figure 
3t, arrows). Apparently, SCR::H2BYFP fails to segregate to the endodermis in a timely 
manner and is maintained independently of SHR presence. This suggests that SCR 
promoter downregulation in wild type is aided by cortically expressed SCZ. Similarly 
the ectopic endodermis division can be explained by coexpression of SHR and SCR 
resulting in division of the ground tissue, as in wild type, but in the absence of SCZ 
the outer cell file fails to adopt cortex fate.

To further substantiate a causal link between SCZ expression and cortex fate 
determination we analyzed Co2::H2BYFP and Co3::H2BYFP that are highly expressed 
in the cortex but excluded from the QC and undivided ground tissue stem cells 
from embryogenesis onward (Figures 3u, Figure S3a). Occasional weak expression 
in endodermal cells is observed in the wild type. Importantly, in scz-2 seedling roots, 
both markers are rarely expressed and if so only the weak endodermal expression is 
observed (Figure 3v, Figure S3b). Already during embryogenesis Co2::H2BYFP expres-
sion is excluded from the root ground tissue but remains expressed in the hypocotyl 
ground tissue consistent with the root specific defects in scz-2 (Figure 3n). We con-
clude that SCZ is necessary for the specification of root cortex cell identity.

(m,n) Embryonic root Co2::H2BYFP expression in late torpedo stage wild type (m) is absent in scz-2 embryo (n, 
bracket). (o,p) WOX5::ERGFP expression in late torpedo stage wild type (o) and scz-2 (p) embryos. (q-v) 4-Day-
old wild type (q,s,u) and scz-2 (r,t,v) roots expressing SHR::SHR:GFP (q,r); SCR::H2BYFP (s,t) and Co3::H2BYFP (u,v). 
Fading SCR::H2BYFP expression in periclinally divided ground tissue stem cell daughter (s, arrow) is main-
tained in scz-2 subepidermal cell patch (t, arrows). Co3::H2BYFP expression is lost from the mutant subepider-
mal layer in scz-2 (v, asterisk). See also Figure S3.
(ep) Epidermis; (lrc) lateral root cap; (c) cortex; (e) endodermis; (*) mutant subepidermal layer; arrowhead, 
QC; square bracket indicates ectopic endodermal layers.
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To test if SCZ is sufficient to determine cortex fate we ectopically expressed SCZ 
from the 35S promoter. Distal to the QC in 35S::SCZ roots the presence of an ad-
ditional columella stem cell layer is apparent by the absence of starch granules and 
lack of SMB::SMB:GFP expression that marks differentiated columella (Figures 4e,f ). 
Examination of radial tissue markers reveals the formation of an ectopic epidermal 
layer that shows activity of the WER>>ERCFP and GL2>>ERGFP epidermal markers 
(Figures 4g,h, Figures S4a,b). Cross sections reveal occasional misexpression of 
GL2>>ERGFP (Figure S4c). In addition, the lateral root cap layer does not slough off in 
the proximal meristem (Figures S4e,f ). We concluded that the overexpression of SCZ 
introduces new cell fate separation defects.

Analysis of SCZ protein expression in 35S::GFP:SCZ overexpression lines revealed 
relatively high levels in the columella, lateral root cap and distal epidermal tissues 
correlating to regions of ectopic cell division (Figure 4i). Interestingly, WER>>ERCFP 
expression is lost from the epidermis/lateral root cap stem cell region where it is 
normally observed (Figure 4g, compare to 3e,f ) suggesting inhibition of epidermal/
lateral root cap fate. WER>>ERCFP and GL2>>ERGFP are (re)expressed in outer layers 
proximally (Figure 4g, Figure S4b) suggesting transient inhibition of epidermal fate 
by high levels of SCZ or, alternatively, higher sensitivity of the stem cell region to the 
SCZ effect. Strikingly, ectopic expression of Co2::H2BYFP was observed in these high 
GFP:SCZ expressing root cap cells (Figure 4h) corroborating that SCZ expression is 
sufficient to induce cortex fate and inhibit epidermal and lateral root cap fates.

Cortex expressed SCZ rescues mutant defects

The lack of distal QC and columella fate separation prompted us to examine embry-
onic QC25, QC46, QC184, SCR::H2BYFP and WOX5::ERGFP marker expression. Surpris-
ingly, all markers were appropriately expressed in scz-2 throughout embryogenesis 
indicating that cell identities are correctly set up but cannot be maintained, which 
correlates with reduced stem cell activity and root growth (Figures 3o,p, Figures 
S3c,d, data not shown). We tested whether compromised stem cell activity might 
cause the failure to separate cell fates by crossing scz-2 to WOX5 overexpressing and 
smb-3 knockout mutants that display increased distal stem cell activity and numbers 
(Willemsen et al., 2008; Sarkar et al., 2007). Interestingly, scz-2 35S::WOX5 and scz-2 
smb-3 double mutant roots display wild type QC morphology and positioning as 
visualized by strong re-expression of QC46::ERYFP and SCR::H2BYFP in the QC (Figures 
4a,b, Figure S4d). Lack of starch staining in scz-2 smb-3 reveals presence of colu-
mella stem cells indicative of improved QC function (Figure 4d). However, the radial 
cell fate separation defects remain and root growth is not rescued in these double 
mutant combinations (Figures 4b,d, Figure S4g). Our data indicate that mixed cell 
fates are not dependent on QC function. The remaining growth defect is reminis-
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40 Chapter 2

cent of that observed when scr mutants are complemented by QC-expressed SCR, 
which restores a functional stem cell niche but not cell fate separation and growth 
(Sabatini et al., 2003).

To determine where SCZ acts to promote cell fate separation we reintroduced the 
gene in specific tissues and examined complementation of the scz-2 mutant defect. 
The GAL4VP16-UAS transactivation system (Haseloff, 1999) was adopted to drive 
expression of SCZ and the ERGFP reporter via (i) WOL (stele), WOX5 (QC) and GL2 
(epidermis) promoters in scz-2 and (ii) scz-2 N9135 (endodermis and QC) and N9094 
(cortex, endodermis and occasional QC) enhancer trap crosses. Strikingly, the scz-2 
mutant could be completely rescued in the N9094>>SCZ scz-2 line, with restoration 
of growth, QC function, ground tissue and epidermis (Figures 4j-l, Figures S4g,h). 
None of the other drivers was able to complement scz-2 (Figures S4i-l) indicating 
that SCZ activity is required in the cortex to exert its effect on the correct fate segre-
gation in surrounding tissues.

Our studies indicate that SCZ acts as a fate determination and separation fac-
tor (Figure 4m). SCZ action in the ground tissue initial determines its fate from 
embryogenesis onward and suppresses epidermis and lateral root cap fate in the 
ground tissue. Non-cell autonomous SCZ action maintains QC fate and suppresses 
columella fate in the QC and in addition segregates epidermis and lateral root cap 
fate, putatively through a ground tissue derived factor X. After the SHR/SCR induced 
periclinal division of the ground tissue stem cell daughter takes place, SHR promotes 
endodermal fate. SCZ action promotes cortex fate and suppresses endodermal fate 
possibly by downregulation of SHR/SCR expression in the mature ground tissue. 
Furthermore, SCZ continues its non-cell autonomous suppression of epidermis and 
lateral root cap fate in the mature ground tissue. The ability to express differenti-
ated characteristics of both epidermis, lateral root cap, QC and columella cell types 
implies that the differentiation pathways for these tissues are still intact and do not 
require a functional SCZ gene.

Although SCZ belongs to the Hsf family, diverse microarray analyses show that 
SCZ hardly responds during stress situations suggesting that it might be integrated 
into signaling pathways not directly related to the heat shock response (Miller and 
Mittler, 2006; Swindell et al., 2007; von Koskull-Doring et al., 2007). The shepherd 
mutant that harbors a mutation of the ER-specific HSP90 produces floral and shoot 
meristem phenotypes closely resembling those of the clavata (clv) mutants, show-
ing more diverse roles for Hsfs and Hsps than solely in stress signaling (Ishiguro et 
al., 2002). In addition to their role in adaptation to stress, yeast and animal Hsfs and 
Hsps have been demonstrated to be involved in differentiation and development 
(reviewed by Morange, 2006). Our discovery that the Arabidopsis SCZ gene is crucial 
for cell fate separation suggests a novel mechanism of asymmetric cell division con-
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trol by Hsfs, in which key determinants that are sequestered into both daughter cells 
are differentially degraded. Recent work on the membrane protein BASL in stomatal 
precursors cells also indicates that noncanonical mechanisms control plant asym-
metric cell division (Dong et al., 2009). Future work will have to establish whether 
and how such novel factors can be integrated with well-established mechanistic 
frameworks for asymmetric cell division in other kingdoms of life.

Supplemental Information

Supplemental Information includes four figures, two tables and Experimental Pro-
cedures.
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Figure S1. scz-2 epidermis and growth phenotype, related to Figure 1. (a,b) Scanning electron micro-
scope (SEM) image of the root hair forming zone of a 6-day-old wild type (a) and scz-2 root (b). Black arrows 
show root hairs emerging from the scz-2 subepidermal layer. Bar 100 μm. (c) Root meristem cell number 
of wild type and scz-2 seedlings at indicated days post germination. For each data point n ≥ 11; error bars, 
standard error of the mean.
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Figure S2. SCZ expression and QC/columella fate segregation defects, related to Figure 2. (a,b) In situ 
hybridization with SCZ probe in two-day-old scz-2 seedlings. (c,d,e) Expression from a 2.3 kb SCZ promoter 
fragment driving ERCFP and a 4.6 kb SCZ promoter fragment driving GUS (e). SCZ antisense probe shows a 
uniform low hybridization signal in the QC, endodermis and pro-vascular cells but is not expressed in the 
mutant subepidermal layer (a,b, arrowheads) and excluded from protoxylem cells in wild type and scz-2 
(b,c, arrow). (f,g) QC46 expression (blue) in 6-day-old wild type (f ) and scz-2 (g) roots. (h,i) QC25 expression 
(blue) in 6-day old wild type (h) and scz-2 (i) roots. White arrowhead marks the QC (QC region in scz-2); blue 
arrow, columella stem cells; purple, starch granules.
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Supplemental Experimental Procedures

Plant materials, growth conditions and mutagenesis

Origins of mutant and transgenic lines: QC25, QC46 and QC184 (Sabatini et al., 
2003); WOX5::ERGFP (Blilou et al., 2005); smb3, SMB::SMB:GFP, WER>>ERCFP (Willemsen 
et al., 2008); GL2::GUS (Masucci et al., 1996); Co2::H2BYFP, SCR::H2BYFP (Heidstra et al., 

Table S1. Molecular lesions in scz alleles

Alelle Mutation Predicted effect on protein

scz-2 -C aa 307: L to F, frameshift, stop at aa 339

scz-3 +A aa 306: K to K,  frameshift, stop at aa 315

scz-4 C to T aa 299: Q to stop at aa 299

scz-5 G to A splice acceptor site

scz-6 G to A aa 171: W to stop at aa 171

scz-7 C to T aa 132: Q to stop at aa 132

scz-8 C to T aa 192: Q to stop at aa 192

Table S2. Primers used for cloning and sequencing

Fragment Primer Forward primer (‘5 - ‘3)

SCZ promoter (4.6 kb) pSCZ2F
GGGGACAACTTTGTATAGAAAAGTTGCA
TTGCGCTAATGAACGTTTTG

SCZ promoter (2.3 kb) pSCZ3F
GGGGACAACTTTGTATAGAAAAGTTGCA
AGGAAAGCAGAGCCTCATGT

pSCZ2R2
GGGGACTGCTTTTTTGTACAAACTTGA
TAGAGAGTTCGAGAAAGAGAGAGAC

SCZ gene (1,3 kb)/
cDNA  (1.1 kb) SCZFattB1

GGGGACAAGTTTGTACAAAAAAGCAGGCT
TGATGGCGATGATGGTCGAG

SCZRattB2
GGGGACCACTTTGTACAAGAAAGCTGGGTAT
TAACGTGTAGAAGCAGTCATGAG

Q46 p46F2 AATCAAAGACCAGAGAAAATGAATGTGAGTG

Q25 p25F CATTTTTGTAGTTTGTTTTGACCTCTCTTG

pGKB5R AAGGGACTGACCACCCCAAGTGC

Co3 promoter Cortex3F ATACTCGAGTTTTAATATCGATCGGTTACCTCAA

Cortex3R ATGGATCCTGCTTTTGGAGATTTTCTCTTTAT

SCZ sequencing primers

HsfB4-1 GTAGTTACACATGAGGACAGATACACA

HsfB4-2 ACGTGAATGCATTAAATAACTGG

HsfB4-3 GTGATTACCCATCTCTTAAAGTTCC

HsfB4-4 GAGGTTGTTGTTGTTGTTGCTTCTG

HsfB4-5 CGGTGGATTTCGCAGAGT

HsfB4-6 TTGACACGGCGGCGCAAG
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2004); SHR::SHR:GFP, SCR::SCR:GFP (Nakajima et al., 2001); scr-4 (Fukaki et al., 1998); 
35S::WOX5 was kindly provided by Thomas Laux (Freiburg University, Germany); 
scz-7 (N88021), scz-8 (N93157) and the enhancer trap lines N9094, N9135 (http://
www.plantsci.cam.ac.uk/Haseloff ) were obtained from the Nottingham Arabidopsis 
stock center (NASC). Seedlings and embryos were sterilized, plated and grown as 
described in (Sabatini et al., 2003; Scheres et al., 1995). The scz-2 – scz-6 alleles were 
generated by EMS mutagenesis (Willemsen et al., 1998) of approximately 30.000 
dry seeds of double homozygous single insertion QC46::ERYFP and QC25::ERCFP Ara-
bidopsis thaliana ecotype Columbia-0 plants. Complementation analysis was done 
by pair-wise crossing of the different alleles.

Map-based cloning

Homozygous scz-2 plants in Columbia-0 background were crossed to ecotype 
Landsberg erecta. In the F2, scz-2 mutants were selected and DNA was isolated by 
using a CTAB method (Lukowitz et al., 1996). SCZ was initially mapped to chromo-
some 1 between ciw12 (39cM) and ciw1 (72cM). Primers for further mapping were 
designed using information from the CEREON collection (http://www.Arabidopsis.
org/) and Primer 3 software (http://frodo.wi.mit.edu/). The interval was narrowed 
down to 70 kb spanning one BAC (F2G19). Candidate genes were selected based on 
expression profiles specific for the ground tissue (Birnbaum et al., 2003) and their 
genomic regions were sequenced. For primers used to PCR the SCZ genomic region 
for sequencing see Table S2.

Microscopy and in situ hybridization

scz-2 was backcrossed to Columbia-0 three times prior to phenotypic and genetic 
analysis. Light microscopy, starch granule staining, β-glucuronidase activity, mea-
surement of root length and meristematic cell number and aniline blue staining of 
mature embryos was performed as described (Willemsen et al., 1998; Welch et al., 
2007; Bougourd et al., 2000). For confocal microscopy, roots or dissected embryos 
were mounted in propidium iodide (PI; 20 µg/mL in distilled water) or 4% glucose 
(+/- PI), respectively. Histological sections were prepared according to (Scheres et 
al., 1994) and stained with 0.05% Ruthenium Red (Sigma). Whole mount RNA in 
situ hybridization was performed manually as described (Hejatko et al., 2006). For 
SCZ, the whole complementary cDNA fragment was used as probe. Control sense 
probe did not give any signal. For cryo-scanning electron microscopy, roots were 
cultured on small pieces of filter paper and examined with a field emission scanning 
microscope (JEOL 6300F, Japan) on a sample stage at -190°C. The analyses were 
performed at a working distance of 16 mm, with SE detection at 5 kV.
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Constructs and plant transformation

The pGreenII binary vector set (Hellens et al., 2000) (www.pgreen.ac.uk) was used 
for plant transformation. The Co3 (At1g73620) marker was generated by cloning a 
1516 bp promoter fragment into pGII124-H2BYFP (methotrexate) as described (Heids-
tra et al., 2004). Q25::ERCFP and Q46::ERYFP markers were constructed by isolation of 
the T-DNA flanking sequences QC25 and QC46 promoter trap lines by vectorette PCR 
and subsequently cloning promoter fragments into pGII227-ERCFP (hygromycin) and 
pGII229-ERYFP (basta), respectively. For the 35S::SCZ and 35S::GFP:SCZ translational 
fusions, whole SCZ cDNA was fused in the pMDC32 or pMDC43 vector, respectively 
(Curtis and Grossniklaus, 2003). For SCZ promoter fusions, SCZ promoter fragments 
were cloned in pGII229-ERCFP or pGII229-GUS. For complementation experiments 
promoters of WOX5 (Blilou et al., 2005) and WOL (Mahönen et al., 2006) were cloned 
in pGII229-GV-UERGFP in front of the GAL4VP16 transcriptional activator gene. Sub-
sequently genomic SCZ cloned behind the UAS element was introduced creating 
WOX5>>SCZ and WOL>>SCZ. Plants homozygous for scz-2 were transformed with 
these vectors by the floral dip method (Clough and Bent, 1998). For complementa-
tion analysis, the genomic sequence of SCZ was cloned behind the UAS element and 
fused in pGII124. Plants homozygous for scz-2 carrying N9094, N9135, WER>>ERCFP, 
GL2>>ERGFP, respectively, were transformed with this vector and analyzed for 
complementation in next generations. Primers used are listed in Table S2.
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Summary

Arabidopsis root growth is maintained by the activity of the stem cell niche in the 
heart of the root meristem. The stem cell niche is formed during embryogenesis. 
Following quiescent center (QC) specification, the surrounding cells are maintained 
as stem cells. QC fate and stem cell maintenance are controlled by the combinatorial 
action of SHORT-ROOT (SHR), SCARECROW (SCR) and PLETHORA (PLT) transcription 
factor genes. Here, we provide evidence that the SCHIZORIZA (SCZ) transcription 
factor gene acts in parallel with the SHR/SCR pathway for stem cell niche specifica-
tion in the early embryo.
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Introduction

The Arabidopsis root meristem is laid down during embryogenesis, where future 
stem cells (also called initials) are first discerned at late heart stage. The organization 
of the tissues that make up the root is completed at torpedo stage and maintained 
in the post-embryonic root by stereotyped asymmetric cell divisions of distinct 
stem cells. These stem cells surround a small group of rarely dividing cells, the QC, 
required for their maintenance (Figure 1a) (van den Berg et al., 1997). Acquisition 
of QC fate and maintenance of the stem cell niche is controlled in parallel by the 
SHR, SCR and PLT transcription factor genes (Sabatini et al., 2003; Aida et al., 2004; 
Galinha et al., 2007).

SHR and SCR encode GRAS-type transcription factors. SHR is expressed in the stele 
but the protein moves one tissue layer outward and activates transcription of its tar-
get gene and interacting partner SCR in the QC and endodermis. Apart from their 
role in QC specification both genes are also required for ground tissue patterning (Di 
Laurenzio et al., 1996; Helariutta et al., 2000; Nakajima et al., 2001). PLT proteins (PLT1, 
PLT2, PLT3 and PLT4/BABYBOOM) belong to the double AP2 domain transcription fac-
tor family and are expressed in a gradient fashion in the root meristem. PLT activities 
are largely additive; with added deletion of family members enhancing phenotypic 
defects, and dose dependent; with high levels of PLT maintaining stem cells, interme-
diate levels facilitating transient amplifying cell divisions that make up the meristem 
region and low levels allowing progression of differentiation (Galinha et al., 2007).

We previously showed that SCZ plays a role in patterning of the root niche where 
the gene is expressed in QC, in ground and vascular tissue progenitors and at lower 
levels in their daughters (ten Hove et al., 2010). Specifically, the SCZ transcription 
factor gene was shown to control the asymmetry of root stem cell divisions. The 
origin of the scz mutant defects were traced back to heart stage embryo when stem 
cells are believed to be first specified and the root meristem arises (Jürgens and 
Mayer, 1994; Scheres et al., 1994). However, SCZ expression initiates earlier in QC 
progenitor cells of triangular stage embryos. Expression remains high in the QC 
from this stage onward and shows overlap with that of the SHR, SCR and PLT root 
patterning genes (Aida et al., 2004; Wysocka-Diller et al., 2000), hinting to a poten-
tially broader role for SCZ in the stem cell niche. Previous studies did demonstrate 
a requirement for the SHR/SCR pathway for scz ectopic divisions. However, QC and 
stem cell defects in these double mutants were not reported (Mylona et al., 2002).

Here, we investigate the function of SCZ in root niche specification during embryo-
genesis. We provide evidence that SCZ functions independently of the SHR, SCR and 
PLT patterning genes. Importantly, we reveal that SCZ acts in parallel with the SHR/
SCR pathway to specify the QC and stem cells required for root meristem initiation.
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Results

Interaction between SCZ and PLT1 and PLT2 genes

Niche activity is compromised in plt1-4 plt2-2 double mutants and these effects 
are already visible in the heart stage embryo where the lens-shaped and root cap 
progenitor cell exhibit aberrant cell divisions (Aida et al., 2004). We investigated 
the transcriptional and genetic interaction between SCZ and PLT1 and PLT2 genes. 
Auxin distribution visualized by DR5rev::GFP as well as PLT1 and PLT2 promoter and 
protein expression is not affected in scz-2 (Figure 1b,c,e-h, data not shown). In con-
trast, SCZ::ERCFP peak expression in the niche is lost as plt1-4 plt2-2 double mutant 
roots differentiate (Figure 1j,k). This may indicate a requirement of PLT activity for 
the maintenance of high SCZ transcription levels in the QC or reflect a secondary 
effect due to the cessation of meristem activity.

We crossed scz-2 with the plt1-4 plt2-2 double mutant to test if SCZ acts in the 
PLT1/PLT2 niche maintenance pathway. In the scz-2 plt1-4 plt2-2 triple mutant, the 
scz mediated radial patterning defects still occur, indicating that these aspects are 
PLT independent (Figure 1m,bracket). However, growth and meristem dissipation 
resembles that of plt1-4 plt2-2 double mutants up to 3 days after germination sug-
gesting epistasis until the early phase of post-embryonic development (Figure 1i,l,m, 
Figure 2o). Alternatively, the severity of the plt1 plt2 double mutant may mask the 
effect of SCZ deletion on root growth at early stages, in which case the genes would 
act independent. The enhanced growth defect at later post-embryonic stages may 
be explained by the observed compromised SCR expression in scz background (see 
below).

SCZ and the SHR/SCR pathway specify the stem cell niche in parallel

From early embryogenesis onward SCZ gene expression shows overlap with SHR 
and SCR gene and protein expression patterns. In addition, root patterning defects 
occur in the QC and ground tissue of the corresponding mutants (Wysocka-Diller et 
al., 2000; ten Hove et al., 2010). We therefore investigated the influence of SCZ on 
SHR/SCR expression and function and vice versa.

SCZ::ERCFP expression in shr-2 and scr-4 mutants is comparable to wild type from 
embryogenesis onward, indicating that SHR and SCR are not required for SCZ 
transcription (Figure 2a-f ). Expression analyses in scz-2 embryos and seedling roots 
indicated that the initiation of SCR::H2BYFP expression is SCZ independent but that 
postembryonic SHR::SHR:GFP and SCR::H2BYFP niche expression depends on SCZ (ten 
Hove et al., 2010, Figure 2g,h, I,j,m,n).

scz-2, shr-2 and scr-4 single mutants all display shorter roots and meristems com-
pared to wild type (Figure 2o). However, unlike scz-2 (ten Hove et al., 2010), the 
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root growth in shr-2 and scr-4 is determinate as cells in the meristem differentiate 
(Sabatini et al., 2003). scz-2 shr-2 and scz-2 scr-4 double mutants can be divided in 
two classes, one showing fully differentiated root poles upon germination and the 
other entirely lacking primary roots (Figure 2l,o). Seedlings of both classes develop 
adventitious roots from which lateral roots initiate, indicating that SCZ is not re-
quired for lateral root formation (Figure 2o and data not shown).

As both double mutant combinations displayed identical phenotypes we con-
tinued analysis of scz-2 shr-2 embryonic development only. The first visible defect 
in scz-2 is an aberrant periclinal division of ground tissue initials at heart stage 
(ten Hove et al., 2010; Figure 3b, arrowhead). scz-2 shr-2 double mutant embryos 
resemble shr-2 up to this stage with a single layer of ground tissue due to defective 
periclinal ground tissue divisions (Figure 3c,d), confirming previous findings that 
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Figure 1. Transcriptional and genetic interactions between SCZ and PLT1 and PLT2 genes. (a) 
Schematic representation of the developing Arabidopsis root meristem. Left, heart stage embryo; right, 
seedling root meristem. (En) endodermis; (Co) cortex; (Ep) epidermis; (LRC) lateral root cap; (Col) columella; 
(QC) quiescent center. (b,c,e-h) 4-Day-old wild type (b,e,g) and scz-2 (c,f,h) roots expressing DR5::ERGFP (b,c), 
PLT1::ERCFP (e,f ) and PLT2::ERCFP (g,h). (d,i,m) 3-Day-old scz-2 (d), plt1-4 plt2-2 (i), scz-2 plt1-4 plt2-2 (m) roots. 
scz characteristic radial patterning defect (bracket). (j,k) SCZ::ERCFP expression in 3-day-old wild type (j) and 
plt1-4 plt2-2 (k) roots. Yellow arrowhead indicates QC area. (l) Root length measurements (in mm) of plt1-4 
plt2-2 and scz-2 plt1-4 plt2-2 seedlings. A minimum of 10 seedlings was measured for each time point. Error 
bars represent standard error of the mean.



60 Chapter 3

o

scz-2 shr-2
scz-2
shr-2 scr-4

scz-2
scr-4

plt1-4
plt2-2

scz-2
plt1-4
plt2-2WT

Chapter 3_Fig2

shr-2

d

scz-2 shr-2

e f

g h i

j k l

a b c

SCR::H2BYFP
scz-2

SCR::H2BYFP

SCR::H2BYFPSCR::H2BYFP

SHR:GFP
scz-2

SHR:GFP QC46::ERYFP

shr-2
SCZ::ERCFP SCZ::ERCFP

scr-4
SCZ::ERCFP

shr-2
SCZ::ERCFP SCZ::ERCFP

scr-4
SCZ::ERCFP

m

n

Figure 2. SCZ and SHR/SCR are together required for root meristem initiation. (a-f ) SCZ::ERCFP expres-
sion in 3-day-old wild type (a), shr-2 (b) and scr-4 (c) roots and in late torpedo stage wild type (d), shr-2 (e) 
and scr-4 (f ) embryos. (g,h) SHR:GFP expression in 5-day-old wild type (g) and scz-2 QC46::ERYFP (h) roots. 
(j,k,m,o) SCR::H2BYFP expression in 5-day-old wild type (j) and scz-2 (k) roots and in late torpedo stage wild 
type (m) and scz-2 (o) embryos. (i,l) 3-Day-old shr-2 (i) and scz-2 shr-2 roots (l). Yellow arrowhead indicates 
QC area. (o) 3-Day-old wild type, scz-2, shr-2, scr-4, plt1-4 plt2-2, scz-2 shr-2, scz-2 scr-4 and scz-2 plt1-4 plt2-2 
seedlings. Insets show magnification of scz-2 shr-2, scz-2 scr-4 seedlings lacking a primary root.
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SHR/SCR is required for scz ectopic divisions (Mylona et al., 2002). Importantly, the 
additional phenotypes of the scz-2 shr-2 double mutant phenotype become ap-
parent at this stage with delayed formative horizontal root cap divisions that are 
replaced by vertical divisions at late heart stage (Figure 3d,h,l,p,t). Further horizontal 
root cap divisions are absent in later stage embryos. Most striking in phenotypically 
strong double mutants (n/total = 16/22) is the vertical division and subsequent 
longitudinal expansion of the QC cells from torpedo stage onward (Figure 3l,p,t). 
These elongated cells end up resembling root cap cells by the mature embryo stage 
according to morphological criteria (Figure 3t). As a result a reduced columella and 
only few or no lateral root cap-like cells are observed (Figure 3t). The scz-2 shr-2 
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Figure 3. Both SCZ and SHR are required to set up the root stem cell niche. (a-p) Early heart stage (a-d), 
late heart stage (e-h), torpedo stage (i-l) and bent cotyledon stage (m-p) wild type (a,e,i,m), scz-2 (b,f,j,n), 
shr-2 (c,g,k,o) and scz-2 shr-2 (d,h,l,p) embryos. Green arrowhead marks ground tissue initial; red arrowhead 
marks QC; black arrowhead marks root cap; yellow asterisk marks ground tissue. The shr-2 younger heart 
stage has not performed the root cap division yet (c). (q-t) Aniline blue stained wild type (q), scz-2 (r), shr-
2 (s) and scz-2 shr-2 (t) mature embryos. Root/hypocotyl boundary (dashed line); ground tissue layers in 
hypocotyl (hash).
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epidermal layer is long and flattened, resembling the mixed epidermis-lateral root 
cap layer of scz-2 single mutants. Surprisingly, the mature embryonic root vascular 
tissue appears to be surrounded by two ground tissue-like layers that continue from 
the hypocotyl all the way down to the distal root cap tissues (Figure 3t). The typical 
root-hypocotyl junction can therefore not be distinguished.

The apparent lack of QC and stem cell activity in scz-2 shr-2 double mutants sug-
gests that SCZ and SHR function together in specifying the root niche cell types 
during embryogenesis.

Protein interaction studies in yeast

Despite the strong phenotypes of the double mutants, embryonic expression of 
SHR and SCR is independent of SCZ activity and vice versa, opening the possibility 
that the encoded proteins might interact. SHR and SCR proteins have been shown 
to functionally interact with each other and members of the JACKDAW family of 
zinc-finger proteins (Cui et al., 2007; Welch et al., 2007) and a SHR-SCR complex 
binds SCR and MGP promoters (Cui et al., 2007). We therefore assessed whether SCZ 
could influence SHR and/or SCR activity through direct protein-protein interaction. 
Because the scz-2 plt1-4 plt2-2 triple mutant phenotype is enhanced over time we 
also included PLT1 and PLT2 in the interaction assay. However, initial yeast two 
hybrid interaction studies indicate that there is no direct interaction between SCZ 
and SHR, SCR or PLT proteins (Table 1).

Table 1. SCZ does not physically interact with PLT, SHR or SCR. Yeast two hybrid interactions. SCZ and 
SCR serve as bait and PLT1, PLT2, SHR and SCR as prey. SCR-SHR interaction serves as positive control and 
empty vector as negative control. Positive interaction controls for PLT1 and PLT2 (AS, unpublished data) are 
not shown. (+) interaction; (-) no interaction; (NA) not analyzed.

prey
bait

PLT1 PLT2 SHR SCR empty vector

SCZ - - - - -

SCR NA NA + NA -
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Discussion

During embryogenesis the root stem cell niche is laid down depending on the com-
binatorial action of the auxin-responsive PLT genes and the independently initiated 
activity of the SHR and SCR genes. Here, we show that SCZ can be added to the 
list of genes that are required for stem cell niche specification and root initiation. 
Our studies indicate that SCZ operates parallel to the SHR/SCR and PLT pathways. 
However, scz-2 plt1-4 plt2-2 triple mutants resemble plt1-4 plt2-2 up to 3 days post 
germination and SCZ expression is upregulated upon induced PLT2 overexpression 
(RH, unpublished data). Therefore, it cannot be excluded that SCZ acts downstream 
of the auxin-dependent PLT genes. Expression studies in embryos should clarify 
whether the reduced SCZ::ERCFP niche expression in plt1-4 plt2-2 double mutant 
roots is a secondary effect due to the termination of meristem activity. In addition, 
analysis of triple and quadruple mutant combinations of scz with mutations in ad-
ditional PLT genes may reveal whether SCZ and PLT genes function independently 
or not.

Root formation is initiated at the globular stage by an asymmetric division of the 
hypophysis, forming the lens shaped QC progenitor cell. Auxin response mediated 
by MONOPTEROS and BODENLOS functions and activity of the protein phospha-
tases POLTERGEIST (POL) and POL LIKE1 direct this division (Hardtke and Berleth, 
1998; Hamann et al., 2002; Gagne and Clark, 2007; Gagne et al., 2008). Expression 
of WOX5 and its upstream regulator SCR initiated in the hypophysis is maintained 
in the lens shaped cell (Haecker et al., 2004; Wysocka-Diller et al., 2000) and joined 
by QC25, QC46 and QC184 expression at heart stage (Aida et al., 2004; Jenik et al., 
2005; Sarkar et al., 2007). Defects in scz-2 shr-2 double mutants were traced back to 
late heart stage arguing that SCZ and SHR genes determine the next steps in root 
formation.

Cell divisions that normally form the root cap at late heart-early torpedo stage 
are delayed in scz-2 shr-2 double mutants. Subsequent aberrant cell divisions, espe-
cially apparent in the QC and root cap progenitor cells, are indicative of a failure to 
initiate the stereotypical formative stem cell divisions. These results correlate well 
with the overlapping expression of SCZ and SHR in the QC around these stages of 
embryogenesis. Further studies using QC specific markers that are still expressed 
in shr-2 background (e.g. QC184) should clarify whether QC fate fails to be initiated 
or is not maintained in the scz-2 shr-2 double mutant embryo. In addition, scz-2 
displays a compromised ground tissue that lacks cortex attributes and outer tissue 
layers of mixed identity, whereas shr-2 mutants display a single ground tissue layer 
lacking endodermis identity. Therefore, it is of interest to determine the identity of 
the tissue layers observed outside of the vasculature in scz-2 shr-2 double mutant 
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embryos. Tissue specific marker analyses using vascular, ground tissue, epidermal 
and root cap markers should reveal their identity.

How SCZ, SHR and SCR genes act together remains unclear. From our initial studies 
it appears that it is not through direct protein interaction. In addition, SCZ is not 
listed as a target of SHR in the analysis of Levesque et al., (2006). Future studies to 
determine downstream effectors should reveal by what mechanisms SCZ acts and 
how these overlap with SHR targets.

Experimental procedures

Plant materials and growth conditions

Origins of mutant and transgenic lines: shr-2, SHR::SHR:GFP (Nakajima et al., 2001); 
scr-4 (Fukaki et al., 1998); SCR::H2BYFP (Heidstra et al., 2004); plt1-4 plt2-2 (Aida et al., 
2004); PLT1:: ERCFP, PLT2:: ERCFP (Galinha et al., 2007); DR5::ERGFP (Benkova et al., 2003). 
Seedlings and embryos were sterilized, plated and grown as described in (Sabatini 
et al., 2003; Scheres et al., 1995).

Microscopy

Light microscopy, starch granule staining, measurement of root length and aniline 
blue staining was performed as described in (Willemsen et al., 1998; Welch et al., 
2007; Bougourd et al., 2000). For confocal microscopy, roots and dissected embryos 
were mounted in propidium iodide (PI; 20 µg/mL in distilled water) or 4% glucose 
(+/- PI), respectively.

Yeast two hybrid assay

Yeast two hybrid interactions were studied according to (Welch et al., 2007) using 
the ProQuest Two Hybrid System (Invitrogen Life Technologies) and yeast strains 
Pj694α and Pj694a. The coding sequence of SCZ was amplified and fused into the 
pDEST32 BD vector whereas the amplified coding sequences of PLT1, PLT2, SHR and 
SCR were recombined into the pDEST22 AD vector. Although pEXP-SCZ did not 
show auto activation activity, 3 mM 3-AT was used to eliminate any background 
transcriptional activity. Primers used for SCZ are described in (ten Hove et al., 2010), 
for SHR and SCR in (Welch et al., 2007) and for PLT1, PLT2 primer sequences are:

PLT1-F: 5’-ggggacaagtttgtacaaaaaagcaggctgtatgaattctaacaactggcttggctttcctct-3’,
PLT1-R: 5’ggggaccactttgtacaagaaagctgggtcttactcattccacatagtgaaaacaccaccagg-3’,
PLT2-F: 5’-ggggacaagtttgtacaaaaaagcaggctgtatgaattctaacaactggctcgcgttccctc-3’,
PLT2-R: 5’-ggggaccactttgtacaagaaagctgggtcttattcattccacatcgtgaaaacacctcctgg-3’.



Stem cell niche specification by SCHIZORIZA 65

Acknowledgements

CAtH was co-financed by the Centre for BioSystems Genomics (CBSG), which is 
part of the Netherlands Genomics Initiative/Netherlands Organization for Scientific 
Research (NGI/NWO). AS was supported by a long term EMBO fellowship and IB by 
a VIDI innovational grant from the NWO.



66 Chapter 3

References

Aida, M., Beis, D., Heidstra, R., Willemsen, V., Blilou, I., Galinha, C., Nussaume, L., Noh, Y.S., Amasino, 

R., and Scheres, B. (2004). The PLETHORA genes mediate patterning of the Arabidopsis root stem 

cell niche. Cell 119, 109-120.

Benkova, E., Michniewicz, M., Sauer, M., Teichmann, T., Seifertova, D., Jurgens, G., and Friml, J. 

(2003). Local, efflux-dependent auxin gradients as a common module for plant organ formation. 

Cell 115, 591-602.

Bougourd, S., Marrison, J., and Haseloff, J. (2000). Technical advance: an aniline blue staining pro-

cedure for confocal microscopy and 3D imaging of normal and perturbed cellular phenotypes in 

mature Arabidopsis embryos. Plant J. 24, 543-550.

Cui, H., Levesque, M.P., Vernoux, T., Jung, J.W., Paquette, A.J., Gallagher, K.L., Wang, J.Y., Blilou, I., 

Scheres, B., and Benfey, P.N. (2007). An evolutionarily conserved mechanism delimiting SHR 

movement defines a single layer of endodermis in plants. Science 316, 421-425.

Di Laurenzio, L., Wysocka-Diller, J., Malamy, J.E., Pysh, L., Helariutta, Y., Freshour, G., Hahn, M.G., Feld-

mann, K.A., and Benfey, P.N. (1996). The SCARECROW gene regulates an asymmetric cell division 

that is essential for generating the radial organization of the Arabidopsis root. Cell 86, 423-433.

Fukaki, H., Wysocka-Diller, J., Kato, T., Fujisawa, H., Benfey, P.N., and Tasaka, M. (1998). Genetic 

evidence that the endodermis is essential for shoot gravitropism in Arabidopsis thaliana. Plant 

J. 14, 425-430.

Gagne, J.M. and Clark, S.E. (2007). The Protein Phosphatases POL and PLL1 are Signaling Intermedi-

ates for Multiple Pathways in Arabidopsis. Plant Signal. Behav. 2, 245-246.

Gagne, J.M., Song, S.K., and Clark, S.E. (2008). POLTERGEIST and PLL1 are required for stem cell func-

tion with potential roles in cell asymmetry and auxin signaling. Commun. Integr. Biol 1, 53-55.

Galinha, C., Hofhuis, H., Luijten, M., Willemsen, V., Blilou, I., Heidstra, R., and Scheres, B. (2007). 

PLETHORA proteins as dose-dependent master regulators of Arabidopsis root development. 

Nature 449, 1053-1057.

Haecker, A., Gross-Hardt, R., Geiges, B., Sarkar, A., Breuninger, H., Herrmann, M., and Laux, T. (2004). 

Expression dynamics of WOX genes mark cell fate decisions during early embryonic patterning 

in Arabidopsis thaliana. Development 131, 657-668.

Hamann, T., Benkova, E., Baurle, I., Kientz, M., and Jurgens, G. (2002). The Arabidopsis BODENLOS 

gene encodes an auxin response protein inhibiting MONOPTEROS-mediated embryo pattern-

ing. Genes Dev. 16, 1610-1615.

Hardtke, C.S. and Berleth, T. (1998). The Arabidopsis gene MONOPTEROS encodes a transcription 

factor mediating embryo axis formation and vascular development. EMBO J. 17, 1405-1411.

Heidstra, R., Welch, D., and Scheres, B. (2004). Mosaic analyses using marked activation and dele-

tion clones dissect Arabidopsis SCARECROW action in asymmetric cell division. Genes Dev. 18, 

1964-1969.

Helariutta, Y., Fukaki, H., Wysocka-Diller, J., Nakajima, K., Jung, J., Sena, G., Hauser, M.T., and Benfey, 

P.N. (2000). The SHORT-ROOT gene controls radial patterning of the Arabidopsis root through 

radial signaling. Cell 101, 555-567.



Stem cell niche specification by SCHIZORIZA 67

Jenik, P.D., Jurkuta, R.E., and Barton, M.K. (2005). Interactions between the cell cycle and embryonic 

patterning in Arabidopsis uncovered by a mutation in DNA polymerase epsilon. Plant Cell 17, 

3362-3377.

Jürgens, G. and Mayer, U. (1994). Arabidopsis. In EMBRYOS, Color Atlas of Development, J.Bard, ed. 

(London: Mosby-Year Book Limited).

Levesque, M.P., Vernoux, T., Busch, W., Cui, H., Wang, J.Y., Blilou, I., Hassan, H., Nakajima, K., Mat-

sumoto, N., Lohmann, J.U., Scheres, B., and Benfey, P.N. (2006). Whole-genome analysis of the 

SHORT-ROOT developmental pathway in Arabidopsis. PLoS. Biol. 4, e143.

Mylona, P., Linstead, P., Martienssen, R., and Dolan, L. (2002). SCHIZORIZA controls an asymmetric 

cell division and restricts epidermal identity in the Arabidopsis root. Development 129, 4327-

4334.

Nakajima, K., Sena, G., Nawy, T., and Benfey, P.N. (2001). Intercellular movement of the putative 

transcription factor SHR in root patterning. Nature 413, 307-311.

Sabatini, S., Heidstra, R., Wildwater, M., and Scheres, B. (2003). SCARECROW is involved in position-

ing the stem cell niche in the Arabidopsis root meristem. Genes Dev. 17, 354-358.

Sarkar, A.K., Luijten, M., Miyashima, S., Lenhard, M., Hashimoto, T., Nakajima, K., Scheres, B., Heidstra, 

R., and Laux, T. (2007). Conserved factors regulate signalling in Arabidopsis thaliana shoot and 

root stem cell organizers. Nature 446, 811-814.

Scheres, B., Di Laurenzio, L., Willemsen, V., Hauser, M.T., Janmaat, K., Weisbeek, P., and Benfey, 

P.N. (1995). Mutations affecting the radial organisation of the Arabidopsis root display specific 

defects throughout the embryonic axis. Development 121, 53-62.

Scheres, B., Wolkenfelt, H., Willemsen, V., Terlouw, M., Lawson, E., Dean, C., and Weisbeek, P. (1994). 

Embryonic origin of the Arabidopsis primary root and root meristem initials. Development 120, 

2475-2487.

ten Hove, C.A., Willemsen, V., de Vries, W.J., van Dijken, A., Scheres, B., and Heidstra, R. (2010). 

SCHIZORIZA encodes a nuclear factor regulating asymmetry of stem cell divisions in the Arabi-

dopsis root. Current Biology doi:10.1016/j.cub.2010.01.018.

van den Berg, C., Willemsen, V., Hendriks, G., Weisbeek, P., and Scheres, B. (1997). Short-range 

control of cell differentiation in the Arabidopsis root meristem. Nature 390, 287-289.

Welch, D., Hassan, H., Blilou, I., Immink, R., Heidstra, R., and Scheres, B. (2007). Arabidopsis JACKDAW 

and MAGPIE zinc finger proteins delimit asymmetric cell division and stabilize tissue boundaries 

by restricting SHORT-ROOT action. Genes Dev. 21, 2196-2204.

Willemsen, V., Wolkenfelt, H., de Vrieze G., Weisbeek, P., and Scheres, B. (1998). The HOBBIT gene 

is required for formation of the root meristem in the Arabidopsis embryo. Development 125, 

521-531.

Wysocka-Diller, J.W., Helariutta, Y., Fukaki, H., Malamy, J.E., and Benfey, P.N. (2000). Molecular analy-

sis of SCARECROW function reveals a radial patterning mechanism common to root and shoot. 

Development 127, 595-603.





Chapter 4
SOL3, a new component of the 

CLE signaling pathway involved in 
Arabidopsis root development

Colette A. ten Hove1, Raffaele Dello Ioio2, Sabrina Sabatini2, Ben 
Scheres1 and Renze Heidstra1

1Faculty of Science, Department of Biology, section Molecular 

Genetics, Utrecht University, Padualaan 8, 3584 CH Utrecht, the 

Netherlands.2Dipartimento di Genetica e Biologia Molecolare, 

Laboratory of Functional Genomics and Proteomics of Model Systems, 

Università La Sapienza, P.le Aldo Moro 5, 00185 Rome, Italy.



70 Chapter 4

Summary

Continuous development and growth of plants is controlled by pools of stem cells 
located in shoot and root meristems. Shoot stem cells express the CLE family peptide 
CLAVATA3 (CLV3) that binds to and activates the CLV1 receptor, which is involved 
in shoot meristem homeostasis. CLV3 overexpression leads to consumption of the 
shoot apical meristem (SAM). Similarly, overexpression and exogenous application 
of CLE family peptides terminates the root meristem, suggesting that a CLE signaling 
pathway involved in meristem maintenance is conserved in shoots and roots. Here, 
we report on sol3, a recessive mutant identified in an activation tagging screen that 
is able to suppress the CLE19-induced root consumption phenotype. Interestingly, 
sol3 mutants display enhanced root growth and meristem size compared to wild 
type, a phenotype largely unaffected by cytokinin treatment. In addition, the sol3 
root cap contains less columella layers and ground tissue differentiation is delayed. 
Thus, SOL3 has a dual role in the root controlling growth and formative cell divisions.
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Introduction

Plant postembryonic growth and development is controlled through the activity 
of meristems that harbor pools of stem cells. Stem cells self-renew and produce 
daughter cells that give rise to all the different plant organs and structures. A 
complex network of intercellular signals and regulatory genes is responsible 
for maintenance of stem cell populations in shoot and root meristems. The CLV-
WUSCHEL (WUS) pathway plays an important role in the regulation of stem cell 
fate in the SAM (reviewed by Sablowski, 2007; Rieu and Laux, 2009). Where WUS 
encodes a homeodomain transcription factor (Laux et al., 1996), CLV3 belongs to 
the 31-member-CLE (CLV3/ENDOSPERM SURROUNDING REGION [ESR]) gene family 
that encodes small proteins with a conserved 14 amino acid CLE motif at or near 
the C-terminus (Sharma et al., 2003; Kondo et al., 2006). Stem cells express CLV3 
that binds to and activates the membrane-bound leucine-rich repeat receptor-like 
kinase CLV1 (Ogawa et al., 2008), thereby restricting the WUS expression domain. 
WUS in turn is required for the maintenance of the stem cell population in a non-cell 
autonomous fashion and a negative feedback loop between CLV3 and WUS ensures 
a balanced stem cell population in the SAM.

The radial organization of the Arabidopsis root is derived from stereotyped asym-
metric cell divisions of different stem cells and their daughters (Figure 1a). These 
stem cells surround a small group of cells in the root meristem, the quiescent 
center (QC), that is required for their maintenance, thus resembling the SAM or-
ganizing center (reviewed by ten Hove and Heidstra, 2008). Combinatorial action 
of the SHORT-ROOT (SHR) and SCARECROW (SCR) genes and the auxin-responsive 
PLETHORA (PLT) genes determines the position and maintenance of the stem cell 
niche (QC and surrounding stem cells) (Sabatini et al., 2003; Aida et al., 2004; Galinha 
et al., 2007). Stem cell daughters divide a finite number of times in the meristem, 
before elongating and differentiating. The overall root growth rate and the size of 
the meristem is determined by the rate of cell division in the meristem, cell expan-
sion and cell differentiation at the transition zone (Beemster and Baskin, 1998; Dello 
Ioio et al., 2007). Local regulation of the plant hormones cytokinin and auxin partly 
control the transition from meristematic identity to differentiation. Cytokinin medi-
ated cell differentiation antagonizes auxin-dependent cell division input to control 
the size of the meristem (Dello Ioio et al., 2007; Dello Ioio et al., 2008b; Ruzicka et al., 
2009). Mutants that show increased root growth and meristem cell number include 
the cytokinin biosynthesis triple mutant ipt3 ipt5 ipt7 and the cytokinin signaling 
mutants ahk3, arr1 and arr12 (Miyawaki et al., 2006; Dello Ioio et al., 2007).

Recent studies point to the existence of analogous signaling mechanisms that 
control stem cell homeostasis in shoots and roots: (1) application or overexpres-
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sion of A-class CLE peptides leads to termination of both shoot and root meristems 
(Fiers et al., 2005; Whitford et al., 2008); (2) WUS and its family member WOX5 are 
interchangeable between shoot and root organizers for stem cell maintenance 
(Sarkar et al., 2007) and; (3) in the root, CLE40 and WOX5 are proposed to form a 
self-regulating network that controls the proliferation and differentiation of stem 
cells similar to the CLV3–WUS network in the shoot (Stahl et al., 2009).

CLE-induced arrest of meristem growth has been exploited in suppressor screens 
using EMS mutagenesis to reveal the identity of additional components of the CLE 
signaling pathway (Casamitjana-Martinez et al., 2003; Muller et al., 2008). Mutations 
in SOL1 (SUPPRESSOR OF LLP1 1), a Zn2+-carboxypeptidase, and SOL2/CORYNE, a 
membrane-associated kinase, rendered plants resistant to high levels of CLE pep-
tides (Casamitjana-Martinez et al., 2003; Muller et al., 2008; Miwa et al., 2008).

From an activation tagging screen aimed to identify additional components of 
a root CLE signaling pathway we isolated several new suppressor mutants that 
were resistant to high levels of CLE19. In this study, we report on the analysis of 
one of these mutants, sol3. Mutation in SOL3 leads to resistance to the CLE19 dif-
ferentiation signal in a recessive manner, and, additionally, results in a reduction in 
the number of columella layers and transient delay in ground tissue differentiation. 
Furthermore, sol3 root and meristem size is increased compared to wild type, a 
phenotype reminiscent of cytokinin biosynthesis and signaling mutants. Indeed, 
sol3 meristems appear less affected than wild type upon cytokinin application.

Results

sol3 suppresses the RCH1>>CLE19 induced meristem defect

Root-specific overexpression of CLE19 leads to termination of the root meristem in 
a dose-dependent manner (Casamitjana-Martinez et al., 2003). To complement re-
ported approaches in finding molecular components involved in CLE-induced root 
meristem consumption, we performed T-DNA activation tagging on homozygous, 
single insertion RCH1>>CLE19 transgenic plants to identify suppressors. A total of 
6300 RCH1>>CLE19 plants were transformed with the pSKI015 vector and transgenic 
T1 plants were selected on soil for conferred resistance to the herbicide glufosinate. 
In the next generation, progeny of individual T-DNA activation tagged plants were 
screened for recovery of root length and high expression of green fluorescent 
protein (GFP), indicating root meristem maintenance and homozygosity for the 
RCH1>>CLE19 construct (see experimental procedures; Figure 1b). Several long root 
suppressors with high RCH1>>CLE19 levels were obtained. One of the suppressors 
segregating as a single locus was named sol3 and was analyzed further because of 
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its additional root phenotypes (see below). The sol3 mutant suppresses the short 
root phenotype conferred by RCH1>>CLE19 (Figure 1b,c,e-g) and is able to maintain 
complete suppression over time (Figure 2a). In addition, a strong reduction in fertil-
ity was observed in sol3 as anthers released much less pollen grains than wild type 
(data not shown).

We backcrossed sol3;RCH1>>CLE19 to RCH1>>CLE19 to test for the integrity of 
the construct. The F1 progeny displayed high GFP expression, indicating that 
RCH1>>CLE19 is still fully active in the sol3 background and that the suppres-
sion is not due to cosuppression of the CLE19 transgene (data not shown). The 
entire F1 progeny displayed short roots, indicating that the activation tagged 
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Figure 1. sol3 suppresses RCH1>>CLE19 induced reduction of root meristem size. (a) Schematic over-
view of the Arabidopsis root meristem. (En) endodermis; (Co) cortex; (Ep) epidermis; (LRC) lateral root cap; 
(Col) columella; (QC) quiescent center. (b) 4-Day-old sol3;RCH1>>CLE19 and RCH1>>CLE19 seedlings. The 
sol3;RCH1>>CLE19 suppressor is on the right. (c) 5-Day-old wild type, RCH1>>CLE19, sol3;RCH1>>CLE19 and 
sol3 seedlings (d-g) Nomarski images showing the root meristem boundary (white arrowhead) of 4-day-old 
wild type (d), RCH1>>CLE19 (e), sol3;RCH1>>CLE19 (f ), and sol3 (g) roots, respectively.
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sol3;RCH1>>CLE19 mutant carries a recessive mutation. Southern blot analyses 
revealed that sol3;RCH1>>CLE19 contained four T-DNA insertions (data not shown). 
Repeated outcrossing showed linkage between three of these. Attempts to clone 
SOL3 using plasmid rescue, thermal asymmetric interlaced polymerase chain reac-
tion (TAIL-PCR) and vectorette PCR were so far unsuccessful.

sol3 enhances root growth and meristem size

Compared to wild type, sol3;RCH1>>CLE19 displayed enhanced root growth and 
meristem size (Figure 1c,d,f,g, Figure 2a,b). We also measured root length and meri-
stem size of the sol3 mutant lacking the RCH1>>CLE19 construct (sol3), which was 
obtained by repeated outcrossing against Columbia Utrecht. Overall root growth 
and meristem size of sol3 was similar to sol3;RCH1>>CLE19 (Figure 2a,b). In addition 
to an increase in root growth and root meristem size sol3;RCH1>>CLE19 and sol3 
roots display an increased root width compared to wild type roots (Figure 1d,f,g, 
Figure 2c).

Mutants that show increased root growth and meristem cell number include cyto-
kinin biosynthesis and signaling mutants (Miyawaki et al., 2006; Dello Ioio et al., 2007) 
and the root meristems of these mutants show a reduced response to exogenous 
cytokinin application (Riefler et al., 2006; Dello Ioio et al., 2007). To address whether 
the observed sol3 phenotype involves altered cytokinin biosynthesis or signaling 
we examined the effect of exogenous cytokinin application on the development of 
the sol3;RCH1>>CLE19 root meristem. Wild type and sol3;RCH1>>CLE19 seedlings 
were grown for five days on medium without trans-zeatin, then transferred and 
grown for 16 hours on medium supplemented with 5 μM trans-zeatin and meristem 
size was measured. Exogenous application of cytokinins causes a massive decrease 
in the number of meristematic cells in wild type (40%) and RCH1>>CLE19 (37%), 
but leads to only a slight decrease in meristem cell number in sol3;RCH1>>CLE19 
(7%) (Figure 2d). These data suggest that the increased root growth and meristem 
cell number in sol3;RCH1>>CLE19 could be related to cytokinin shortage or sensing.

The SHR, SCR, and PLT transcription factor genes have essential roles in QC specifi-
cation and stem cell and meristem maintenance. SHR, SCR, and PLT gene disruption 
results in stem cell loss leading to differentiation of the root meristem (Sabatini et 
al., 2003; Aida et al., 2004; Galinha et al., 2007). To examine whether the increased 
meristem activity in sol3 was able to complement shr and scr single and plt1 plt2 
double mutant roots we constructed sol3;RCH1>>CLE19 shr-2, sol3;RCH1>>CLE19 
scr-4 double and sol3;RCH1>>CLE19 plt1-4 plt2-2 triple mutants. Growth and meri-
stem dissipation of double and triple mutant combinations resembled that of shr-2, 
scr-4 or plt1-4 plt2-2 mutants, indicating that sol3;RCH1>>CLE19 could not prevent 
the premature cessation of root growth observed in these mutants (data not shown).
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SOL3 is required for columella differentiation

In addition to an increase in root growth sol3;RCH1>>CLE19 and sol3 plants display 
similar defects in root differentiation. In wild type, the columella root cap consists 
of a single layer of stem cells, located immediately distal to the QC, and 4-5 tiers of 
differentiated cells that elongate and contain starch granules. sol3 mutants with or 
without RCH1>>CLE19, however, display less columella root cap layers (Table 1).

The reduction of columella cell layers prompted us to examine QC activity and 
columella stem cell maintenance. The expression of the QC-specific promoter trap 
QC25 and WOX5:ERGFP in sol3;RCH1>>CLE19 and sol3, respectively, was comparable 
to wild type (Figure 3a,b, data not shown). In addition, the layer of columella cells 
immediately distal to the QC did not accumulate starch granules (Figure 3b), indi-
cating presence of columella stem cells and QC activity.

Other genes involved in columella differentiation are FEZ, SOMBRERO (SMB), 
WOX5 and RETINOBLASTOMA RELATED (RBR). The NAC domain transcription factor 
genes FEZ and SMB control the production of root cap cells as well as the division 
plane of the distal stem cells through a cross regulatory feedback loop (Willemsen 
et al., 2008). RNAi induced reduction of RBR results in excessive stem cell accumu-
lation due to prolonged maintenance of stem cell fate (Wildwater et al., 2005). 
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Figure 2. sol3 displays an increase in root growth and meristem cell number. (a,b) Root length (a; in 
mm) and root meristem cell number (b) of wild type, RCH1>>CLE19, sol3;RCH1>>CLE19 and sol3 seedlings 
at different time points. (c) Root width (in μm) of 5-day-old wild type and sol3;RCH1>>CLE19 seedlings. (d) 
Root meristem cell number of 5-day-old wild type, RCH1>>CLE19 and sol3;RCH1>>CLE19 seedlings grown 
for 16 h on 5 μM trans-zeatin. Error bars indicate the standard error of the mean (sem).
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WOX5 is required for columella stem cell maintenance and overexpression blocks 
differentiation of distal stem cell daughters causing numerous columella stem cell 
layers (Sarkar et al., 2007). The sol3 columella phenotype is reminiscent of the fez 
mutant (Willemsen et al., 2008) (Figure 4a,b). sol3;RCH1>>CLE19 fez-2 double mu-
tants showed a further reduction in the amount of columella layers (Figure 4c). In 
addition, we crossed sol3;RCH1>>CLE19 with smb, 35S::WOX5 and rRBr mutants that 
all display increased distal stem cell activity and numbers (Fig 4c,d,h) (Willemsen 
et al., 2008; Sarkar et al., 2007; Wildwater et al., 2005). sol3;RCH1>>CLE19 smb-3, 
sol3;RCH1>>CLE19 35S::WOX5 and sol3;RCH1>>CLE19 rBRr double mutants showed 
additional root cap layers although fewer columella root cap layers than smb-3, 
35S::WOX5 and rRBr single mutants (Figure 4e-g,i). Together, these data suggest that 
SOL3 forms an independent input into columella differentiation.

SOL3 is required for ground tissue differentiation

Cortex and endodermis (collectively called ground tissue) are derived from a shared 
ground tissue stem cell. This stem cell first divides anticlinally to regenerate a new 
stem cell and sets off a daughter cell that undergoes a periclinal asymmetric di-
vision to generate an outer cortex cell and inner endodermal cell (Figure 1a). In 
the ground tissue of 4-day-old sol3;RCH1>>CLE19 and sol3 seedlings additional 
anticlinal divisions have taken place before the periclinal division occurs whereas 
later in development, ground tissue organization is similar to wild type (Table 1, 
data not shown). To probe the identity of the column of single ground tissue cells 
we introduced SCR::SCR:GFP and Co2::H2BYFP markers in sol3. SCR:GFP is expressed in 
the endodermis, ground tissue stem cells and QC (Figure 3c), whereas Co2::H2BYFP is 
highly expressed in the cortex, but is excluded from the ground tissue stem cells and 
their undivided daughters (Figure 3e). In sol3, SCR:GFP is expressed in the column 
of cells at the position of the ground tissue stem cell daughter, whereas Co2::H2BYFP 
expression is excluded from these cells (Figure 3d,f ). These data suggest that the 
ground tissue stem cell status is temporarily expanded in sol3.

Table 1. Quantification of cell layers.

No. of columella layers in mature 
embryos (n) and seedlings (n)a

No. of ground tissue stem cells in mature 
embryos (n) and seedlings (n)a

Mature embryo Seedlinga Mature embryo Seedlinga

WT 4 ± 0 (9) 5,6 ± 0,1 (19) 0,8 ± 0,1 (9) 0,2 ± 0,1 (25)

RCH1>>CLE19 4 ± 0 (3) NA 1 ± 0,3 (3) NA

sol3;RCH1>>CLE19 3 ± 0 (30) NA 3,4 ± 0,2 (30) NA

sol3 3 ± 0 (13) 3,6 ± 0,1 (29) 6,1 ± 0,3 (13) 2,5 ± 0,3 (28)

Data represented are mean ± sem. Values in parentheses represent sample size. NA; not analyzed, a; Four days 
post germination.
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sol3 embryonic patterning defects

To trace back the defects observed in sol3 seedling roots we analyzed embryonic 
patterning. In wild type and RCH1>>CLE19 mature embryos, 4 layers of columella 
are observed, whereas in sol3 there are only 3 columella layers present (Figure 5a-d, 
Table 1), a number that is maintained in the seedling root. Additionally, a column of 
anticlinally divided cells is observed in the ground tissue of sol3 before the periclinal 
division takes place. These embryonic phenotypes are identical in sol3;RCH1>>CLE19 

QC25

a

sol3
Co2::H2BYFP

f

Co2::H2BYFP

e

Chapter4_Fig3

SCR:GFP

c

sol3
SCR:GFP

d

sol3;RCH1>>CLE19
QC25

b

Figure 3. Ground tissue stem cell status is expanded in sol3. (a-b) QC25 expression in 6-day-old wild 
type (a) and sol3;RCH1>>CLE19 (b) roots. Starch granule staining (purple) marks differentiated columella 
cells. Blue arrowhead marks columella stem cells. (c-f ) 5-Day-old wild type (c,e) and sol3 (d,f ) roots show-
ing SCR:GFP (c,d) and Co2::H2BYFP (e,f ) expression. The inserts (c-f ) show a blow-up of ground tissue stem 
cells (white arrowheads) expressing SCR:GFP (d) and lacking Co2::H2BYFP expression (e,f ). Yellow arrowhead 
marks QC.



78 Chapter 4

and sol3 except that sol3 displays more undivided ground tissue cells (Figure 5a-d, 
Table 1). The organization of other cell types does not appear to be affected in sol3.

These data suggest that SOL3 promotes periclinal divisions of the columella and 
the ground tissue in the root.

fez-2 smb-3
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35S::WOX5
sol3;RCH1>>CLE19
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Figure 4. SOL3 operates independent of columella patterning genes. (a-i) 6-Day-old roots of 
sol3;RCH1>>CLE19 (a), fez-2 (b), smb-3 (c), sol3;RCH1>>CLE19 fez-2 (e), sol3;RCH1>>CLE19 smb-3 (f ), 5-day-
old 35S::WOX5 (d), sol3 35S::WOX5 (g), 8-day-old rBRr (h) and sol3;RCH1>>CLE19 rBRr (i) single mutant and 
double mutant combinations. QC (white arrowhead); root cap columella (yellow bracket).
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Discussion

Several studies hint at the possible existence of analogous signaling machinery in 
shoots and roots in controlling meristem size (Casamitjana-Martinez et al., 2003; 
Sarkar et al., 2007; Stahl et al., 2009). We applied T-DNA activation tagging to 
RCH1>>CLE19 transgenic plants in an attempt to obtain gain-of-function mutations 
showing resistance to CLE19-induced arrest of root growth. In this screen, we identi-
fied a new recessive CLE19-resistant mutant, sol3.

sol3 displays less columella layers from embryogenesis onward, suggesting that 
SOL3 controls the number of periclinal cell divisions in the columella. These rela-
tively rare tissue-forming divisions are referred to as formative divisions as opposed 
to proliferative divisions that serve to increase cell number within a tissue. Double 
mutant combinations of sol3;RCH1>>CLE19 with fez-2 showed a further decrease 
in columella layers, whereas double mutant combinations with smb-3, 35S::WOX5 
and rBRr showed additional root cap layers, although fewer columella root cap 
layers than the single mutants. Thus, SOL3 can be added to this list of genes that 
appear to control the number of formative cell divisions in the columella through 
independent mechanisms.
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Figure 5. sol3 embryonic defects. (a-d) Aniline blue stained wild type (a), RCH1>>CLE19 (b), 
sol3;RCH1>>CLE19 (c) and sol3 (d) mature embryos. Ground tissue stem cells (red arrowheads); ground tis-
sue (white hash); columella cells (green asterisk). 
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In wild type, the formative ground tissue asymmetric periclinal division always oc-
curs immediately in the stem cell daughter, a process tightly regulated by the SHR/
SCR pathway (reviewed by ten Hove and Heidstra, 2008). sol3 mutant roots develop 
a column of anticlinally divided ground tissue cells before the asymmetric periclinal 
division is observed. Absence of Co2::H2BYFP expression in these cells suggests that 
these cells retain ground tissue stem cell fate characteristics. A column of ground 
tissue stem cells is visible up to one week, indicating that the asymmetric periclinal 
ground tissue division is delayed. Our observations suggest that SOL3 controls the 
timing of periclinal ground tissue division. Previously, it was shown that wild type 
roots displayed a column of anticlinally divided cells at the position of the ground 
tissue stem cell daughter upon CLV3, CLE19 and CLE40 peptide treatment (Fiers et 
al., 2005). However, tissue marker analysis using SCR::ERGFP and Co2::H2BYFP showed 
that this CLE-induced column of anticlinally divided cells had adopted a shared cor-
tex/endodermis identity, indicating that only SOL3 is involved in fate determination. 
Other recent studies showed that CLE40, and its putative receptor ACR4, a receptor-
like kinase belonging to the Crinkly4 class, restrict formative divisions in daughter 
cells of columella stem cells in the root apex (De Smet et al., 2008; Stahl et al., 2009; 
Stahl and Simon, 2009). Differentiation of columella stem cells is delayed in cle40 
and acr4 mutants ultimately giving rise to a distorted root cap. Future work will 
have to clarify the relation between SOL3 and CLE-mediated signaling on control of 
formative cell division in the root.

Remarkably, sol3 does not only suppress CLE19-induced arrest of root growth but 
also exhibits a larger root and meristem size. Nevertheless, sol3;RCH1>>CLE19 could 
not complement the root length and the root meristem maintenance defect of plt1-
4 plt2-2, shr-2 and scr-4 mutants. An increased root and meristem size phenotype 
is also observed in the cytokinin biosynthesis triple mutant ipt3 ipt5 ipt7 and the 
cytokinin signaling mutants ahk2, ahk3 and ahk4 (Dello Ioio et al., 2008a). The same 
effect was observed for cytokinin depletion by CYTOKININ OXIDASE/DEHYDRO-
GENASE (CKX) overexpression in the vascular tissue transition zone, but not when 
cytokinin was depleted in the root meristem, indicating that cytokinin acts at the 
vascular tissue transition zone to control meristem size (Werner et al., 2003; Dello 
Ioio et al., 2007). Similar to ipt3 ipt5 ipt7 and ahk2, ahk3 and ahk4 (Dello Ioio et al., 
2007; Riefler et al., 2006), the sol3 root shows a reduced response to exogenous 
cytokinin application, implying that SOL3 may act in the vascular tissue transition 
zone to control meristem size. Measurement of cytokinin levels in sol3 together 
with the generation of double mutant combinations with signaling mutants ahk3, 
arr1 and arr12 could help clarify whether sol3 is involved in regulating cytokinin 
levels (e.g. by directing IPT gene expression) or sensing. Vice versa, it would be of 
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interest to learn how the root meristems of these cytokinin biosynthesis and signal-
ing mutants respond to exogenous CLE peptide treatment.

In the shoot, high cytokinin levels are necessary to preserve shoot meristem 
activity, in contrast to its role in root meristem maintenance (Shani et al., 2006). 
Interestingly, components of the shoot meristem gene regulatory network have 
been found to be involved in regulating cytokinin levels and signaling. SHOOT MER-
ISTEMLESS induces the expression of the cytokinin biosynthesis IPT genes (Yanai 
et al., 2005), whereas WUS enhances cytokinin activity in the organizer by directly 
repressing the expression of several negative acting type-A ARR genes (Leibfried et 
al., 2005). In the root, SOL3 activity may be involved in regulation of cytokinin levels 
or signaling thereby connecting the root CLE signaling pathway to cytokinin in root 
meristem homeostasis. Cloning of SOL3 should reveal its relationship to cytokinin 
and its function in the CLE signaling pathway controlling meristem maintenance 
and formative cell divisions in the root.

Experimental procedures

Plant materials and growth conditions

Origins of mutant and transgenic lines: RCH1>>CLE19 (Casamitjana-Martinez et al., 
2003); SCR:GFP (Nakajima et al., 2001); Co2::H2BYFP (Heidstra et al., 2004); QC25 (Saba-
tini et al., 1999; Sabatini et al., 2003); fez-2, smb-3 (Willemsen et al., 2008); 35S::WOX5 
was kindly provided by Thomas Laux (Freiburg University, Germany); rRBr (Wildwa-
ter et al., 2005). Seeds were gas-sterilized in a desiccator for 2 hours with 100 mL of 
bleach (4% NaClO) mixed with 3 mL of HCl in a beaker or surface-sterilized in 20% 
bleach for 20 minutes. Seedlings were plated and grown as described in (Sabatini 
et al., 2003).

Generation of an activation tagging mutant population and molecular analysis

For activation tagging mutagenesis, approximately 6300 plants homozygous for a 
single copy of RCH1>>CLE19 (ecotype Columbia Utrecht) were transformed with 
the pSKI015 T-DNA activation tagging plasmid (Weigel et al., 2000) using the floral 
dip method (Clough and Bent, 1998). Seeds were sown on soil and were grown in 
a plant chamber at 22°C, 70% humidity with a 16 hour light and 8 hour dark cycle. 
Herbicide-resistant plants were selected by spraying twice a week for 3 weeks with  
DL-phosphinotricin (also known as PPT, glufosinate ammonium or Basta; Duchefa, 
Haarlem). T2 seedlings were individually harvested and were screened on plates 
containing half strength Murashige and Skoog (MS) salt mixture, 1% sucrose and 
0.5 g/L (N-morpholino) ethanesulfonic acid (MES), pH5.8, in 0.8% agar for recovery 
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of root length and high GFP expression using a Leica MZFLIII stereomicroscope. 
Suppressors were crossed to RCH1>>CLE19 to check for preservation of a functional 
RCH1>>CLE19 construct after T-DNA activation tagging and for dominant or reces-
sive traits. If the F1 showed the phenotype of RCH1>>CLE19, the suppressor was 
considered functional and not dominant. Suppressors were also crossed to sol1 and 
sol2 to test for possible allelism. We established cosegregation of sol3 developmen-
tal and suppression phenotypes by verifying that the suppressor phenotype in a 
sol3 segregating population correlates to the root patterning defect and vise versa. 
Plasmid rescue, TAIL-PCR and vectorette PCR were performed as described (Weigel 
et al., 2000; Liu and Whittier, 1995; Arnold and Hodgson, 1991).

Microscopy

sol3 was backcrossed to RCH1>>CLE19 or Columbia Utrecht three times prior to 
phenotypic and genetic analysis. Fluorescent reporters were crossed to sol3 and 
not sol3;RCH1>>CLE19 as the RCH1>>CLE19 construct harbored GFP and would 
interfere with the analyses. Light microscopy, starch granule staining, measurement 
of root length or number of meristematic cells was performed as described in (Wil-
lemsen et al., 1998) and (Welch et al., 2007). Root width was measured just above 
the QC. Aniline blue staining of mature embryos was performed as described in 
(Bougourd et al., 2000). For confocal microscopy, roots were mounted in 20 µg/mL 
propidium iodide.
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Summary

Leucine-rich repeat receptor-like protein kinases (LRR RLKs) represent the largest 
group of Arabidopsis RLKs with approximately 235 members. A minority of these 
LRR RLKs have been assigned to diverse roles in development, pathogen resistance 
and hormone perception. Using a reverse genetics approach, a collection of homo-
zygous T-DNA insertion lines for 69 root expressed LRR RLKs was screened for root 
developmental defects and altered response after exposure to environmental, hor-
monal/chemical and abiotic stress. The obtained data demonstrate that LRR RLKs 
play a role in a wide variety of signal transduction pathways related to hormone 
and abiotic stress responses. The described collection of T-DNA insertion mutants 
provides a valuable tool for future research into the function of LRR RLK genes.
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Introduction

Multicellular organisms sense and respond to both external and internal signals in 
an intricate and accurate way for survival and coordinate development. A multi-step 
signal transduction set up, involving receptor protein kinases using phosphorylation 
status to transduce external messages into the cell, creates the needed complexity 
for sophisticated response regulation (Wang et al., 2007).

The receptor-like protein kinases (RLKs) are the largest class of Arabidopsis protein 
kinases forming a monophyletic group that contains both transmembrane and cy-
toplasmic protein kinases (Shiu and Bleecker, 2001a; Shiu and Bleecker, 2001b; Shiu 
and Bleecker, 2003). The Arabidopsis genome contains over 600 RLK genes repre-
senting about 2.5% of the protein encoding genes. RLKs can function as homo and 
heterodimers, adding to their signaling, sensing and regulatory potential, indicat-
ing that Arabidopsis is able to perceive a wide range of signals (Johnson and Ingram, 
2005). The best studied RLKs are those containing extracellular leucine-rich repeats 
(LRRs). LRRs are tandem repeats of approximately 24 amino acids with conserved 
leucines. The group of LRR RLKs is the largest RLK class with over 200 members, 
divided over 13 subfamilies (LRR I to XIII), classified according to the organization of 
LRRs in the extracellular domain (Shiu and Bleecker, 2001a; Shiu and Bleecker, 2003).

Over the years an increasing number of RLKs have been assigned functions in 
development, pathogen resistance and hormone perception (Dievart and Clark, 
2004; Morillo and Tax, 2006). In addition, many RLKs show a transcriptional response 
upon hormone treatment (Chae et al., 2009). Two of the best characterized LRR RLKs 
in Arabidopsis are CLV1 and BRI1 (Rieu and Laux, 2009; Aker and de Vries, 2008). The 
CLV pathway regulates stem cell proliferation and differentiation in the shoot apical 
meristem (SAM). CLV2 encodes a LRR receptor-like protein required for the stability 
of CLV1 that is the receptor for CLV3, a small secreted CLE family peptide ligand 
(Ogawa et al., 2008). Mutations in any of these three CLV genes cause an ectopic 
accumulation of stem cells and a progressive enlargement of the shoot meristem. 
Downstream of CLV1 signaling is the homeobox transcription factor WUSCHEL 
(WUS) that forms a negative feedback loop with CLV3 to maintain meristem size (Sa-
blowski, 2007). Brassinosteroid (BRs) signaling through the BRI1 receptor regulates 
plant growth and development through a complex signal transduction pathway. 
Binding of BRs to BRI1, releases its negative regulator BKI1, thereby increasing the 
affinity for the BAK1/SERK3 co-receptor, and allowing downstream signaling to the 
phosphorylation sensitive BES and BZR1 transcription factors (Vert et al., 2005; Aker 
and de Vries, 2008).

Roots form from stereotyped embryonic divisions and harbor a clearly discern-
ible stem cell set. The radial organization of the Arabidopsis root is maintained by 
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asymmetric cell divisions of different stem cells and their daughters that are located 
in the root meristem (ten Hove and Heidstra, 2008). These stem cells surround a 
small group of cells, the quiescent center (QC), required for their maintenance. The 
current hypothesis is that the angiosperm root meristem has evolved from the SAM 
(Stahl et al., 2009). In addition, roots respond sensitively to plant growth factors 
and to environmental signaling (Wolters and Jurgens, 2009; Iyer-Pascuzzi et al., 
2009). Key regulatory themes in the shoot have been found to be significant in the 
development and regulation of the root, involving phytohormones, transcription 
factors as well as peptide ligands and their receptors. Several observations suggest 
that a signaling pathway involving CLV1-like LRR RLKs may function in root stem 
cell maintenance: (1) the similarity between the two apical meristems (Scheres, 
2007); (2) the fact that overexpression or application of A-class CLE peptides causes 
differentiation of shoot and root meristems (Ito et al., 2006; Kinoshita et al., 2007; 
Whitford et al., 2008); and (3) the fact that WUS and its family member WOX5 can 
substitute for each other in stem cell maintenance (Sarkar et al., 2007).

To study possible conservation of LRR RLK function in shoot and root meristem 
maintenance, a collection of homozygous T-DNA insertion lines for root expressed 
LRR RLKs was generated and investigated for root developmental phenotypes. In 
addition, these lines were screened for altered response to a series of hormone/
chemical and abiotic stress treatments. Despite the absence of new developmental 
phenotypes under normal growth conditions we implicate several previously 
characterized as well as uncharacterized LRR RLKs in hormone and abiotic stress 
responses.

Results

A homozygous T-DNA insertion mutant collection for root expressed LRR RLKs

Starting from the assumption that a conserved CLV-like pathway for Arabidopsis 
root meristem maintenance exists, we investigated LRR RLK function in root devel-
opment by taking a reverse genetics approach. We first analyzed the expression 
patterns in the different tissues of the root meristem of all LRR RLKs from subfamilies 
II, III, IV, VII, VIII-2, X, XI and XIII using the in silico expression database of the Arabi-
dopsis root (The Arabidopsis Expression Database; www.arexdb.org) (Birnbaum et 
al., 2003; Brady et al., 2007), We also included 6 kinases that belong to the same 
monophyletic group as the LRR RLKs but originate from different classes (L-lectin, 
SD-1, URK1) that were identified as putative targets of root expressed transcription 
factors (RH, unpublished data). 87 RLKs of mostly unknown function (Table 1) were 
expressed in different tissues of the root meristem (Figure 1). Comparison with the 
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GENEVESTIGATOR database indicated that all kinases were also expressed in other 
tissues (https://www.genevestigator.com/gv/index.jsp, data not shown).

We collected putative T-DNA insertion lines for all root expressed RLKs (see ex-
perimental procedures), which were subsequently tested by PCR based genotyping 
and built a collection of 134 homozygous T-DNA lines representing 69 RLK genes, 
harboring insertions in: (1) exons (98 lines); (2) introns (10 lines); (3) within 500 
nucleotides upstream of the open reading frame (15 lines); and (4) between 500 
and 1000 nucleotides upstream of the open reading frame (11 lines) (Table 1). For 
18 RLK genes we failed to generate homozygous T-DNA insertion lines and these 
genes were excluded from our study. Together this collection makes up around 30% 
of the LRR RLKs present in the Arabidopsis genome.

Developmental phenotype analysis of LRR RLK T-DNA insertion mutants

To identify LRR RLKs involved in root growth and development we phenotypically 
analyzed 4 to 8-day-old roots of the homozygous T-DNA insertion mutants using 
both confocal microscopy and nomarski optics. We tested the integrity of the stem 
cell niche based on morphology and absence of starch accumulation in columella 
stem cells. Two lines appeared to have a root developmental defect. rlk902 showed 
a reduced root length and meristem size and was further characterized (Chapter 6). 
The SALK_009453c line, homozygous for a T-DNA insertion in At2g31880, segregated 
in a recessive manner for a short root phenotype. This suggests that a mutation 
unlinked to the T-DNA is responsible for the observed phenotype. When compared 
to wild type plants grown under long day conditions for 4-8 weeks no obvious 
above ground defects were observed apart from previously reported phenotypes 
for a number of mutants in these genes (e.g. erecta). Together, these results suggest 
that the LRR RLKs analyzed are functionally redundant for developmental pathways 
or function only under specific stimuli and/or in other than root tissues.

All tested LRR RLK T-DNA insertion mutants are susceptible to CLE peptide 
treatment

Overexpression and exogenous application of CLV3 and other A-class CLE peptides 
leads to general loss of meristematic activity, suggesting that these peptides act 
in controlling shoot and root meristem size, whereas B-class CLE peptides (CLE41-
CLE44) suppress the differentiation of xylem cells from stem cell-like procambial 
cells and promote cell division (Ito et al., 2006; Kinoshita et al., 2007; Whitford et 
al., 2008). In the SAM, the CLE peptide CLV3 is the ligand for the CLV1 receptor 
(Ogawa et al., 2008). To identify putative receptors involved in the perception of 
CLE peptides in roots, we treated the LRR RLK mutants with synthetic CLV3 and/or 
CLE19 peptides. Compromised receptors should not be able to transduce any signal 
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Table 1. List of the examined LRR RLK genes and corresponding T-DNA insertion lines.

Nr AGI code Family Gene 
name

Function T-DNA 
lines/
gene

T-DNA line Location References

1 At4g33430 LRR II BAK1 / 
SERK3

perception of BR, 
innate immunity

2 N534523 Intron Nam and Li, (2002); 
Li et al., (2002); 
Chinchilla et al., 
(2007); Heese et al., 
(2007)

N616202 Exon

2 At1g25320 LRR III 2 N610111 Exon

N653321/
SALK_082100C

Exon

3 At1g48480 LRR III RKL1 3 N599094 Exon Ohtake et al., 
(2000); Tarutani et 
al., (2004)

N874554/
SAIL_525_D09

Exon

N876722/
SAIL_772_B09

Exon

4 At1g60630 LRR III 0

5 At1g67510 LRR III 1 N640207 Exon

6 At1g68400 LRR III 1 N872562/
SAIL_256_E01

300-UTR5

7 At2g01210 LRR III 2 N521338 Exon

N661769/
SALK_021338C

Exon

8 At2g15300 LRR III 1 N584900 1000-Promotor

9 At2g23300 LRR III 1 N601079 Exon

10 At2g26730 LRR III 0

11 At2g27060 LRR III 1 N586912 Exon

12 At2g36570 LRR III 1 N634974 Exon

13 At2g42290 LRR III 1 N617410 1000-Promotor

14 At3g02880 LRR III 2 N501905 1000-Promotor

N519840 Exon

15 At3g08680 LRR III 1 N606115 300-UTR5

16 At3g17840 LRR III RLK902 2 GABI_114_B09 300-UTR5 Tarutani et al., 
(2004)

rlk902 Intron

17 At3g24660 LRR III TMKL1 0 Valon et al., (1993)

18 At3g50230 LRR III 1 N872131/
SAIL_209_C11

300-UTR5

19 At3g51740 LRR III IMK2 1 N529864 Exon Fujita et al., (2003)

20 At3g56100 LRR III MRLK / 
IMK3

phosphorylates 
and binds  AGL24

1 N524031 Exon Fujita et al., (2003)

21 At3g57830 LRR III 1 N558587 Exon
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22 At4g23740 LRR III 1 N505132 Exon

23 At4g31250 LRR III 0

24 At4g34220 LRR III 0

25 At4g37250 LRR III 1 N563572 Exon

26 At5g07620 LRR III 2 N572205 300-UTR5

N644635 Exon

27 At5g10020 LRR III 0

28 At5g16590 LRR III 1 N553366 1000-Promotor

29 At5g43020 LRR III 2 N513455 300-UTR5

N535437 Exon

30 At5g53320 LRR III 1 N556616 Exon

31 At5g58300 LRR III 2 N347264/
GABI_822B12

Exon

N347265/
GABI_822B12

Exon

32 At5g67200 LRR III 1 N592099 Exon

33 At5g67280 LRR III 2 N580358 Exon

N620462 1000-Promoter

34 At2g45340 LRR IV 2 N611584 Exon

N659297 300-UTR5

35 At1g75640 LRR VII 1 N601029/
N800023

Exon

36 At2g24230 LRR VII 1 N659661/
SALK_010569C

1000-Promotor

37 At3g28040 LRR VII 4 N553567/
N800014

Exon

N553567 Exon

N593475/
N800022

Exon

N521579 300-UTR5

38 At3g56370 LRR VII IRK 1 N538787 Exon Kanamoto et al., 
(2002); Hattan et 
al., (2004)

39 At4g36180 LRR VII 2 N542323/
N800009

Exon

N564666/
N800016

Exon

40 At5g01890 LRR VII 2 N518730/
N800005

Exon

N555351 Exon

41 At5g45800 LRR VII MEE62 calmodulin 
binding

3 N551073/
N800013

Exon Charpenteau et al., 
(2004)

N608935/
N800025

Exon

N633510 Exon

42 At5g58150 LRR VII 1 SALK_093781C 1000-Promotor
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43 At1g53440 LRR 
VIII-2

4 N557812 300-UTR5

N630548 Exon

N663996/
SALK_030548C

Exon

N648231 Intron

44 At1g27190 LRR X 3 N616632/
N800027

Exon

N632078 Exon

N661081/
SALK_110440C

Exon

45 At1g74360 LRR X 0

46 At2g02220 LRR X PSKR1 cellular longevity 
and growth

4 N508585 Exon Matsubayashi et 
al., (2006); 

N508585/
N800002

Exon Matsubayashi et 
al., (2006)

N571659 1000-Promotor

N662917/
SALK_071659C

1000-Promotor

47 At3g13380 LRR X BRL3 perception of BR, 
leaf patterning

2 N506024 Exon Cano-Delgado et 
al., (2004)

N506024/
N800036

Exon

48 At2g01950 LRR X BRL2 / 
VH1

leaf patterning 4 N516024/
N800004

Exon Clay and Nelson, 
(2002)

N570890 300-UTR5

N642625 Exon

SALK_142625C Exon

49 At3g28450 LRR X 0

50 At5g42440 LRR X 0

51 At5g48380 LRR X BIR1 innate immunity 0 Gao et al., (2009)

52 At5g53890 LRR X 3 N524464/
N859716

Exon

N524464/
N800006

Exon

N640876 Exon

53 At1g08590 LRR XI 1 N655622/
SALK_074344C

Exon

54 At5g61480 LRR XI 1 N800037 Exon

55 At1g09970 LRR XI 2 N594492 Exon

SALK_120595c Exon

56 At1g17750 LRR XI 2 N536564/
N800008

Exon

N598161 Exon

57 At1g28440 LRR XI HSL1 2 N608127 Exon Stenvik et al., 
(2008b)
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N654434/
SALK_141756C

Intron

58 At1g34110 LRR XI 2 N500143/
N800032

Intron

N558918 Exon

59 At1g72180 LRR XI 3 N500022/
N800031

1000-Promotor

N514533 Exon

N581193 300-UTR5

60 At1g73080 LRR XI PEPR1 innate immunity 4 N514538 Exon Yamaguchi et al., 
(2006)

N514538/
N800003

Exon

N559281/
N800015

Exon

N560002 300-UTR5

61 At2g31880 LRR XI SOBIR innate immunity 2 N550715 Exon Gao et al., (2009)

N661434/
SALK_009453C

Exon

62 At2g33170 LRR XI 7 N554914 1000-Promotor

N569849/
N800019

Exon

N615856/
N800026

Exon

N615856 Exon

N659440/
SALK_069849C

Exon

N659493/
SALK_092719C

Exon

N859736/
SALK_092719

Exon

63 At3g24240 LRR XI RCH2 1 N520659 Exon Casamitjana-
Martínez (2003)

64 At3g49670 LRR XI BAM2 organ, meristem, 
gametophyte, 
ovule and 
vascular 
development

0 DeYoung et al., 
(2006, 2008); Hord 
et al., (2006)

66 At4g20270 LRR XI BAM3 2 N544433/
N800012

Exon DeYoung et al., 
(2006, 2008); Hord 
et al., (2006)

bam3-2 Exon

65 At4g20140 LRR XI GSO1 embryo 
development

1 N543282 Exon Tsuwamoto et al., 
(2008)

67 At4g28650 LRR XI 2 N536232/
N800045

Exon

N614354 Exon
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68 At5g25930 LRR XI 0

69 At5g44700 LRR XI GSO2 embryo 
development

0 Tsuwamoto et al., 
(2008)

70 At5g48940 LRR XI RCH1 3 N504583/
N800034

Intron Casamitjana-
Martínez (2003)

N538309/
N800048

Exon

N597109/
N800047

Exon

71 At5g49660 LRR XI 0

72 At5g56040 LRR XI 2 N537932/
N800047

Exon

N537932 Exon

73 At5g63930 LRR XI 1 N874087/
SAIL_429_B07

Exon

74 At5g65700 LRR XI BAM1 meristem, 
gametophyte, 
ovule and 
vascular 
development

2 N607016 300-UTR5 DeYoung et al., 
(2006, 2008); Hord 
et al., (2006)

bam1-1 Exon

75 At5g65710 LRR XI HSL2 floral organ 
abscission

2 N530520/
N800042

Exon Stenvik et al., 
(2008a,b); Cho et 
al., (2008)

N557117/
N800051

Exon

76 At1g31420 LRR XIII FEI1 cell wall function 0 Xu et al., (2008)

77 At2g26330 LRR XIII ER meristem, 
organ, ovule, 
anther, stomatal 
development, 
pathogen 
resistance

4 N544110/
N800010

Intron Torii et al., (1996); 
Gross-Hardt and 
Laux.,(2003); Shpak 
et al., (2004, 2005); 
Pillitteri et al., 
(2007); Hara (2007); 
Hord et al., (2008)

N566455/
N800017

Intron

N566455 Intron

er-105 Exon

78 At2g35620 LRR XIII FEI2 cell wall function 1 N544226/
N800011

Exon Xu et al., (2008)

79 At5g07180 LRR XIII ERL2 organ, ovule, 
anther, stomatal 
development

6 N507643/
N800001

Exon Shpak et al., (2004, 
2005); Pillitteri et 
al., (2007);  Hara 
(2007); Hord et al., 
(2008)

N526292 Exon

N619164/
N800028

Intron

N630647/
N800030

Intron
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upon ligand binding and mutant plant meristems should be similar to untreated 
wild type meristems. Only the N585175 line, homozygous for a T-DNA insertion in 
AIK3, displayed resistance to both CLV3 and CLE19 peptide treatment, albeit in a 
Mendelian fashion (~25% resistance, corresponding to a recessive phenotype). PCR 
analysis confirmed that the T-DNA insertion in AIK3 did not co-segregate with the 
observed CLE peptide resistance, indicating the presence of an additional mutation. 
The results indicate that none of the tested RLKs are involved in CLE perception.

Analysis of LRR RLK T-DNA insertion mutants for conditional phenotypes

In addition to developmental phenotyping, we undertook a broad-spectrum panel 
of environmental assays on the T-DNA insertion lines to test the involvement of 
individual LRR RLKs in the response to these stimuli (Table 2). We produced dose 
response curves for conditions not yet published using the online Arabidopsis 
Gantlet Project database (http://thale.biol.wwu.edu/index.html). Quantifiable traits 
as root length and germination were used and threshold doses were established to 
test for sensitivity and saturation doses for insensitivity. No consistent differential 
responsiveness was observed in comparison to wild type plants for treatments with 
ACC, ABA, MeJa, EBL, low NaCl, sucrose, low and high temperature or gravitropism 
(data not shown).

LRR RLK mutants affected in auxin response

Hormonal signaling plays a critical role in almost every aspect of plant development, 
from embryogenesis to senescence. Although the molecular details of hormone 

N661394 Exon

erl2-1 Exon

80 At5g62230 LRR XIII ERL1 organ, ovule, 
anther, stomatal 
development

3 N581669/
N800021

Exon Shpak et al., (2004, 
2005); Pillitteri et 
al., (2007);  Hara 
(2007); Hord et al., 
(2008)

N584012 300-UTR5

erl1-2 Exon

81 At5g62710 LRR XIII AIK3 1 N585175 Exon

82 At3g19300 URK I 1 N638829 Exon

83 At4g21400 DUF26 0

84 At4g03230 SD-1 1 N589055 Exon

85 At5g13290 N. A. 0

86 At3g53380 L-Lectin 0

87 At3g55550 L-Lectin 1 N559967 300-UTR5
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Figure 1. LRR RLK root expression profiles.
Heat map of the expression patterns of the 87 LRR RLKs in the root based on several root markers and longi-
tudinal sections. The expression indices for each marker/section were obtained from (Brady et al., 2007) and 
were visualized in MultiExperiment Viewer (MeV) v4.5.0 (Saeed et al., 2003). Colors indicate lowered (black) 
or increased (yellow) transcript accumulation relative to the respective controls within a 0 to +3.5 range.
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action remain largely unknown, receptors for the major hormones have now been 
identified (Bishopp et al., 2006; Wolters and Jurgens, 2009). The plant hormone auxin 
plays a key role in many aspects of plant growth and development. Auxin transport 
is facilitated by auxin influx and efflux carriers, integral plasma membrane proteins 
that transport auxin molecules into and out of the cell, respectively (Petrášek and 
Friml, 2009). The nuclear localized receptors AFB1, AFB2, AFB3 and TIR1, which are 
the F-box subunits of the E3-ubiquitin ligase complexes SCF-TIR1 and SCF-AFB 
bind auxin. This results in the degradation of the Aux/IAA transcriptional repres-
sor proteins by the 26S proteasome and subsequent ARF dependent activation of 
transcription (Dharmasiri et al., 2005). However, not all auxin-regulated processes 

Table 2. Conditional phenotype assays applied to LRR RLK mutants.
See experimental procedures for details on stress conditions and assays.

Condition Concentration Assay

Hormone sensitivity/resistance

ACC (1-aminocyclopropane-1-carboxylic acid) 0 µM, 0,5 µM and 10 µM vertical, dark, triple response assay

ABA  (abscisic acid) sensitivity 0,3 µM vertical, light, germination assay

ABA  resistance 3 µM vertical, light, germination assay

MeJa (methyl jasmonate) 1 µM vertical, light, root length assay

EBL (epi-brassinolide) 0,1 µM vertical, light, root length assay

NPA (1-naphthylphthalamic acid) 5 µM vertical, light, root length assay

IAA  (indole-3-acetic acid) 0,2 µM vertical, light, root length assay

6-BAP (6-benzylaminopurine) 0,1 µM vertical, light, root length assay

Peptide sensitivity 

CLE19p 10 µM vertical, light, root length assay

CLV3p 5 µM vertical, light, root length assay

Abiotic stress

NaCl: salt stress tolerance 200 mM vertical, light, germination assay

NaCl: salt stress hypersensitivity  50 mM vertical, light, root length assay

Mannitol: osmotic stress 400 mM vertical, light, germination assay

Sucrose: metabolites 4,5% w/v vertical, light, germination assay

Others

Gravitropism (90° rotation) vertical, light, root length assay

Dark vertical, dark, germination assay

Temperature (15°C and 30°C) vertical, light, general growth assay
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can be easily attributed to this type of signaling. Another putative auxin receptor 
is ABP1 that binds auxin and is implicated in a set of early auxin responses such as 
rapid activation of ion fluxes at the plasma membrane (Badescu and Napier, 2006; 
Tromas et al., 2009).

To identify LRR RLKs involved in auxin signaling we screened seedling root growth 
response to the natural auxin IAA and the phytotropin polar auxin transport inhibi-
tor NPA. We tested the T-DNA insertion mutants using concentrations that slightly 
inhibit root growth in wild type seedlings, i.e. 0,2 μM IAA and 5 μM NPA. For the 
IAA treatment, 19 T-DNA insertion lines corresponding to 16 RLK genes showed a 
consistent enhanced root length compared to wild type, indicative of increased 
resistance to IAA (Table 3). In contrast, 2 T-DNA insertion lines corresponding to 
BAK1/SERK3 and IRK genes showed a consistent enhanced root growth inhibition, 
indicative of increased sensitivity to IAA. 23 T-DNA insertion lines corresponding 
to 22 RLK genes were found to be resistant to NPA treatment (Table 3). Reversely, 3 
T-DNA insertion lines, corresponding to BAK1/SERK3 and PSKR1 genes, were more 
sensitive to NPA.

Resistance to the phytohormone auxin and polar auxin transport inhibitors 
frequently coincides (Fujita and Syono, 1997). These observations are confirmed in 
our study as we observed an overlap between IAA and NPA resistance observed for 
T-DNA insertions in 7 genes: At1g67510, At5g43020, At1g53440, At4g03230, PEPR1, 
BAM1 and ERL2, whereas the T-DNA insertion line N534523 (BAK1/SERK3) showed 
increased sensitivity for both IAA and NPA. Together, our results suggest that a 
number of LRR RLKs are involved in auxin signaling and/or response.

LRR RLK mutants affected in cytokinin response

Cytokinins, generally acting antagonistically to auxin (Bishopp et al., 2006), have 
been shown to play a key role in the regulation of root growth and meristem size 
(Dello Ioio et al., 2007). Plants respond to cytokinins via a two-component signaling 
pathway involving the transmembrane histidine kinases AHK2, AHK3 and AHK4/
CRE1 (Dello Ioio et al., 2008). These receptors transfer the signal via phosphorelay to 
the nucleus, thereby activating negative (type-A) and positive (type-B) regulators 
(ARRs) of the cytokinin response. Type B ARRs act as transcription factors activat-
ing the transcription of cytokinin primary response genes, including type-A ARRs, 
thereby forming a negative feedback loop to control cytokinin responses (Bishopp 
et al., 2006).

To explore whether LRR RLKs are involved in cytokinin signaling and/or response 
we screened seedling root growth response to the synthetic cytokinin 6-benzyl-
aminopurine (6-BAP). We tested the T-DNA insertion mutants using concentrations 
that slightly inhibit root growth in wild type seedlings, i.e. 0,1 μM 6-BAP. One 
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Table 3. Results of conditional tests.
(R) resistant; (S) sensitive; (-) similar to wild type. See experimental procedures for details on stress condi-
tions and assays.

AGI code Gene 
name

T-DNA line Location 0,2 μM 
IAA

5 μM 
NPA

0,1 μM 
6-BAP

Dark 200 
mM 
NaCl

400 mM 
mannitol

At4g33430 BAK1/
SERK3

N534523 Intron S S - - - -

N616202 Exon - S S - - -

At1g25320 N610111 Exon - - - - - R

N653321/
SALK_082100C

Exon - R - - - -

At1g48480 RKL1 N599094 Exon - - - - - -

N874554/
SAIL_525_D09

Exon - - - - - -

N876722/
SAIL_772_B09

Exon - - - - - -

At1g67510 N640207 Exon R R - - - -

At1g68400 N872562/
SAIL_256_E01

300-UTR5 - - - - - -

At2g01210 N521338 Exon - - - - - -

N661769/
SALK_021338C

Exon - R - - - -

At2g15300 N584900 1000-Promotor - - - - - -

At2g23300 N601079 Exon - R - - - -

At2g27060 N586912 Exon - R - - R -

At2g36570 N634974 Exon - - - - R R

At2g42290 N617410 1000-Promotor R - - - R -

At3g02880 N501905 1000-Promotor - - - - - -

N519840 Exon R - - - - R

At3g08680 N606115 300-UTR5 - - - - - R

At3g17840 RLK902 GABI_114_B09 300-UTR5 - R - - - -

rlk902 Intron - - - - - -

At3g50230 N872131/
SAIL_209_C11

300-UTR5 - - - - - -

At3g51740 IMK2 N529864 Exon - R - - - R

At3g56100 MRLK/
IMK3

N524031 Exon - - - - R R

At3g57830 N558587 Exon - R - - - -

At4g23740 N505132 Exon - - - - - R

At4g37250 N563572 Exon - - - - - -

At5g07620 N572205 300-UTR5 - - - - R R

N644635 Exon - - - - R -

At5g16590 N553366 1000-Promotor - - - - - -

At5g43020 N513455 300-UTR5 - - - - R R
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N535437 Exon R R - - - -

At5g53320 N556616 Exon R - - - R -

At5g58300 N347264/
GABI_822B12

Exon - - - S - -

N347265/
GABI_822B12

Exon - - - - - -

At5g67200 N592099 Exon - - - - R R

At5g67280 N580358 Exon - R - - - -

N620462 1000-Promoter - - - - - -

At2g45340 N611584 Exon - R - - - -

N659297 300-UTR5 - - - - - -

At1g75640 N601029/
N800023

Exon - - - - - -

At2g24230 N659661/
SALK_010569C

1000-Promotor - - - - - R

At3g28040 N553567/
N800014

Exon - - - S - -

N553567 Exon - - - - - -

N593475/
N800022

Exon - - - - - -

N521579 300-UTR5 - - - S - R

At3g56370 IRK N538787 Exon S - - - - R

At4g36180 N542323/
N800009

Exon - - - - - -

N564666/
N800016

Exon - - - - - -

At5g01890 N518730/
N800005

Exon - - - - - R

N555351 Exon - - - S - -

At5g45800 MEE62 N551073/
N800013

Exon R - - - - -

N608935/
N800025

Exon - R - - - -

N633510 Exon - - - - - R

At5g58150 SALK_093781C 1000-Promotor - - - - R R

At1g53440 N557812 300-UTR5 R - - - - -

N630548 Exon R - - - - -

N663996/
SALK_030548C

Exon R R - - - -

N648231 Intron R - - - R -

At1g27190 N616632/
N800027

Exon - - - - - -

N632078 Exon - - - - - R

N661081/
SALK_110440C

Exon - - - - - -

At2g02220 PSKR1 N508585 Exon - - - - - -
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N508585/
N800002

Exon - S - - - -

N571659 1000-Promotor - - - - - -

N662917/
SALK_071659C

1000-Promotor - - - - R -

At3g13380 BRL3 N506024 Exon - - - S R -

N506024/
N800036

Exon - - - - R R

At2g01950 BRL2/
VH1

N516024/
N800004

Exon - - - - - R

N570890 300-UTR5 R - - - R R

N642625 Exon - - - - R -

SALK_142625C Exon - - - - - -

At5g53890 N524464/
N859716

Exon - - - - - R

N524464/
N800006

Exon - - - - - -

N640876 Exon - - - - - -

At1g08590 N655622/
SALK_074344C

Exon - - - - - -

At5g61480 N800037 Exon - - - - - -

At1g09970 N594492 Exon - - - - - -

SALK_120595c Exon - - - - - -

At1g17750 N536564/
N800008

Exon - - - - - -

N598161 Exon - - - S R -

At1g28440 HSL1 N608127 Exon R - - - - R

N654434/
SALK_141756C

Intron - R - - - -

At1g34110 N500143/
N800032

Intron - - - - - -

N558918 Exon - - - - - -

At1g72180 N500022/
N800031

1000-Promotor - - - - - R

N514533 Exon - R - - - R

N581193 300-UTR5 - - - - R -

At1g73080 PEPR1 N514538 Exon - - - S - -

N514538/
N800003

Exon - - - - - R

N559281/
N800015

Exon - - - - - R

N560002 300-UTR5 R R - - - R

At2g31880 SOBIR N550715 Exon R - - - - -

N661434/
SALK_009453C

Exon - - - - R -

At2g33170 N554914 1000-Promotor - - - - - -
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N569849/
N800019

Exon - - - - - -

N615856/
N800026

Exon R - - - - R

N615856 Exon - - - - - -

N659440/
SALK_069849C

Exon - - - - - -

N659493/
SALK_092719C

Exon - - R S - -

N859736/
SALK_092719

Exon - - R - - -

At3g24240 RCH2 N520659 Exon - - - - R -

At4g20140 GSO1 N543282 Exon - - - - R R

At4g20270 BAM3 N544433/
N800012

Exon - - - S - -

bam3-2 Exon - - - - - -

At4g28650 N536232/
N800045

Exon - - - - - -

N614354 Exon - - - - - -

At5g48940 RCH1 N504583/
N800034

Intron - - - S - -

N538309/
N800048

Exon - R - - - -

N597109/
N800047

Exon - - - - - -

At5g56040 N537932/
N800047

Exon - - - - - -

N537932 Exon - - - - - -

At5g63930 N874087/
SAIL_429_B07

Exon - - - - - -

At5g65700 BAM1 N607016 300-UTR5 R R - - R R

bam1-1 Exon - - - - - R

At5g65710 HSL2 N530520/
N800042

Exon R - - - - -

N557117/
N800051

Exon - - - - - -

At2g26330 ER N544110/
N800010

Intron - - - - - -

N566455/
N800017

Intron - R - - R -

N566455 Intron - - - - - -

er-105 Exon - - - - - R

At2g35620 FEI2 N544226/
N800011

Exon - - - - - -

At5g07180 ERL2 N507643/
N800001

Exon R R - - - -

N526292 Exon - - - - - -
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homozygous T-DNA insertion line showed a consistent increased (At2g33170) and 
one showed a consistent reduced (BAK1/SERK3) root length compared to wild type 
(Table 3). These results suggest that At2g33170 and BAK1/SERK3 mediate cytokinin 
control on root growth.

Identification of LRR RLKs involved in light signaling and/or response

Light is one of the key external factors controlling seed germination and dormancy 
(Penfield and King, 2009). Perception and response to this stimulus ensures that 
seedling emergence and growth occur at the most advantageous time. The effect 
of light on seed germination is mainly conveyed by photoreceptors called phyto-
chromes. Additionally, different hormones favor (GA, ethylene, BR) or repress (ABA) 
germination.

The LRR RLK T-DNA insertion mutants were screened for light requirement by ana-
lyzing their germination potential (measured by radicle emergence) in the absence 
of light. We scored mutants as light sensitive when they showed germination levels 
of lower than 25% at 25°C in the dark. High germination levels were observed for all 
T-DNA insertion lines and co-plated wild type controls in the light. 11 T-DNA inser-
tion lines showed dark germination levels lower than 25% (Table 3), implicating 
involvement of the corresponding 10 RLK genes in light signaling and/or response.

LRR RLK mutants affected in salt and osmotic stress tolerance

Plants vary greatly in their tolerance to abiotic stress such as salt (Xiong and Zhu, 
2002). Whereas halophytes can complete their life cycle under saline conditions, 
glycophytes are more sensitive to salt stress, although their tolerance varies widely 
between species and even among varieties. Arabidopsis thaliana is a glycophytic, 

N619164/
N800028

Intron - - - - - -

N630647/
N800030

Intron - - - S - -

N661394 Exon - R - - - -

erl2-1 Exon - - - - - -

At5g62230 ERL1 N581669/
N800021

Exon - - - - - -

N584012 300-UTR5 - R - - - -

erl1-2 Exon - - - - R R

At5g62710 AIK3 N585175 Exon - - - - - -

At3g19300 N638829 Exon - - - - - R

At4g03230 N589055 Exon R R - - R R

At3g55550 N559967 300-UTR5 - - - - R R
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salt intolerant plant. It is assumed that salt is perceived by specific receptors of 
various types, including RLKs, two component histidine kinases and G-protein-
associated receptors (Xiong and Zhu, 2001). Recently, the LRR RLK encoding SRLK 
was implicated in the regulation of the adaptation of Medicago truncatula roots to 
salt stress (de Lorenzo et al., 2009).

To determine whether any of the Arabidopsis LRR RLKs play a role in the percep-
tion of abiotic stress, we have tested the T-DNA insertion lines for their ability to 
germinate compared to co-plated wild type control seeds on medium containing 
200 mM NaCl or 400 mM mannitol. A 1.8 fold increase in germination percentage to 
wild type was chosen to be called NaCl or mannitol resistant (see experimental pro-
cedures). 26 T-DNA insertion lines displayed enhanced NaCl tolerance correspond-
ing to 23 RLK genes (Table 3). For mannitol treatment, 36 T-DNA lines corresponding 
to 31 RLK genes showed enhanced resistance to mannitol (Table 3).

High salinity causes both hyperionic and hyperosmotic stress effects, whereas 
mannitol induces hyperosmotic stress (Hasegawa et al., 2000). To assess whether 
the altered response to NaCl treatment was due to altered tolerance towards 
ionic and/or osmotic stress effects we analyzed the overlap in T-DNA insertion lines 
with altered NaCl and mannitol responses. 13 T-DNA insertion lines for 13 genes: 
At3g55550, At2g36570, At5g07620, At5g43020, At5g67200, At5g58150, At4g03230, 
BAM1, BRL2/VH1, BRL3, ERL1, GSO1 and MRLK1/IMK3 were tolerant to both ionic ef-
fects and osmotic pressure, suggesting that these mutants are primarily osmotoler-
ant. Together, our results suggest that these kinases play a role in plant salt and/or 
osmotic stress tolerance.

Bioinformatic analyses to uncover trends in altered conditional responses

We next investigated whether there was a possible link between the obtained func-
tional data and LRR RLK phylogeny. A neighborhood joining tree of the 69 tested 
LRR RLKs was constructed using the kinase domain with each treatment depicted 
on the branches for each of the kinases (Figure 2). No patterns emerged that con-
nect LRR RLK phylogeny and mutant response.

We next investigated a possible link between LRR RLK behavior at the tran-
scriptome level with the functional characterization of corresponding mutants. A 
hierarchical clustering of the 69 studied LRR RLKs was performed based on their 
behavior in different public microarray experiments using conditional stresses com-
parable to those described here. We then compared the transcriptomic data with 
our functional characterization of the mutants and analyzed whether there was an 
overlap. LRR RLK gene clusters with similar behavior at the transcriptome level upon 
different stress treatments can be distinguished (Figure 3). However, comparison of 
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Figure 2. Combination of LRR RLK phylogeny with functional data. Neighborhood joining tree of the 69 
LRR RLKs tested. Subfamilies are indicated. Positive and negative response to tested conditions was color 
coded on the branches for each of the kinases as indicated. The numbers on the base of the branch indicate 
bootstrap support out of 500 replicates.
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Figure 3. Combination of cluster analysis of the studied LRR RLKs with functional data. 
The 69 studied LRR RLKs are clustered based on their behavior during different public microarray experi-
ments upon a range of abiotic stress, light, NaCl and IAA treatment (see experimental procedures). Each 
column represents the results from one microarray condition. Colors indicate lowered (green) or increased 
(red) transcript accumulation relative to the respective controls within a -5.5 to +2.5 range. The results of 
the conditional tests for mannitol, dark, NaCl and IAA (modified from Table 3) are depicted on the right, (R) 
resistant; (S) sensitive; (-) similar to wild type.
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these clustered expression patterns to RLK phylogeny and function in these stress 
responses did not reveal any significant correlation (Figure 3).

Discussion

Here, we have have undertaken a reverse genetics approach concentrating on root 
meristem expressed LRR RLKs with two objectives: first, to investigate the function 
of CLV1 paralogs in root meristem maintenance; and second, to gain a broader 
understanding of the function of LRR RLKs in root growth in general. We generated 
a collection of 134 homozygous T-DNA insertion mutants for 69 LRR RLK genes that 
comprise around 30% of the LRR RLKs present in the Arabidopsis genome.

Assuming conservation of the CLV pathway in the root, we expected the kinase 
involved in root meristem homeostasis to be closely related to CLV1 and/or a mem-
ber of the LRR RLK class. However, in our screen we did not obtain CLV1 paralogs 
involved in root development nor in CLE signaling. Recently, different types of recep-
tors putatively involved in CLE signaling were implicated to play a role in regulating 
root growth. Mutations in CRN/SOL2, a membrane bound receptor kinase lacking 
an extracellular domain, and the CLV2 receptor-like protein can both prevent CLE 
induced consumption of the root meristem (Muller et al., 2008; Miwa et al., 2008). 
Other recent work assigned ACR4, a receptor of the Crinkly4 class, in controlling 
distal stem cell proliferation in the root meristem (De Smet et al., 2008). CLE40 is the 
putative ligand of ACR4 and together they regulate WOX5 expression, thus resem-
bling the activity of the CLV3-CLV1-WUS shoot module (Stahl et al., 2009; Stahl and 
Simon, 2009). Although these studies demonstrated recruitment of receptors other 
than the LRR class in controlling root meristem maintenance, they certainly do not 
exclude that LRR RLKs operate in this process.

The degree of specificity and redundancy among RLKs has been a matter of de-
bate. Lack of identification of biological functions for RLK genes can be explained by 
functional redundancy that complicates studies employing reverse genetic strate-
gies. Two emerging themes are that receptor kinases are part of a cellular network 
of regulatory proteins that includes physical interactions with other RLKs, and that 
multiple receptor kinases are involved in similar or overlapping processes. Double 
and triple mutants have been found that display phenotypes supporting this hy-
pothesis, e.g. synergistic actions of ER, ERL1 and ERL2 control organ growth and cell 
proliferation whereas BAM1, redundantly with BAM2 and BAM3, balances cell divi-
sion and differentiation in the shoot meristem (Shpak et al., 2004c; Deyoung et al., 
2006). In addition, receptors can potentially participate in different receptor com-
plexes and this explains why some of these receptors play roles in diverse processes. 
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ER is the best example as a pleiotropic regulator of developmental, physiological 
processes as well as a modulator of responses to environmental stimuli (van Zanten 
et al., 2009). Strategies employing RNA interference to knockdown the expression 
of several RLKs simultaneously should help in overcoming functional redundancy 
among RLK genes. clv1 null alleles show a weak phenotype and all intermediate 
and strong alleles appeared dominant negative most likely interfering with the 
signaling function (Dievart et al., 2003). Similar observations have been made for 
bak1 and har1 mutants (Dievart and Clark, 2003). Generating dominant negative 
mutations for RLKs e.g. by removing their kinase domain could possibly lead to a 
better understanding of their function.

To gain a broader understanding of the function of LRR RLKs in root growth in 
general, we screened the T-DNA lines for altered response to environmental, hor-
monal/chemical and abiotic stress. Of the 69 mutant LRR RLKs tested 16 are involved 
in response to one type of treatment whereas 36 are involved in response to two or 
more types of treatment. 24 of the 69 LRR RLKs have been assigned a name of which 
many have been implicated in various biological programs. Three characterized LRR 
RLKs mutants were known to respond to the conditions tested in this study, and 
this was confirmed by us, demonstrating the validity of our screen: the elg mutant 
allele of BAK1/SERK3 was reported hypersensitive to IAA treatment (Whippo and 
Hangarter, 2005) and; a T-DNA line for the RLK IRK was found to be more sensitive 
to IAA treatment. Although the function of IRK is elusive, its expression is increased 
by auxin treatment (Kanamoto et al., 2002). Seemingly contrasting our results, the 
vh1 mutant was previously reported hypersensitive to low concentrations of the 
synthetic auxin analog 2,4-dichlorophenoxyacetic acid (2,4-D; 25 and 50 mM), 
while responding as wild type at higher concentrations (Ceserani et al., 2009). The 
observed discrepancy may be due to the type of mutation or to the use of different 
auxin molecules.

In addition, we identified several novel conditional phenotypes linked with muta-
tions in LRR RLK genes. T-DNA lines for BAK1/SERK3 showed an increased sensitivity 
for IAA and NPA treatment as well as an increased sensitivity to 6-BAP. These results 
are in line with the known interdependency of brassinosteroid (BR) and auxin sig-
naling in Arabidopsis (Nemhauser et al., 2004). The antagonistic interaction between 
auxin and cytokinins is known but no relationship has been reported between BRs 
and cytokinin so far. Our studies provide a link for crosstalk between these three 
pathways.

In this study, novel phenotypes were found for 52 RLKs. 21 of these concerned 
RLKs with previously characterized phenotypes but 31 provide functions for 
hitherto uncharacterized RLKs. We could not detect a clear relationship between 
conditional phenotypes and phylogeny. This suggests that these transmembrane 
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receptor kinases, despite a fairly similar domain organization, can readily acquire 
different functions compared to their closest paralogs during evolution. We showed 
that there are LRR RLK gene clusters with similar behavior at the transcriptome level 
upon different stress treatments. However, RLK clusters did not correlate with the 
functional characterization of the mutants. Similarly, a large scale analysis of the 
transcriptional response of the 604-member RLK gene family to a range of known 
environmental and developmental stimuli demonstrated a broad response of these 
kinases to multiple treatments (Chae et al., 2009). Our observations that many T-
DNA insertion lines respond to more than one treatment supports the existence 
of extensive cross talk and signal integration among different signaling pathways. 
With respect to hormones, for which receptors are identified, resistance or sensitiv-
ity may indicate a function of receptor signaling in secondary signaling events. Our 
study represents a preliminary view of processes in which the studied kinases may 
be involved. Additionally, the generated collection of LRR RLK T-DNA insertion mu-
tants can be easily applied for the analysis of other developmental aspects, function 
in defense and additional stress conditions and thus forms a valuable resource for 
future investigations into the biological role of LRR RLKs.

Experimental Procedures

Plant materials

The T-DNA Express database of the SALK Institute Genomic Analysis Laboratory 
(SIGnAL; http://signal.salk.edu/cgi-bin/tdnaexpress) was employed to identify pu-
tative T-DNA insertion mutants. We aimed to select T-DNA insertions within the 
coding region of the gene to enhance the likelihood of successful disruption of 
gene function. When unavailable, lines were selected with predicted intron or 
promoter (1000 bp promoter and 500 bp 5’UTR) insertions. Available lines of in-
terest generated by The Salk Institute for Biological Studies (SALK) (Alonso et al., 
2003), the German plant genomics research program (GABI) (Rosso et al., 2003), and 
Syngenta Arabidopsis Insertion Library (SAIL) (Sessions et al., 2002) were obtained 
from the Arabidopsis Biological Resource Center (ABRC; http://abrc.osu.edu/), the 
Nottingham Arabidopsis Stock Centre (NASC; http://arabidopsis.info/) or Syngenta. 
rlk902 (Tarutani et al., 2004) was kindly donated by Dr. Yoshihito Suzuki (University 
of Tokyo, Japan), bam1-1 and bam3-2 (Deyoung et al., 2006) by Dr. Steven Clark 
(University of Michigan, USA) and er-105, erl1-2 and erl2-1 (Shpak et al., 2004b) by 
Dr. Keiko Torii (University of Washington, USA). All T-DNA mutants used were of 
Columbia ecotype. The authenticity of T-DNA mutations was verified by PCR. Ge-
nomic DNA was isolated from approximately 10 individual plants per T-DNA line. 
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Table 4. Primers used for PCR based genotyping.

T-DNA Gene-specific primer pair
Forward primer 5’ - 3’

Gene-specific primer pair
Reverse primer 5’ - 3’

T-DNA primer 5’ - 3’

N534523 tgacacacgagaacaaccaaaaaga ataaggtgcttcaaagttgggatgc gcgtggaccgcttgctgcaact

N616202 atgtgtgtctttgtagtccatgagttttg tgtctttgtctttgaaatgttattcaactg gcgtggaccgcttgctgcaact

N610111 tttgactagattgcaaggaactctt atttcctaagcatacacaaaaacca gcgtggaccgcttgctgcaact

N653321/
SALK_082100C

tttttcaagctcacaattctttaac cttcagtgactcgtaacaaaaacg gcgtggaccgcttgctgcaact

N599094 gtgtcaaatgcgagagtaacagagt tcttcaagatcaaaaaccttagtcg gcgtggaccgcttgctgcaact

N874554/
SAIL_525_D09

tttcactccttttacagctctcttc ttgattgttgagatatcaacagctc tagcatctgaatttcataaccaatctcgatacac

N876722/
SAIL_772_B09

tcttccatcaactcaagatctcaac tcttcaagatcaaaaaccttagtcg tagcatctgaatttcataaccaatctcgatacac

N640207 cgtcgcgttgaataattgagtagga gcaatcaattacacatgccaccatac gcgtggaccgcttgctgcaact

N872562/
SAIL_256_E01

aaaaagatttgtcatgaaattaaggg agtgaggttagtgatgagattgacc tagcatctgaatttcataaccaatctcgatacac

N521338 gtctctagggtttctctccagtctc ctttagcagctcctccaggtta gcgtggaccgcttgctgcaact

N661769/
SALK_021338C

gtctctagggtttctctccagtctc ctttagcagctcctccaggtta gcgtggaccgcttgctgcaact

N584900 gagatggtgaaccactgcaagtaatg tttaaggatgttggactgtaatgggg gcgtggaccgcttgctgcaact

N601079 ccggtttacggaagatctactattt ggggatactagctataaccgagcta gcgtggaccgcttgctgcaact

N586912 atcttgaagaggaagagaaccagag agtgatgagtctgttttcacagcta gcgtggaccgcttgctgcaact

N634974 acatttcaagtcttcaactatcagaaaccc acatctgaaactttggtaatactctggtgg gcgtggaccgcttgctgcaact

N617410 ttcttgtccatatactatggtttga ataagcttgagatgaatcagagtgc gcgtggaccgcttgctgcaact

N501905 catagccatgaagaagaggttaaga atatatcgactttttcggatatggg gcgtggaccgcttgctgcaact

N519840 cttccgagcataatcagaatcaatctagg gaaccctaaaaataaacaaatgcacaaatg gcgtggaccgcttgctgcaact

N606115 tgcttttgactttagctctagcttc tctcaaatgttttctctggtaaagg gcgtggaccgcttgctgcaact

GABI_114_B09 catgtaatcgtgtaacatgtg ctcgtggcttagactatcttca atattgaccatcatactcattgc

rlk902 gatatcatgcgactcttcttcacac gatatcctttcatctgatggtcttac cagtggtcccaaagatggacc

N872131/
SAIL_209_C11

aaatgaaaatctaacaattgcgatg ctcggtgagagagtatagaagcttg tagcatctgaatttcataaccaatctcgatacac

N529864 gcatccataatcacaatttatttcg aacgagaacatgatccatgagaat gcgtggaccgcttgctgcaact

N524031 ccacactacaaaaattctccactct gaaagatcaccaaaagtcaaaaaga gcgtggaccgcttgctgcaact

N558587 gaggtatttttccggtgagattatt tcacagagcaacaacacattatttt gcgtggaccgcttgctgcaact

N505132 atcttcaagaactgctttgtacgtc ggagttacttgtaatcaagacggat gcgtggaccgcttgctgcaact

N563572 ccactatcttgttcttcttgcatct tggagaggaatctcttgtaataacg gcgtggaccgcttgctgcaact

N572205 tagagtaccatagcttgattttccg ggagttgtatgtacttgccttcaat gcgtggaccgcttgctgcaact

N644635 cttacaaggccaagaaatcataaagtcaac ggaatggtaaattatccaggaagattctaag gcgtggaccgcttgctgcaact

N553366 cttcccaaaaattttcgatatgagt cttcttcttacccaaagcttaatcc gcgtggaccgcttgctgcaact

N513455 aactaactagcttttaagtgtcaaccacca tattgaaggagaaatcgagagttcttaacc gcgtggaccgcttgctgcaact

N535437 ctttaccattgttgcttcttcttcttcttc tcttctatctcactctcttgttctatcgcc gcgtggaccgcttgctgcaact

N556616 gcagagtcctcgagatcaaccttgt    aacgtctgcatagaagcagagacga        gcgtggaccgcttgctgcaact

N592099 cggtagttacgaagaagaaaggtaa tgataagtacacaaaacccttcaca gcgtggaccgcttgctgcaact

N580358 aaacagtttttgagacttgccgttgactc gtgaagcaacctctccacctccatc gcgtggaccgcttgctgcaact
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N620462 ttcctattcgtaaattatgctgacg atcagtctaactctcgtgagtcgtg gcgtggaccgcttgctgcaact

N611584 gctaaattctcatgcttcaacagtgtcag caagattcataaattcttcagattctaaaccg gcgtggaccgcttgctgcaact

N601029/
N800023

atgattgataaagaatgcaagaagg taatagtttaaagggtcacattccg gcgtggaccgcttgctgcaact

N553567/
N800014

ctccttgttcatggagttacgtcaaatg ctttaagctgaacaatcataagctctttgc gcgtggaccgcttgctgcaact

N553567 ctccttgttcatggagttacgtcaaatg ctttaagctgaacaatcataagctctttgc gcgtggaccgcttgctgcaact

N593475/
N800022

ctaggttttgggaacttcctcttac gaactcgtactaagaaccgaaac gcgtggaccgcttgctgcaact

N521579 acagaattaccaaacagaaaattcg atttgacgtaactccatgaacaag gcgtggaccgcttgctgcaact

N538787 tcattccaagaaagcgaactattac ttaactgtgttctgtttcatgcttc gcgtggaccgcttgctgcaact

N542323/
N800009

ggtgagataccagctagtgtaggcaatc aaaacgacaggagccagagtcaaa gcgtggaccgcttgctgcaact

N564666/
N800016

gataatctctagtggaccactcgag tcacagtccttagaggttactacgc gcgtggaccgcttgctgcaact

N518730/
N800005

gactttatgccatttcaaatttttg ctcttgatccacgagtttgtttc gcgtggaccgcttgctgcaact

N555351 ctctgtaccttgccactcaagac gtttcttcaacaccatccctctct gcgtggaccgcttgctgcaact

N551073/
N800013

tcaatggtagtgttaaaccgatttc aaaaacggaaaatattttgttacatta gcgtggaccgcttgctgcaact

N608935/
N800025

actaaccacagtttttcgttacgtc atccttgaaagtcagattcatcaac gcgtggaccgcttgctgcaact

N633510 gtgttcttgatctctccaacaactctctc atcagatccttgaaagtcagattcatcaac gcgtggaccgcttgctgcaact

SALK_093781C acggggcatagaggtgatgatagtt ttgatcttcgaacagaggaaaaggtc gcgtggaccgcttgctgcaact

N557812 tcatttaccgcttcttctaccggat tgtttgttttatttgcgggactttg gcgtggaccgcttgctgcaact

N630548 acaaacgtaataccaacaagaggtgtttac aagtctttgtttctctgtgcctgttaaatc gcgtggaccgcttgctgcaact

N663996/
SALK_030548C

acaaacgtaataccaacaagaggtgtttac aagtctttgtttctctgtgcctgcctgttaaatc gcgtggaccgcttgctgcaact

N648231 agattagaaagcagtcgacgaaccc aactggccaaattgcacatgtattg gcgtggaccgcttgctgcaact

N616632/
N800027

tgttcttcaaagattcatacacctg cgttggtttagttatattctggtgg gcgtggaccgcttgctgcaact

N632078 gtatcacacagtcaatgaccattcttcttc caatccaatcactatcatccttagacttcc gcgtggaccgcttgctgcaact

N508585 gcttggaagctcttgatctctctaataacc cttacatgcgtctcgtaaggactcatcagc gcgtggaccgcttgctgcaact

N508585/
N800002

gcttggaagctcttgatctctctaataacc cttacatgcgtctcgtaaggactcatcagc gcgtggaccgcttgctgcaact

N571659 aatgaagatgaagaagcaagagaga cgaagcttttatcggaaactaaag gcgtggaccgcttgctgcaact

N662917/
SALK_071659C

aatgaagatgaagaagcaagagaga cgaagcttttatcggaaactaaag gcgtggaccgcttgctgcaact

N506024 actcacgacggtgcttaagaaatca        ttaggtaactggagatacgggtcgg    gcgtggaccgcttgctgcaact

N506024/
N800036

actcacgacggtgcttaagaaatca        ttaggtaactggagatacgggtcgg    gcgtggaccgcttgctgcaact

N516024/
N800004

agtattaatgtagcgacgtttcagc gagatcttcatgttgttacaagctg gcgtggaccgcttgctgcaact

N570890 tcaagagaggtgaaagcattgaagg   attctacaacggacaattccttccg        gcgtggaccgcttgctgcaact

N642625 ctttaccggaatgtaagaatggaaacaatc acatctgaaactttggtaatactctggtgg gcgtggaccgcttgctgcaact

SALK_142625C ctttaccggaatgtaagaatggaaacaatc acatctgaaactttggtaatactctggtgg gcgtggaccgcttgctgcaact
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N524464/
N859716

gattgctcaagttcttgcttaactc tactgtttattgggattcgattttc gcgtggaccgcttgctgcaact

N524464/
N800006

gattgctcaagttcttgcttaactc tactgtttattgggattcgattttc gcgtggaccgcttgctgcaact

N640876 atcttacaatcatctctacggttcg tgagcttcaaacttctcatctaaca gcgtggaccgcttgctgcaact

N594492 tctcctctaaccaaatttcccgatg aagtttccgaatccggtaggaagtt  gcgtggaccgcttgctgcaact

N536564/
N800008

gtgaacaaaatacgaacgtgttatg tcaacatatccaacaacaagttgac gcgtggaccgcttgctgcaact

N598161 caaactcatcgatcgtttcttaaat actgacaaatagctcaccaagattc gcgtggaccgcttgctgcaact

N608127 ttataaccggttttccggttcagttcctac gtttgtaacctttctctggatcacaatctc gcgtggaccgcttgctgcaact

N558918 tcgcctctctactctccagttccttatatt tcttctggtattcttcctgttagcttgttc gcgtggaccgcttgctgcaact

N500022/
N800031

gacttcttctgctttttgttgtttc cactggaattcccacctacatag gcgtggaccgcttgctgcaact

N514533 attgcaagagccaagaacaagagtg gctcgacacggttgatatatctgaaaa gcgtggaccgcttgctgcaact

N581193 tttaaacctccaatactctcaggaa gcacccattcttcttacaaaatct gcgtggaccgcttgctgcaact

N514538 aatcgttggtatacagagagaccaaacatc caaaagattgagactttcaggtaatgaacc gcgtggaccgcttgctgcaact

N514538/
N800003

aatcgttggtatacagagagaccaaacatc caaaagattgagactttcaggtaatgaacc gcgtggaccgcttgctgcaact

N559281/
N800015

agagttgacagcttcttaagctcag atttgtcatacaatgaattcgaagg gcgtggaccgcttgctgcaact

N560002 cattcttattgccgcttagtacatt ccaaatgcttcagaagagagagtag gcgtggaccgcttgctgcaact

N550715 caagcaataagaggatcagaaaaac ggatcatccaaagtacagtaacagg gcgtggaccgcttgctgcaact

N554914 ccaaagcaaaaaccttacttatcctttctc tgaccatcactattcaaactctctgaagtc gcgtggaccgcttgctgcaact

N615856/
N800026

agcttgtggcttatactaataacttgaccg gttttgatccaactcaatagcagaaagg gcgtggaccgcttgctgcaact

N615856 agcttgtggcttatactaataacttgaccg gttttgatccaactcaatagcagaaagg gcgtggaccgcttgctgcaact

N520659 tgttctcaggatcgatacctacttc ccattaggcatgtaatcatacatca gcgtggaccgcttgctgcaact

N543282 acccctctctcctctctctctagatctctc aacacagtgagatcagagcagtttcctaac gcgtggaccgcttgctgcaact

N544433/
N800012

gcaatctcactatgtttctgtgtctgattc cttcaaaacaactttttgactggaga gcgtggaccgcttgctgcaact

N536232/
N800045

actcaaatggcaatgttgagaag attctaacacgaactagtgattggc gcgtggaccgcttgctgcaact

N614354 cgttcttggtaatgaactaaggagtcaagt taatgcttcctatctctcttggaattgttc gcgtggaccgcttgctgcaact

N504583/
N800034

atatctcactaagcatagcagccac tcaaggcaaataatattctgattgg gcgtggaccgcttgctgcaact

N538309/
N800048

aaatatccggttctttacctgtttc ggttgagtgaaatgagatgacctag gcgtggaccgcttgctgcaact

N597109/
N800047

tcttgatctcagcagtaataacatctctgg ccaaactcccatttgacatataatcataca gcgtggaccgcttgctgcaact

N537932 aagttaagttcttgacgatgtcgtc gagtctctttctcaatgtcaagagc gcgtggaccgcttgctgcaact

N874087/
SAIL_429_B07

aggaccagttaagctgttgtatgag gcttgagcttctttatctttttgag tagcatctgaatttcataaccaatctcgatacac

N607016 tatgacctcttgtatcttttgaggg gtgacaccaatccatgtacagaag gcgtggaccgcttgctgcaact

N530520/
N800042

ctaggttttgggaacttcctct gaactcgtactaagaaccg gcgtggaccgcttgctgcaact
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Primers (Table 4) were generated using the T-DNA primer design tool (http://signal.
salk.edu/tdnaprimers.2.html) and used in two separate PCR reactions. Reaction one 
contained a T-DNA specific and gene-specific primer to check for the presence of 
an insertion whereas reaction two contained two gene-specific primers spanning 
the putative insertion site to check for nondisrupted alleles. Plants were considered 
homozygous for the T-DNA insertion when only PCR reaction one yielded a product, 
which was subsequently confirmed in their progeny.

Plant growth conditions and microscopy

All seeds (wild type control and T-DNA insertion mutants) used in the assays were 
obtained from plants harvested at similar time points. Seeds were gas-sterilized in a 
desiccator for 2 hours with 100 ml of bleach (4% NaClO) mixed with 3 ml of HCl in a 
beaker or were surface-sterilized in 20% bleach for 20 minutes. Sterilized seeds were 
imbibed in sterile water containing 0.1% agarose for 3-4 days at 4°C in the dark. 
For phenotypic analysis of root growth, seeds were germinated on half strength 
Murashige and Skoog (MS) salt mixture, 1% sucrose and 0.5 g/L 2-(N-morpholino) 
ethanesulfonic acid (MES), pH5.8, in 0.8% agar (standard medium). Plates were 
incubated in a near vertical position at 22°C with a cycle of 16 h light/8 h dark. 
Roots were analyzed after 4-8 days using Nomarski optics and confocal microscopy. 

N557117/
N800051

ccaaacaaacacttaagaaagaaactgtca gaatcggactaggatcaaaactgatgtaag gcgtggaccgcttgctgcaact

N566455/
N800017

tgggtttctcttctgcttgagcttag caacatgaacacacttcatcaaataaaacc gcgtggaccgcttgctgcaact

N566455 tgggtttctcttctgcttgagcttag caacatgaacacacttcatcaaataaaacc gcgtggaccgcttgctgcaact

N544226/
N800011

ggtagagcgactgagaaaaccgatg        atgggaactttgctcagatggattt gcgtggaccgcttgctgcaact

N507643/
N800001

ccttctagtatttggaccaaacaag gttcttggaaccattggatatattg gcgtggaccgcttgctgcaact

N526292 cagtgactgttcctgagagagcaaaa       gccaaaatcaggcaaagattacaca    gcgtggaccgcttgctgcaact

N619164/
N800028

taatgttagatggaatcagccctac cttttactctcaacctcagatttcg gcgtggaccgcttgctgcaact

N630647/
N800030

cgaaatctgaggttgagagtaaaag ataacgttagcctcaatgttgtctc gcgtggaccgcttgctgcaact

N661394 ccttctagtatttggaccaaacaag gttcttggaaccattggatatattg gcgtggaccgcttgctgcaact

N581669/
N800021

atgtttttgtttccagagatctgtc aactgcaaggaaaatcatacatagg gcgtggaccgcttgctgcaact

N584012 ttcagtttctctacatcgcttccca    acacagacgattttagattcaaactttcaga  gcgtggaccgcttgctgcaact

N585175 gcaaaagagaaatcaagaatcagaa ataatatctcctagcattgggaagc gcgtggaccgcttgctgcaact

N638829 accatcttctgtggattagggacca ctgaatttccgaaaaccaaacgaat gcgtggaccgcttgctgcaact

N589055 ctcttctccagcaacacaatagcca agacacggttactggtggaactgaa gcgtggaccgcttgctgcaact

N559967 tgatcaacccccgataacctctagt gagttagcgaggaaatagccagcag gcgtggaccgcttgctgcaact
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Starch granules were visualized as described (Willemsen et al., 1998). For confocal 
microscopy, roots were mounted in propidium iodide (PI; 20 µg/mL in distilled 
water). Seedlings were transferred to soil for further phenotypic analysis of general 
growth and development. Soil grown plants were cultured in a growth chamber 
at 22°C, 70% relative humidity and a cycle of 16 h light/8 h dark. For temperature 
assays, seedlings were grown on plates in a near vertical position and a cycle of 8 h 
light/16 h dark and analyzed after 7 days (30°C) or 14 days (15°C), respectively. Root 
gravitropism was studied by growing seedlings on plates at near vertical position 
that were rotated 90° after 3 days of growth. After 1-2 days, the bending angle of 
the root was measured.

Conditional phenotypes assays

20 seeds per T-DNA insertion line and 20 wild type control seeds were plated for 
each experiment. To minimize plate position effects, seeds were plated in alternate 
groups, i.e. one row 10 wild type followed by 10 mutant seeds, and a second row 
of 10 mutant followed by 10 wild type seeds. For vertical, light germination assays, 
seed germination was determined by recording the presence of a radicle. For verti-
cal, light, root length and general root growth assays, uniformity of germination 
was analyzed after 1-2 days and only seedlings that germinated at the same time 
were taken along for qualitative root length or general growth measurements. To 
test whether LRR RLK genes are involved in responsiveness to stress, seeds were 
directly sown on standard medium supplemented with hormones ACC, ABA, MeJa, 
EBL, 6-BAP or with CLE peptides, respectively, at concentrations listed in Table 3. 
For NPA treatment, seedlings were transferred three days after germination to 
standard medium supplemented with NPA. For abiotic stress experiments, seeds 
were directly sown on standard medium amended with 200 mM NaCl or 400 mM 
mannitol, respectively. The ratio of mutant germination percentage over wild type 
germination percentage exhibited a bimodal distribution. Based on this distribu-
tion, a 1.8 fold increase in germination percentage relative to wild type was chosen 
as threshold to be called NaCl or mannitol resistant. This threshold identifies only 
the T-DNA insertion lines that comprise the distinct upper part of the distribution 
as resistant. Susceptibility to salt stress was tested by sowing seeds on standard 
medium and transferring seedlings to standard medium supplemented with 50 mM 
NaCl after 3 days, followed by a 180° rotation. Root growth was measured after 1-2 
days. To test for altered responses to sucrose, seeds were sown on standard medium 
lacking sucrose and transferred after 3 days to standard medium supplemented 
with 3.5% sucrose.
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Kinase phylogeny and coexpression analysis

From the 69 LRR RLKs from Arabidopsis thaliana analyzed in this study 352 positions 
were aligned automatically corresponding to the kinase domain using the program 
ClustalW implemented in the Bioedit Software (Hall, 1999). The phylogenetic tree 
was reconstructed using a neighbor-joining method in the MEGA package v4.0 
(Tamura et al., 2007) with 500 bootstrap resampling. In order to detect coregula-
tion between the kinases, we selected several microarray experiments showing 
differential expression for at least a subset of the 69 LRR RLKs analyzed. Processed 
data for microarray experiments were obtained from ArrayExpress (http://www.ebi.
ac.uk/microarray-as/ae/) i.e. E-GEOD-3709 for abiotic stress, E-GEOD-5617 for light, 
E-GEOD-7643 for NaCl and E-GEOD-18975 for IAA. Genes were clustered based on 
the expression profiles to find coexpressed gene clusters. Hierarchical clustering of 
microarray data was performed in MultiExperiment Viewer (MeV) v4.5.0 (Saeed et 
al., 2003), using Pearson correlation and Average Linkage Clustering algorithm.
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Summary

Receptor-like kinases (RLKs) constitute a large family of signal perception molecules 
in Arabidopsis. The largest group of RLKs is of the leucine-rich repeat (LRR) class that 
has been described to function in development and defense. Of these, CLAVATA1 
(CLV1) and ERECTA (ER) receptors function in maintaining shoot meristem homeo-
stasis and organ growth, but LRR RLKs with similar function in the root remain 
unknown. For the interaction of Arabidopsis with the oomycete pathogen Hyalo-
peronospora arabidopsidis the involvement of LRR RLKs has not been demonstrated. 
A set of homozygous T-DNA insertion lines mutated in LRR RLKs was investigated 
to assess the potential role of these receptors in root meristem maintenance and 
compatibility. One mutant line, rlk902, was discovered that showed both reduced 
root growth and resistance to downy mildew in a recessive manner. The phenotypes 
of this mutated line could not be rescued by complementation, but are neverthe-
less linked to the T-DNA insertion. Microarray studies showed that gene expression 
spanning a region of approximately 84 kb upstream of the mutated gene was 
downregulated. The results suggest that T-DNA mediated trans-repression of mul-
tiple genes upstream of the RLK902 locus links both phenotypes.
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Introduction

Plants continuously form new organs during their entire lifecycle. These organs are 
derived from two main populations of stem cells located in the meristems in the 
shoot and root apices. The shoot apical meristem produces all the aboveground 
organs and tissues of the plant, i.e. the stems, leaves and flowers, whereas the root 
meristem gives rise to the entire root system. The radial organization of the Arabi-
dopsis root is derived from stereotyped asymmetric cell divisions of different stem 
cells and their daughters (Figure 1a). To achieve indeterminate growth, meristems 
must maintain a strict regulation of stem cell maintenance, cell division and cell 
differentiation. In the heart of the shoot meristem a feedback loop involving LRR 
RLK signaling ensures the integrity and size of the stem cell pool (reviewed by Laux, 
2003). However, LRR RLK members involved in root meristem maintenance remain 
elusive.

During their lifetime, plants are exposed to a wide range of potential pathogens. 
Many pathogen derived cell surface components have been described that function 
as pathogen associated molecular patterns (PAMPs), triggering innate immunity 
in various plant species. For their survival plants depend on either R-gene medi-
ated resistance and/or an efficient detection system for PAMPs that may include 
(LRR) RLKs (reviewed by Zipfel and Felix, 2005). The involvement of LRR RLKs in the 
Arabidopsis-H. arabidopsidis (downy mildew) interaction remains to be established. 
Oomycetes like downy mildew form specialized feeding structures called haustoria 
that play an important role in host-pathogen signaling and nutrient retrieval. Indi-
cations for compatible downy mildew recognition via PAMPs are given by studies 
that show that compatible isolates also trigger plant immune responses (Maleck 
et al., 2000), although to a lesser extent than incompatible isolates. Important is 
the observation that LRR RLKs like NORK and SYMRK are involved in nodulation, 
i.e. these proteins trigger development of a new organ by actively contributing to 
the compatible interaction (Endre et al., 2002; Stracke et al., 2002). LRR RLKs could 
also function as cues, e.g. docking factors, for compatible downy mildew. Absence 
of these cues would ideally lead to resistance whereas reduced PAMP perception 
could render a plant more susceptible.

Phylogenetic studies revealed over 400 transmembrane RLKs in the Arabidopsis 
genome (Shiu and Bleecker, 2001) and for an increasing number of RLKs the func-
tion has been elucidated over the years (Morillo and Tax, 2006). LRR RLKs represent 
the largest group of RLKs with approximately 235 members and this clade has func-
tions in development and pathogen detection (Dievart and Clark, 2004; Tor et al., 
2009). LRR RLKs involved in plant development include CLV1 in controlling shoot 
and floral meristem size (Clark et al., 1993; Clark et al., 1997) and SCRAMBLED (SCM) 
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involved in root epidermis cell fate (Kwak et al., 2005). Around 50 LRR RLK genes 
have been demonstrated to be upregulated when plants are treated with various 
PAMPs (Nurnberger and Kemmerling, 2006). Members involved in biotic stress sig-
naling include Xa21 from Oryza sativa in resistance towards Xanthomonas oryzae pv 
oryzae (Song et al., 1995) and bacterial PAMP perception like flagellin by FLAGELLIN 
SENSITIVE2 (FLS2) (Gomez-Gomez and Boller, 2000). Some LRR RLKs regulate both 
biological processes; ER and BAK1 (BRI1-associtated kinase1) control both organ 
growth and pathogen resistance (Torii et al., 1996; van Zanten et al., 2009; Nam and 
Li, 2002; Tor et al., 2009).

To study the involvement of LRR RLKs in root development and in the Arabidopsis-
H. arabidopsidis compatible interaction, we screened a set of homozygous LRR RLK 
T-DNA insertion lines. Here, we report on the characterization of a line mutated in 
RLK902 that is linked with the observed root growth defect and resistance pheno-
types. Surprisingly, the gene itself is not required for root meristem maintenance 
and susceptibility to downy mildew. Instead, it appears that the T-DNA insertion in 
RLK902 leads to downregulation of gene expression within a flanking 84 kb genomic 
region.

Results

A T-DNA insertion in RLK902 affects root growth and meristem size

To investigate the function of LRR RLKs in root development we screened a collec-
tion of homozygous LRR RLK T-DNA insertion mutants (described in Chapter 5). One 
mutant line, harboring an insertion in the RLK902 gene (Figure 1b) (Tarutani et al., 
2004), displayed an obvious reduction in root length. Root growth was quantified 
by measuring the root length of wild type (Col-7) and rlk902 seedlings at different 
time points and revealed that despite a reduction in length rlk902 roots generally 
continued to grow (Figure 1i). Correspondingly, rlk902 seedling roots displayed a 
reduced meristem size compared to wild type (Figure 1c,d). Occasionally, the root 
meristem completely differentiated within 16 days post germination (Figure 1f ).

RLK902 is a member of subfamily LRR III of plant RLKs (Shiu and Bleecker, 2001). 
RKL1 (Ohtake et al., 2000) is the closest family member of RLK902 showing 75% 
amino acid sequence identity over the entire protein and 82% in the kinase domain 
(Tarutani et al., 2004). To investigate possible redundancy within this subclade we 
constructed double mutant combinations. We obtained two T-DNA insertion lines 
for RKL1, identified homozygous mutant plants by polymerase chain reaction (PCR) 
based genotyping and named these alleles rkl1-1 and rkl1-2 (Figure 1b). Analysis 
of the single mutants at different developmental stages did not reveal any obvi-



rlk902 links root growth and pathogen resistance 129

a

Chapter 6_Fig 1

fe 16 dpg

RLK902

RKL1

LRR
TM

Kinase
intron
T-DNA

rlk902
GABI_
114B09

rlk1-1 rlk1-2

16 dpg

�

stele En Co Ep

LRC

Col
QC

d 9 dpg

rlk902 rlk902

h

rlk902

g

QC25

b

c 9 dpg

i

QC25

WT

rlk902

rlk902 rkl1-1

rlk902 rkl1-2

3 dpg 5 dpg 7 dpg 10 dpg

ro
o

t 
le

n
g

th
 (m

m
)

30

10

20

0

40

50

Figure 1. rlk902 mutants are affected in root length and meristem size. (a) Schematic view of the 
Arabidopsis root meristem. (En) endodermis; (Co) cortex; (Ep) epidermis; (LRC) lateral root cap; (Col) colu-
mella; (QC) quiescent center. (b) Schematic representation of RLK902 (At3g17840) and RKL1 (At1g48480) 
genes and T-DNA insertion sites. Boxes indicate coding sequence. (c-f ) Nomarski images of nine-day-old 
and sixteen-day-old wild type (c,e) and rlk902 (d,f ) roots. In some rlk902 seedlings the root completely dif-
ferentiated within 16 days post germination (f ). Root meristem boundary (black arrowhead); starch gran-
ules (purple). (g,h) Nomarski images showing QC25 expression (blue) in 9-day-old wild type (g) and rlk902 
(h) roots. Starch granules are present in differentiated columella cells but absent from columella stem cells 
in both wild type and rlk902. QC (red arrowhead), columella stem cells (yellow arrowhead). (i) Root length 
measurements (in mm) of wild type, rlk902, rlk902 rkl1-1 and rlk902 rkl1-2 seedlings. A minimum of 24 seed-
lings were measured for each time point. Error bars represent standard error of the mean. Root length is 
significantly reduced in rlk902 compared to wild type seedlings. Root length is further reduced in rlk902 rkl1 
double mutants.
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ous phenotypic differences from wild type plants (data not shown). However, root 
length measurements of rlk902 rkl1-1 and rlk902 rkl1-2 double mutant seedlings 
revealed a slight but significant enhanced reduction in root length compared to 
rlk902 mutant seedlings (Figure 1i).

rlk902 does not primarily affect the stem cell niche

Reduction in root length and failure of root meristem maintenance can be caused 
by the loss of stem cells, due to lack of QC activity or specification (van den Berg 
et al., 1997; Sabatini et al., 2003). Alternatively, loss of division potential and/or 
more rapid differentiation of stem cell daughters interfere with root growth. In the 
first scenario, primary defects in the QC region are expected, while in the second 
scenario, a decrease in meristem size would be observed before QC and stem cell 
defects appear.

We introduced the QC25, QC46 and QC184 markers in rlk902 to investigate whether 
QC specification is affected in these plants. Expression of these markers is similar to 
wild type even when the root meristem is already significantly reduced in 9-day-
old rlk902 roots (Figure 1g,h, data not shown). Stem cell presence in rlk902 roots 
was analyzed by starch granule accumulation that marks differentiated columella 
cell layers but are absent from columella stem cells. Columella stem cells could be 
detected at 9 days after germination, suggesting that stem cell status is maintained 
for a prolonged period at a stage when meristem size is significantly reduced (Figure 
1d,h). Only upon occasional complete differentiation of the root meristem are QC 
marker expression and columella stem cells lost (data not shown). These results in-
dicate that the observed reduction in root growth and meristem size in rlk902 is not 
primarily caused by interference of QC specification and/or stem cell maintenance.

rlk902 is resistant to downy mildew

Surprisingly, screening for resistance to the compatible downy mildew isolate 
Waco9 also positively identified the rlk902 mutant (Figure 2c). In contrast, wild 
type seedlings showed severe disease symptoms and supported sporulation of 
the pathogen (Figure 2a). Microscopic analysis showed that the wild type was fully 
colonized by downy mildew (Figure 2b), whereas rlk902 was resistant at early infec-
tion stages. Almost no haustoria were formed (Figure 2d) or they were encased by 
pappilae (Figure 2d, insert).

To test whether the resistance is caused by constitutive activation of plant de-
fense associated with broad range resistance the rlk902 mutant was analyzed for 
resistance to Pseudomonas syringae pv tomato DC3000 and for defense associated 
gene expression. Growth of the bacterial pathogen was similar at 3 days post inocu-
lation (dpi) with 5.0 log10 CFUs for wild type and 5.1 log10 CFUs for rlk902, indicating 
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Figure 2. rlk902 shows resistance to H. arabidopsidis. (a,c) Two-week-old wild type (a) and rlk902 (c) 
seedlings were inoculated with H. arabidopsidis isolate Waco9 and analyzed at 7 dpi. Severe disease symp-
toms are visible in wild type (a) as discoloration of the leaves and the presence of a white down, which are 
the conidia bearing conidiophores. In contrast, rlk902 (c) shows healthy green leaves and no conidiophores 
indicating that growth of the pathogen is halted, giving fully resistant plants. (b,d) Trypan blue staining 
of wild type (b) and rlk902 (d) inoculated with Waco9 at 7 dpi. The wild type shows downy mildew hyphal 
growth and haustoria formation in encountered cells (b). Haustoria formation in rlk902 is impaired (d) and 
are often encased (d, inset, black arrowhead). (e) rlk902 does not show alterations in susceptibility towards 
Pseudomonas. Colony forming units (CFUs) of Pseudomonas were counted per mg fresh weight (FW) after 
1 hpi and 3 dpi of wild type and rlk902 with or without BTH. The error bars represent the standard error 
of mean. (f ) Transcripts levels of PR-1, PR-2 and PR-5 were measured by qRT-PCR in wild type and rlk902. 
Transcript levels were normalized with and compared to Arabidopsis ACTIN-2 levels to determine ΔCT val-
ues. A slight induction for PR-1 and PR-2 was observed in rlk902 grown on soil (Note that lower bars repre-
sent higher transcripts abundance). Error bars represent the standard error of mean.
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that rlk902 is not resistant to Pseudomonas (Figure 2e). Pretreating plants with 
benzothiadiazole (BTH, a chemical inducer of systemic acquired resistance) 2 days 
prior to Pseudomonas inoculation prevented bacterial growth in both wild type and 
rlk902 (Figure 2e).

To analyze the possibility that resistance is caused by constitutive defense gene 
expression, transcript levels of PR-1, PR-2 and PR-5 were measured by quantitative 
real time reverse transcriptase PCR (qRT-PCR) in wild type and rlk902 lines grown on 
MS agar plates and soil. A small increase was observed for PR-1 and PR-2 in rlk902 
when grown on soil, but their upregulation was small compared to the accumula-
tion of PR transcripts in plants pretreated with BTH (Figure 2f ). These results show 
that expression of PR-1, PR-2 and PR-5 is not upregulated in rlk902, indicating that 
the defense machinery of the host is not constitutively activated.

RLK902 and RKL1 expression studies

To examine the expression profile of RLK902 in detail, in situ hybridization analysis 
was performed and promoter and protein fusions were constructed. mRNA in situ 
hybridizations on 2-day-old seedlings indicate that RLK902 is highly expressed in 
the root stem cell niche (Figure 3a). Expression is maintained at reduced levels in 
the vascular domain and fades in the ground tissue. For the RLK902 promoter fusion, 
a 1411 base pair (bp) genomic DNA fragment upstream of the coding region of 
RLK902 was fused to β-glucuronidase (GUS). GUS activity was detected in the root 
tip, comparable to the mRNA localization data (Figure 3b). The primary root expres-
sion is reiterated in lateral roots (data not shown). In the arial parts, promoter GUS 
activity was observed in the vascular tissue in the leaf (Figure 3d) and in the stomata 
(Figure 3d, arrowhead). To assess the subcellular localization of the RLK902 protein, 
a translational fusion was made in which the genomic RLK902 coding fragment was 
fused in frame to GFP under the control of the RLK902 promoter. RLK902:GFP was 
expressed in what appears to be the cell membrane, consistent with its supposed 
receptor function (Figure 3f ).

Double mutant combinations of rlk902 with two knockout alleles of its closest ho-
molog RKL1 showed a further reduction of root length compared to the rlk902 single 
mutant. To examine the expression profile of RKL1 we constructed the RKL1::GUS 
reporter by fusing a 2548 bp genomic DNA fragment upstream of the coding region 
to GUS. RKL1::GUS is expressed in the vascular tissue of the entire root with weaker 
expression in a subset of provascular tissues of the root tip (Figure 3c). In the arial 
parts, promoter GUS activity was observed in the vascular tissue in the leaf (Figure 
3e) and in the stomata (Figure 3e, arrowhead). The observed root expression shows 
some overlap with that of RLK902 in agreement with the enhanced effect of rkl1 on 
rlk902 root growth.
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To test for pathogen induced expression of RLK902::GUS, transgenic plants were 
inoculated with the downy mildew isolate Waco9. Surprisingly, no change in GUS 
expression at 4 dpi was observed compared to mock treated plants (data not 
shown). No GUS activity was detected in cells that were in contact with the patho-
gen or in which haustoria were formed. This suggests that RLK902 expression is not 
associated with downy mildew infection.

Defects observed in rlk902 are not caused by inactivation of RLK902

The rlk902 mutant contains an activation tag T-DNA insertion (Weigel et al., 2000) 
at the end of the single intron of the RLK902 gene (Figure 1b). To test if the RLK902 
gene is disrupted, accumulation of RLK902 transcript was analyzed in rlk902 by 
Northern blot analysis using probes against exon 1 and 2. A single transcript was 
detected in wild type with either probe, whereas both probes were unable to 
detect a transcript in rlk902 (Figure 4a). The ACTIN-2 control probe detected its cor-
responding transcript in both wild type and rlk902. In addition, RT-PCRs on RNA of 
wild type plants succeeded to amplify part of the coding region of RLK902 spanning 
the single intron, whereas no amplicons were obtained for rlk902 (Figure 4c). These 
results show that the activation tag T-DNA in rlk902 causes complete inactivation of 
the RLK902 gene.

Chapter6_Fig 3
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Figure 3. Expression analysis of RLK902 and RKL1. (a) Whole mount in situ hybridization with RLK902 
antisense probe in a two-day-old wild type seedling. mRNA accumulates highly in the root stem cell niche, 
is maintained at reduced levels in the vascular domain, and fades in the ground tissue. (b-e) Nomarski im-
ages showing RLK902::GUS (b,d) and RKL1::GUS (c,e) activity. RLK902::GUS is expressed in the root tip and 
vasculature (b). Expression in the leaf (d) is observed in and around the vascular tissue, at the leaf tips and 
in stomata (arrowhead). RKL1::GUS is expressed in root vascular tissue (c). RKL1::GUS expression in the leaf 
is similar to RLK902::GUS in and around the vascular tissue, at the leaf tips and in stomata (arrowhead) (e). 
(f ) Longitudinal confocal section of root expressing RLK902::RLK902:GFP shows RLK902:GFP localization to 
the cell membrane.
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Figure 4. Analysis of gene expression in rlk902. (a) Northern blots of wild type (WT) and rlk902 RNA hy-
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Susceptible plants always contained a wild type RLK902 copy. (c) RT-PCR expression analysis of RLK902 in 
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[rlk902/wild type]) of CATMA-IDs were plotted against their position on chromosome 3 for plants grown on 
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(shown in grey) appears unaffected.
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To investigate whether disruption of RLK902 is responsible for the observed root 
growth defect and resistance to downy mildew two constructs were made for 
complementation analysis. 35S::RLK902 harbored RLK902 cDNA under control of 
the constitutive Cauliflower Mosaic Virus (CaMV) 35S promoter and RLK902::RLK902 
contained the RLK902 genomic region starting at 1441 bp upstream of the pre-
dicted start codon and ending at 1274 bp downstream of the stop codon. RT-PCR 
analyses showed that both complementation constructs in the rlk902 background 
were able to restore RLK902 expression approaching wild type levels (Figure 4c). 
Surprisingly, root length and meristem size of the rlk902 complementation lines 
were comparable to the rlk902 mutant (data not shown). In addition, at 7 dpi with 
downy mildew isolate Waco9 no sporulation was observed in the complementation 
lines and rlk902, in contrast to the susceptible wild type plants (data not shown).

To investigate rlk902 specific effects, two additional putative T-DNA insertion lines 
were obtained for RLK902. PCR based genotyping indicated that only one of these 
(GABI_114B09) contained a T-DNA insertion located in the 3’ UTR (Figure 1b). No 
phenotypic difference with respect to root length defects and resistance to downy 
mildew isolate Waco9 was observed between the homozygous T-DNA insertion 
line and wild type (data not shown). In addition, we constructed lines with reduced 
RLK902 levels using (i) RNA interference (RNAi) (Wesley et al., 2001) and (ii) artificial 
micoRNAs (amiRNAs) (Schwab et al., 2006). None of the resulting transgenic lines 
displayed reduced root length or conferred resistance to Waco9 (data not shown).

The possibility remained that an additional mutation in the rlk902 lines causes the 
observed root growth defect and resistance. Therefore, rlk902 was backcrossed to 
wild type (Col-7) and the F2 population was analyzed for segregation of resistance 
to downy mildew and the root growth defect. Analysis of 216 plants for segregation 
of resistance gave 169 susceptible and 47 resistant plants (~22%) corresponding to 
a single-locus recessive phenotype. PCR based genotyping of a subset of 18 suscep-
tible and 18 resistant plants showed that all resistant plants were homozygous for 
the T-DNA insertion in RLK902 (Figure 4b). Progeny of these plants all showed the 
characteristic rlk902 root growth defect. Susceptible plants were heterozygous or 
carried two functional RLK902 copies and their progeny segregated for the short 
and wild type root phenotype, respectively. Together, these studies indicate that 
both resistance to downy mildew and the root growth defect are recessive traits 
and genetically linked to rlk902 but are not caused by the disruption of RLK902.

What causes the rlk902 phenotype?

The fact that rlk902 could not be complemented and that downregulation of 
RLK902 did not result in reduced root growth or resistance to downy mildew raises 
the question what molecular mechanism is underlying the root growth defect and 
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resistance to downy mildew observed in rlk902. To address this question, microarray 
studies were performed to analyze the gene expression profile of this mutant line. 
Two different growth conditions were chosen as biological replicates, seedlings 
grown (i) on soil and (ii) on MS agar plates. Materials from (i) and (ii) were hybridized 
on 4 CATMA microarrays per growth condition. Data analysis confirmed that in the 
mutant under both conditions RLK902 is downregulated, with log2-ratios (rlk902/
wild type) of -2.6 for soil and -2.0 for MS agar plates. 39 genes were differentially 
expressed in both individual microarray experiments, based on at least two-fold 
up or downregulation (Table 1). Interestingly, 31,6% of the genes that were down-
regulated more than 2-fold in one or both CATMA microarray experiments cluster 
in a genomic region of approximately 84 kb upstream of RLK902 (Table 1). The 
CATMA probes in this region and their corresponding expression levels were plot-
ted against their position on chromosome III for both growth conditions (Figure 
4d,e). Although the level of downregulation is not equally strong for all genes in 
this region, the downregulation patterns observed in rlk902 grown on soil or MS 
agar plate are very similar. 19 of the 25 genes in the 84 kb region are present on the 
Affymetrix ATH1 chip which allowed us to search for their predicted root expression 
profiles (Birnbaum et al., 2003; Brady et al., 2007). A small cluster of 6 genes im-
mediately upstream of RLK902 shows high expression levels in the different tissues 
of the developing root (Figure 5).

Since the root growth defect and downy mildew resistance are linked to the 
activation tag insertion, we analyzed whether any of the 25 genes in the down-
regulated region was responsible for the rlk902 phenotypes. When available, at least 
three different T-DNA insertion lines per gene were investigated for root growth and 
resistance to Waco9 (Table 1). Surprisingly, none of the mutant lines showed a short 
root phenotype or downy mildew resistance.
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Figure 5. Root expression profiles of genes in the downregulated region of 84 kb in rlk902. Heat map 
of expression profiles in different subzones of the root of genes in the downregulated region of 84 kb, in-
cluding RLK902 that are present on the Affymetrix ATH1 GeneChip. The expression indices for each marker/
section were obtained from (Brady et al., 2007) and were visualized in MultiExperiment Viewer (MeV) v4.5.0 
(Saeed et al., 2003). Colors indicate lowered (blue) or increased (yellow) transcript accumulation relative 
to the respective controls within a 0 to +3 range. A small cluster of 6 genes upstream of RLK902 is highly 
expressed in the different tissues of the developing root.
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Table 1. Differentially expressed genes in rlk902 and investigated T-DNA insertion lines of genes 
flanking rlk902. Genes (AGI-ID) that are differentially expressed in wild type and rlk902 in both individual 
microarray experiments, based on at least two-fold up- or downregulation (ratio = >1 or <-1, respectively) 
and genes in the downregulated region of 84 kb are listed with their corresponding CATMA-ID and AFFY-
ID (if present, otherwise marked “x”) and expression ratios (soil and MS plates; log2 [rlk902/wild type]). 
Indicated T-DNA insertion lines for the genes in the 84 kb region were investigated for root length and/or 
resistance to downy mildew.

AFFY-ID CATMA-ID AGI-ID MS 
agar 
plates 
Ratio

Soil 
Ratio

Description T-DNA lines

263209_at CATMA1a09360 At1g10522 1.03 1.28 Similar to unknown protein x

262456_at CATMA1a10175 At1g11260 -1.56 -1.04 STP1 - sugar transporter 1 x

256186_at CATMA1a42785 At1g51680 -1.07 -1.03 4CL1 - 4-coumarate-CoA ligase x

259717_at CATMA1a50030 At1g61010 -1.19 -1.11 CPSF73-I - cleavage and 
polyadenylation specificity 
factor 73-I

x

259990_s_at CATMA1a57435 At1g68050 -1.46 -1.87 FKF1 - flavin-binding kelch 
repeat F box 1

x

260267_at CATMA1a57905 At1g68530 -1.27 -1.37 KCS6 - 3-ketoacyl-coa synthase 6 x

259058_at CATMA3a02400 At3g03470 -1.66 -1.23 CYP89A9 x

257280_at CATMA3a13720 At3g14440 -1.20 -1.54 NCED3 - 9-cis-epoxycarotenoid 
dioxygenase 3

x

258117_at CATMA3a14050 At3g14700 -2.34 -2.66 Molecular function unknown x

257207_at CATMA3a14260 At3g14900 1.03 1.15 Similar to unknown protein x

x CATMA3a17040 At3g17611 -2.64 -1.99 Rhomboid family protein N857350 (E,a), N606187 
(E,a), N606188 (5,a), 
N500152 (3,b), N856063 
(E,b), N652415 (E,b)

258407_at CATMA3a17050 At3g17620 -0.14 0.45 F-box family protein N508035 (E,a), N606415 
(E,a), N568161 (E,b), 
N568164 (E,b)

258408_at CATMA3a17070 At3g17630 0.01 -0.50 Putative Na+/H+ antiporter 
family

N605601 (E,a), N600047 
(E,a), N655778 (E,h,b), 
N870235 (E,b)

258409_at CATMA3a17080 At3g17640 -1.84 -2.68 Leucine-rich repeat family 
protein

N829071 (5,a), N808284 
(5,a), N170225 (5,a), 
N828246 (E,b), N802812 
(5,b)

258353_s_at x At3g17650 x x YSL5 - Metal-nicotianamine 
transporter

N558656 (E,a), N562030 
(E,a), N662603 (E,h,b), 
N668383 (E,h,b)

x x At3g17660 x x AGD15 - Member of ARF GAP 
domain (AGD)

N815874 (5,a), 
FLAG_424G12 (5,a), 
N631749 (3,b), N650224 
(3,b)

x CATMA3a17110 At3g17668 -3.13 -2.23 ENA - Enhancer of ATNSI activity N539429 (E,a), N160933 
(I,a), N620826 (5,a), 
N539430 (5,a)
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x CATMA3a17120 At3g17670 -2.32 -2.97 Similar to stress-inducible 
protein

N521028 (E,b), N538448 
(3,b)

258376_at CATMA3a17130 At3g17680 -2.13 -2.07 Similar to putative kinase 
interacting protein

N630159 (5,a), N576870 
(E,b), N657296 (5,h,b)

258377_at CATMA3a17140 At3g17690 0.18 0.00 Member of cyclic nucleotide 
gated channel family

N629200 (E,a), N507105 
(I,a), N655942 (E,h,b), 
N527306 (E,b)

258351_at CATMA3a17145 At3g17700 -0.26 -0.19 Cyclic nucleotide-binding 
transporter 1

N643671 (5,a), N629133 
(E,b), N574919 (E,b)

258348_at CATMA3a17150 At3g17710 -0.49 -0.15 F-box family protein N538051 (5,a), N854212 
(5,a), N668097 (5,h,b), 
N321361 (E,h,b)

x CATMA3a17170 At3g17715 -0.62 -0.56 Similar to SAM decarboxylase 
proenzyme 3

N855134 (E,a), N643604 
(5,a)

257862_s_at x At3g17720 x x Pyridoxal-dependent 
decarboxylase family protein

N568885 (E,b), N550626 
(I,b), N643604 (5,b)

257863_at CATMA3a17210 At3g17730 -0.82 -0.47 ANAC057 FLAG_519F08 (I,a), 
FLAG_389D07 (I,a), 
N735859 (I,h,b), N103459 
(I,b)

257864_at CATMA3a17220 At3g17740 -2.35 -1.72 Protein of unknown function 
DUF1740

N559902 (E,a), N558499 
(E,a), N566309 (E,a), 
N595212 (E,a), N555926 
(E,a), N501657 (5,a), 
N599476 (5,a), N666095 
(E,h,b), N670422 (E,h,b)

257865_at CATMA3a17230 At3g17750 -0.68 -1.06 Protein kinase family protein N564507 (E,a), N665043 
(E,h,b), N850588 (I,b)

x CATMA3a17240 At3g17760 -0.30 0.07 Putative glutamate 
decarboxylase

FLAG_460F07 (E,a), 
N567408 (3,a), N381133 
(5,h,b), N398853 (3,h,b)

257866_at CATMA3a17250 At3g17770 -1.00 -1.29 Dihydroxyacetone kinase family 
protein

FLAG_119A06 (5,a), 
N528386 (I,b)

257867_at CATMA3a17280 At3g17780 -1.86 -1.73 Similar to unknown protein N514002 (E,a), N502741 
(I,a), N517811 (5,a)

258158_at CATMA3a17290 At3g17790 -1.25 -3.34 ATACP5 - Acid phosphatase 5 N597940 (E,a), N597938 
(E,a), N546977 (E,a), 
N547922 (5,a), N658665 
(5,h,b), N546785 (E,b)

258188_at CATMA3a17290 At3g17800 -2.57 -3.34 MEB5.2 N570769 (E,a), N573038 
(E,a), N629803 (E,a), 
N545784 (P,a), N545827 
(P,a), N660956 (E,h,b), 
N666385 (E,h,b)

258162_at CATMA3a17310 At3g17810 -4.22 -3.20 Dihydroorotate dehydrogenase 
family protein

N583897 (E,a), N573490 
(I,a), N623318 (I,a), 
N424069 (I,a), N663150 
(E,h,b), N573489 (I,b), 
N873523 (E,b)
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258160_at x At3g17820 x x Cytosolic glutamine synthetase N572283 (E,a), N572275 
(I,a), N538156 (I,a), 
N502524 (I,a), N651573 
(5,a)

258220_at CATMA3a17330 At3g17830 -0.49 -0.49 DNAJ heat shock family protein N642169 (I,a), N519829 
(I,a), N658951 (I,h,b), 
N626111 (E,b), N669232 
(E,h,b)

258159_at CATMA3a17340 At3g17840 -2.03 -2.59 RLK902 - Receptor-like kinase 
902

FLAG_286C06 (E,b), 
GABI_114B09 (E,b), 
N586401 (P,b), N556722 
(P,b), N826365 (P,b)

258021_at CATMA3a18990 At3g19380 -1.13 -1.11 PUB25 - plant U-box 25 x

252079_at CATMA3a44615 At3g51630 -1.27 -1.30 WNK5 - with no lysine (K) 
kinase 5 

x

x CATMA3a44615 At3g51632 -1.27 -1.30 CPuORF44 - Conserved peptide 
upstream open reading frame 44

x

251225_at CATMA3a55830 At3g62660 -1.05 -1.55 GATL7 - 
Galacturonosyltransferase-like 7

x

253421_at CATMA4a34070 At4g32340 -1.28 -1.56 Expressed x

250253_at CATMA5a11870 At5g13640 -1.05 -1.19 ATPDAT - phosphatidylcholine-
sterol O-acyltransferase

x

250196_at CATMA5a12805 At5g14580 1.07 1.03 Polyribonucleotide 
nucleotidyltransferase, putative

x

246595_at CATMA5a13000 At5g14780 -1.17 -1.19 FDH - formate dehydrogenase x

246476_at CATMA5a15060 At5g16730 -1.13 -1.40 Expressed x

246432_at CATMA5a15770 At5g17490 -1.02 -1.22 RGL3 - RGA-like protein 3 x

x CATMA5a20730 At5g23235 -1.06 -1.45 Pseudogene x

249850_at CATMA5a20730 At5g23240 -1.06 -1.45 DNAJ heat shock N-terminal 
domain-containing protein

x

x CATMA5a21090 At5g23575 -1.00 -1.19 Transmembrane protein, 
putative

x

x CATMA5a22220 At5g24593 -2.17 -2.45 Similar to unknown protein x

246651_at CATMA5a30270 At5g35170 -1.19 -1.02 Adenylate kinase family protein x

249042_at CATMA5a40120 At5g44350 -1.37 -1.09 Ethylene-responsive nuclear 
protein -related

x

248756_at CATMA5a43535 At5g47560 -1.10 -1.12 TDT - tonoplast dicarboxylate 
transporter

x

247095_at CATMA5a61730 At5g66400 -1.58 -1.53 RAB18 - responsive to ABA 18 x

*Abbreviations: E: Exon; I: Intron; P: 1000-Promoter; 5: 300-UTR5; 3: 300-UTR3; h: ordered as homozygous 
from stock center, a: screened for resistance; b: screened for root length and resistance.
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Discussion

Here, we characterize the Arabidopsis mutant rlk902 that combines two diverse 
phenotypes: reduced root growth and resistance to the downy mildew pathogen 
H. arabidopsidis.

The activation tag T-DNA in rlk902 is inserted at the end of the single intron of 
RLK902 disrupting its expression. RLK902 is expressed in the root meristem, which 
correlates with a role for RLK902 in cell proliferation. However, RLK902 promoter 
driven GUS activity did not correlate with downy mildew Waco9 infection as inocu-
lated plants did not show alterations in expression. Complementation of the rlk902 
mutant with the intact RLK902 gene could not rescue the root growth and resistance 
phenotypes. In addition, RLK902 RNAi and amiRNA approaches did not mimic the 
rlk902 mutant phenotypes. We conclude that the rlk902 root growth defect and 
downy mildew resistance are not caused by the disruption of RLK902.

Backcrosses to wild type revealed that only plants homozygous for the rlk902 
T-DNA insertion showed a reduction in root length and resistance to downy mildew 
arguing for linkage between the T-DNA insertion and the observed phenotypes. 
Microarray studies revealed that genes within a region of approximately 84 kb 
upstream of RLK902 are downregulated in rlk902. However, neither root length 
reduction nor resistance to downy mildew was observed in T-DNA insertion lines 
for any of the 25 genes tested within this 84 kb region. There are several possibilities 
to explain this observation: (1) the affected gene responsible for the phenotypes 
may not be annotated and therefore not present on the CATMA array. The use of 
tiling arrays may give a more complete picture of gene expression in the RLK902 
region; (2) the tested T-DNA insertion did not cause disruption of the responsible 
gene; (3) downregulation of a combination of genes in the 84 kb region is causing 
the observed phenotypes. This combination may be identified adopting an RNAi 
strategy, constructing multiple gene knockdown combinations in this area. Alterna-
tively, large and overlapping DNA fragments in the form of TAC clones (http://www.
getcid.co.uk) may be tested for complementation in the rlk902 background.

How can a T-DNA insertion cause such a detrimental effect on the expression of 
neighboring genes? It has been described that activation tags, containing for ex-
ample 35S enhancer elements, are able to alter the expression of genes in the vicin-
ity of the T-DNA insertion (Yoo et al., 2005). Ren et al., (2004) report on a gene that 
showed trans-activation 78 kb away from the insertion site in Arabidopsis and there 
are many examples of long distance activation of promoters by distant enhancers 
in a variety of other species (Merli et al., 1996; Calhoun and Levine, 2003; Nobrega 
et al., 2003). For rlk902, no trans-activation was observed but trans-repression and 
this phenomenon can be added to the effects caused by activation tags. Down-
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regulation of a genomic region could be explained by induction of changes in the 
chromatin structure through e.g. DNA methylation and/or histone modifications. 
Our results underline the caution of Yoo et al., (2005) in the interpretation of pheno-
types/results when 35S enhancer elements are used (Weigel et al., 2000).

Whatever the cause, it is interesting to note that the susceptibility to Pseudomonas 
syringae pv tomato DC3000 and absence of PR-1, PR-2 and PR-5 gene induction in 
rlk902 demonstrate that the downy mildew incompatibility is not caused by consti-
tutive defense gene expression. With respect to the root phenotype, double mutant 
combinations of rlk902 with two knockout alleles of its closest homolog RKL1 
showed a further reduction of root length compared to the rlk902 single mutant. 
As the root growth defect cannot be linked to RLK902 disruption this suggests RKL1 
has an overlapping biological function with gene(s) in the downregulated region 
upstream of RLK902.

Identifying the gene(s) involved in root growth and/or downy mildew compat-
ibility by any of the means discussed above will be the challenge for future studies 
involving rlk902.

Experimental procedures

Plant materials, growth conditions and H. arabidopsidis conditions

Origins and backgrounds of mutant and transgenic lines: rlk902 (Col-7) (Taru-
tani et al., 2004); QC25 (WS) (Sabatini et al., 2003). rkl1-1 (sail_772_B09) and rkl1-2 
(sail_525_D09) (both Col-0) were obtained from the Arabidopsis Biological Resource 
Center (ABRC) (Sessions et al., 2002). Col-7 (N3731) was obtained from the Notting-
ham Arabidopsis Stock Centre (NASC) (Scholl et al., 2000). FLAG_286C06 (WS-4) was 
obtained from Génétique et amélioration des plantes (INRA, FLAG-lines) (Bechtold 
and Pelletier, 1998). GABI_114B09 (Col-0) was obtained from the German plant 
genomics research program (GABI) (Rosso et al., 2003). T-DNA lines for genes in the 
downregulated region as described in Table 2 were obtained from NASC (Alonso et 
al., 2003), INRA or GABI, respectively.

For analysis of root development, seedlings were sterilized, plated and grown as 
described in (Sabatini et al., 2003). To test for H. arabidopsidis compatibility, plants 
were grown as described (de Jong et al., 2006). Plants were subsequently mock-
inoculated or treated with a 50 sporangia per μl suspension of Cala2 or Waco9 H. 
arabidopsidis isolates, respectively, using a spray gun. After inoculation plants were 
allowed to dry for 2 hours and subsequently incubated under a sealed lid with 100% 
relative humidity in a growth chamber at 16 ºC with 9 h of light (~100 μmol photons 
m-2 sec-1).
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Table 2. Primers used for cloning, Northern probe synthesis, (q)RT-PCR, in situ probe synthesis and 
genotyping.

Gateway cloning 
fragment

Primer Primer sequences (‘5 - ‘3)

RLK902 promoter (1411 bp) RLK902attB1-Fw aaaaagcaggcttcgttttatcatttatatatggttaaga

RLK902prom-attB2-
Rv

agaaagctgggtatgtaagaaacaaagagagaaac

RLK902 promoter (1588 bp) pRLK902FattB4 ggggacaactttgtatagaaaagttgcatttcgtcaaaaaccctgaaacccca

pRLK902RattB1 ggggactgcttttttgtacaaacttgttgtaagaaacaaagagagaaaccct

RLK902 cDNA / gene RLK902cDNAattB1-
Fw

aaaaagcaggcttcatgcgactcttcttcacaccgt

RLK902cDNAattB2-Rv agaaagctgggtaccccacccgatctgcacc

RLK902 complementation RLK902attB1-Fw aaaaagcaggcttcgttttatcatttatatatggttaaga

RLK902attB2-Rv agaaagctgggtaacagtgacaacctgtgtttta

RKL1 promoter (2548 bp) pRKL1FattB4 ggggacaactttgtatagaaaagttgcagctttagacttttcttcgttttgg

pRKL1RattB1 ggggactgcttttttgtacaaacttgttgtgactattcagagaagaagacg

attB1 ggggacaagtttgtacaaaaaagcaggct

attB2 ggggaccactttgtacaagaaagctgggt

Northern analysis Primer Primer sequences (‘5 - ‘3)

RLK902 (At3G17840) Exon1 RLK902 exon1-Fw ggacgcttagtctccgtctc

RLK902 exon1-Rv tccaccagaaagcttcttcc

RLK902 (At3G17840) Exon2 RLK902 exon2-Fw cctccattgaactgggaagt

RLK902 exon2-Rv cttgtctgggtgctgctct

ACTIN-2 (At3g18780) ACTIN2-Fw tcagattttgtttcgaattctctt

ACTIN2-Rv aaaagaaactttgatcccattca

Quantitative PCR primers Primer Primer sequences (‘5 - ‘3)

ACTIN-2 ACT2-Fw aatcacagcacttgcacca

ACT2-Rv gagggaagcaagaatggaac

PR-1 (At2g14610) PR1-Fw gaacacgtgcaatggagttt

PR1-Rv ggttccaccattgttacacct
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Microscopy

Light microscopy, starch granule staining and β-glucuronidase activity, measure-
ment of root length or number of meristematic cells was performed as described 
in (Willemsen et al., 1998) and (Welch et al., 2007). For confocal microscopy, roots 
were mounted in propidium iodide (PI; 20 µg/mL in distilled water). Whole mount 
RNA in situ hybridization was performed manually as described (Hejatko et al., 
2006). A gene specific 433 bp fragment riboprobe for RLK902 was made from cDNA 
using primers listed in Table 2. Infections of H. arabidopsidis in Arabidopsis leaves 
were visualized by trypan blue staining as described (van Damme et al., 2009). 
For β-glucuronidase activity in green tissues, RLK902::GUS dissected leaves were 
collected in microcentrifuge tubes on ice and incubated for 20 min in cold 90% 
acetone. Samples were washed in staining buffer (50 mM sodium phosphate buf-
fer (pH 7.2), 0.2% Triton X-100, 2 mM potassium ferrocyanide and 2 mM potassium 
ferricyanide) on ice. Staining buffer was removed and replaced with staining buffer 
supplemented with 5-bromo-4-chloro-3-indolyl-beta-D-glucuronic acid (X-Gluc) 
to a final concentration of 2 mM. Samples were infiltrated under vacuum on ice 
for 15 min and incubated overnight. Samples were subjected to ethanol series of 
20%, 35% and 50% (v/v) for 30 min each and incubated in fixative containing 50% 
ethanol (v/v), 10% glacial acetic acid (v/v) and 5% formaldehyde (v/v) for at least 30 
min. Fixative was removed and 70% ethanol (v/v) was added.

PR-2 (At3g57260) PR2-Fw cccgtagcatactccgattt

PR2-Rv aaggagcttagcctcaccac

PR-5 (At1g75040) PR5-Fw ggcaaatatctccagtattcaca

PR5-Rv ggtagggcaattgttccttaga

In situ analysis Primer Primer sequences (‘5 - ‘3)

RLK902 cDNA (433 bp) rch3probeF gggaagtcagatcaggcatcgcccttgg

rch3probeR tcttcttccaccgagacaactgtctcg

RLK902 amplification Primer Primer sequences (‘5 - ‘3)

from (c)DNA or genomic 
DNA

RLK902-Fw ctcttccgtcaatcggagat

RLK902-Rv caccacctccaccataactg

T-DNA specific primer RB-Fw gttttcccagtcacgacgtt
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Constructs and plant transformation

The pGreenII (Hellens et al., 2000) and pMDC vectors (Curtis and Grossniklaus, 
2003) were used for plant transformation. RLK902::GUS, 35S::RLK902:GFP and 
RLK902::RLK902 were made using a two-step PCR protocol, in which the respective 
fragments were made full length with AttB1 and AttB2 extension primers (Table 2). 
For RLK902 promoter fusions, a 1411 bp genomic DNA fragment upstream of the 
coding region of RLK902 was fused into the pMDC162 vector. For overexpression 
analysis, whole RLK902 cDNA was fused in the pMDC32 vector. For complementa-
tion analysis, the genomic region of RLK902 starting at 1441 bp upstream of the ATG 
and ending at 1274 bp downstream of the stop codon was fused into the pMDC99 
vector. RKL902:GFP was generated by fusing a 1588 bp RLK902 promoter fragment 
to the genomic sequence of RLK902 in turn fused in frame to GFP and the NOS 
terminator and transferred to a pGreenII-vector carrying the norflurazon resistance 
cassette (Heidstra et al., 2004). For the RKL1 promoter fusion, a 2548 bp genomic 
DNA fragment upstream of the coding region of RKL1 was placed before GUS and 
the NOS terminator and transferred to a pGreenII-vector carrying the kanamycin 
resistance cassette. Plants were transformed using the floral dip method (Clough 
and Bent, 1998) and analyzed in next generations.

Pseudomonas growth assay

Pseudomonas syringae pv tomato DC3000 was grown in KB medium to an OD600 of 1 
at 28°C and pelleted at 2500xg for 10 minutes. The bacterial cells were resuspended 
in 10 mM MgSO4 with 0.02% (v/v) Silwet L-77 to an OD600 of 0.05. Plants were dipped 
in the bacterial suspension for a few seconds and placed immediately in a covered 
tray to prevent evaporation. After one hour 5 seedlings were taken, their weight was 
determined and processed as described below. Plants were incubated for 3 days at 
high humidity (80-90%) at 22°C in a short-day room. Again, 5 seedlings were taken 
and their weight determined. Tissue samples were ground in 500 µl 10 mM MgSO4 
and 5 tenfold dilutions were made in a 96-well microtiter plate. 50 µl samples were 
spotted onto KB agar plates containing 25 µg/ml rifampicin. The whole procedure 
was performed in triplicate for each measurement. The plates were incubated for 2 
days at 28°C and the bacterial colonies were counted.

Nothern analysis and quantitative PCR

Northern blots were performed according to (Ausubel et al., 2003). For quantitative 
PCR analysis, RNA was extracted from the parental line and rlk902 grown on soil and 
MS agar plates using the RNeasy kit (Qiagen). cDNA was subsequently synthesized 
with SuperScript III reverse transcriptase (Invitrogen) and oligo(dT)15 (Promega, 
Madison, WI, USA). Cycle thresholds (CT) were determined in triplicate per transcript 
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by the ABI PRISM 7700 sequence detection system (Applied Biosystems, Foster City, 
CA, USA) using SYBR Green I (Applied Biosystems) as reporter dye. Primersets used 
for Northern probe amplification and CT determinations are listed in Table 2.

CATMA arrays, labelling, hybridization, scanning and statistics

Microarray analysis was performed with CATMA version 2 arrays (complete Ara-
bidopsis transcriptome microarray) (Hilson et al., 2004; Allemeersch et al., 2005). 
Information about CATMA and database access can be found at http://www.catma.
org/ (Crowe et al., 2003). The complete microarray procedure used, analysis of 
spot intensities from the CATMA arrays and applied statistics were performed as 
described (de Jong et al., 2006).
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We have investigated asymmetric cell division, root patterning and meristem 
maintenance using forward and reverse genetics approaches. In this summarizing 
chapter I will discuss the results in light of recent insights and give directions for 
future research.

Chapter 2 describes the identification of the schizoriza (scz) mutant from a 
QC-marker based mutagenesis screen aimed to isolate plants with QC/stem cell 
defective roots. A previous study implicated SCZ as a suppressor of epidermal fate 
and mediator of periclinal ground tissue divisons (Mylona et al., 2002). We went 
on to provide a detailed description of the scz mutant phenotype and show that 
it is involved in fate segregation during asymmetric divisions in the stem cell 
region. The SCZ gene was cloned based on map position and shown to encode a 
member of the family of heat shock transcription factors, albeit one that appears 
to be recruited for development instead of stress signaling. The pleiotropic effects 
of the scz mutation define the existence of a novel mechanism for patterning cell 
identity in the Arabidopsis root. The proposed activity of SCZ is that it acts in the 
ground tissue to determine its fate from embryogenesis onward and suppresses 
epidermis and lateral root cap fate in the ground tissue. Non-cell autonomous SCZ 
action maintains QC fate and suppresses columella fate in the QC and in addition 
segregates epidermis and lateral root cap fate, presumably through a ground tis-
sue derived unknown factor. The next challenge will be to provide a mechanistic 
understanding of how SCZ exerts its function during asymmetric division. From 
the complementation studies it appears that cortical expression of SCZ is sufficient 
to restore the mutant phenotype to wild type. The non-cell autonomous activity 
of SCZ on neighboring tissue fate segregation implies signaling from the cortex. 
Complementation analysis also shows that it is not SCZ itself that is moving. In-
stead, a target of SCZ is likely traveling between tissues, possibly a transcription 
factor, moving in a way similar to what has been described for the action of SHR 
in ground tissue patterning. Using an inducible SCZ protein that can completely 
rescue the mutant phenotype upon induction allows identification of such down-
stream targets by microarray analysis. In addition, expression of SCZ in the ground 
tissue domain by way of N9094 enhancer transactivation rescues the scz-2 mutant 
defect. This allows the specific selection of the immediate SCZ responsive cells 
from the N9094 expression domain whilst driving inducible SCZ protein by way of 
fluorescence activated cell sorting in combination with microarray analysis. These 
experiments can be elaborated on by sorting cells from those tissues affected by 
SCZ induction to identify links to the process of fate segregation. Another applica-
tion of the inducible SCZ is to follow the fate segregation upon induction, which 
provides a tool to study the components of the cell machinery, e.g. cytoskeleton 
components and vesicle transport that are recruited for this process. Given that 
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SCZ contains a recently identified repressor domain it is possible that the protein 
acts as a transcriptional repressor. Alleviated expression of SCZ targets would then 
be responsible for the phenotypic defects in the mutant. Currently, a mutagenesis 
screen for suppressors of SCZ is being undertaken, which may lead to the identifi-
cation of such components. Yeast two hybrid studies showed protein interaction 
between SCZ and another Hsf protein amongst others (CAtH, unpublished data), 
indicating that SCZ may act together with other factors in the control of cell division 
asymmetry. Indeed, several close paralogs of SCZ are highly expressed in the root 
stem cell niche (Derbyshire et al., 2008). However, analysis of the single knockouts 
did not reveal root developmental phenotypes (CAtH, unpublished data). Possibly, 
the double mutant may reveal additional or enhanced phenotypes compared to 
the scz single mutant. Taken together, these diverse approaches should shed more 
light on SCZ action.

In Chapter 3 we report on the SCZ interaction with the well characterized root 
patterning transcription factor genes SHR, SCR, PLT1 and PLT2, all of which show 
expression overlap in the root QC and stem cell niche progenitors (Di Laurenzio et 
al., 1996; Helariutta et al., 2000; Wysocka-Diller et al., 2000; Nakajima et al., 2001; 
Sabatini et al., 2003; Aida et al., 2004; Galinha et al., 2007). scz-2 plt1-4 plt2-2 triple 
mutants resembled plt1-4 plt2-2 double mutants whereas scz-2 shr-2 and scz-2 scr-4 
double mutants showed severely enhanced phenotypes compared to the scz-2, 
shr-2 and scr-4 single mutants. Given the results we suggested that SCZ acts in a 
parallel pathway with SHR/SCR to specify the stem cell niche in the early embryo. 
How SCZ, SHR and SCR genes act together remains unclear. Interaction studies 
revealed no binding in yeast. In addition, SCZ was not identified as a target of SHR 
(Levesque et al., 2006), nor was SCZ promoter activity hampered in shr-2 or scr-4 
mutants. However, we cannot rule out the possibility that local activity of SHR/SCR 
initiates SCZ expression in the embryo. A puzzling result in the scz-2 shr-2 double 
mutant mature embryo is the apparent presence of two ground tissue layers that 
extend from the hypocotyl all the way down in the embryonic root tip compared 
to a single layer in the shr-2 mutant mature embryo. Future studies introducing 
markers should determine the tissue identities in the scz-2 shr-2 double mutant to 
support the interaction proposed here. Downstream SCZ effectors should reveal the 
putative overlap with SHR targets.

Chapters 4, 5 and 6 of this thesis probe the conservation of shoot and root meri-
stem maintenance pathways in light of paralogous ligands and receptors identified 
in shoots, in particular CLE type ligands and CLV1 type receptor-like kinases (RLKs). 
Two different approaches have been used in these chapters to investigate this link: a 
ligand based approach based on meristem consumption upon CLE overexpression 
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(Chapter 4), and a phenotype screen using a custom collection of root expressed 
LRR RLK T-DNA insertion lines (Chapters 5 and 6).

Chapter 4 describes the identification of sol3 from an activation tagging screen 
aimed to find suppressors of RCH1>>CLE19 induced root meristem consumption. 
This implicates SOL3 as a putative new component of the CLE signaling pathway. 
Phenotypic characterization revealed that SOL3 has a dual role in the root, control-
ling both growth and formative cell divisions. sol3 roots grow faster than wild type 
reminiscent of cytokinin synthesis or signaling mutants. Indeed, sol3 appears largely 
unaffected to cytokinin treatment. Whether the enhanced root growth phenotype 
is due to lower levels of cytokinin or signaling awaits further characterization, e.g. 
measuring cytokinin levels or determining expression of cytokinin biogenesis 
and signaling related genes. The long root phenotype is combined with a delay 
in ground tissue formative division, particularly in the embryo. In addition, root 
columella layers are consistently reduced throughout development. CLE signaling 
by means of the CLE40 peptide and its putative receptor ACR4 has recently been 
implicated in controling columella formative divisions in the root apex (De Smet et 
al., 2008; Stahl et al., 2009; Stahl and Simon, 2009). Whether SOL3 is involved in this 
signaling awaits further characterization and double mutant analysis. The identity 
of the SOL3 gene is bound to shed more light on its function. So far, the complex 
T-DNA insertions and unsequenced Columbia Utrecht ecotype background have 
hampered its cloning. However, with the aid of new generation sequencing it is 
now feasible to elucidate the insertion sites. CLE peptides are one of many peptides 
that have recently been described with functions in various aspects of growth and 
development. Peptide signaling turns out to play a greater than anticipated role in 
intercellular and extracellular signaling in plants, e.g. controlling defense responses, 
callus growth, meristem organization, self-incompatibility, root growth, leaf-shape 
regulation and organ abscision. A further characterization of these peptides to-
gether with the identification of their ligand-receptor interactions should improve 
the understanding of peptide signaling in plants.

With the complete Arabidopsis genome available it is possible to do large scale 
reverse genetic studies. In Chapter 5, we describe such a reverse genetics approach 
where we surveyed the roles of LRR RLK genes in roots using a custom T-DNA inser-
tion set concentrating on receptors that are expressed in the root meristem. Our 
objectives were to analyze CLV1 paralogs for involvement in root meristem main-
tenance and to gain a broader understanding of the function of LRR RLKs in root 
growth in general. We established a collection of 134 homozygous T-DNA insertion 
lines for 69 LRR RLKs. No root developmental phenotypes were observed for single 
receptor mutants that were not already described. This result indicates a high level 
of redundancy among these receptors or the unlikely situation that none of these 
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are involved in root development. In addition, we analyzed this collection for altered 
root growth responsiveness to various external stimuli, including hormonal, chemi-
cal and abiotic stress. We showed the involvement of many LRR RLKs in several of 
the conditionally induced phenotypes. The observation that many T-DNA insertion 
lines respond to more than one treatment supports the existence of extensive cross 
talk and signal integration among different signaling pathways. With respect to 
hormones, for which receptors are identified, resistance or sensitivity may indicate 
a function of receptor signaling in secondary signaling events. We could not detect 
a clear relationship between conditional phenotypes and phylogeny, suggesting 
that these transmembrane LRR RLKs, despite a fairly similar domain organization, 
can easily acquire different functions compared to their closest paralogs during 
evolution. A large scale analysis of the transcriptional response of the 604-member 
RLK gene family to a range of known environmental and developmental stimuli 
demonstrated a broad response of these kinases to multiple treatments (Chae et 
al., 2009). With our functional data at hand we took it one step further and analyzed 
whether there was overlap between LRR RLK behavior at the transcriptome level 
and the functional characterization of corresponding mutants. Although we could 
distinguish LRR RLK gene clusters with similar behavior at the transcriptome level 
upon different stress treatments, there was no indication for functional overlap 
among the LRR RLKs tested and their clustered expression patterns.

Chapter 6 dealt with the characterization of one of the tested mutant LRR RLKs, 
rlk902, which combined two diverse phenotypes: reduced root growth and resistance 
to the downy mildew pathogen H. arabidopsidis. The resistance phenotype appears 
to be pathogen specific as defense genes are not constitutively overexpressed and 
no resistance to Pseudomonas syringae pv. tomato 3000 is observed in rlk902. An 
activation tag T-DNA in rlk902 was inserted at the end of the single intron of RLK902 
disrupting its expression. RLK902 is expressed in the root meristem, which correlates 
with a role for RLK902 in cell proliferation. However, RLK902 promoter driven GUS 
activity did not correlate with downy mildew Waco9 infection. Complementation of 
the rlk902 mutant with the intact RLK902 gene failed to rescue and RLK902 RNAi and 
amiRNA approaches did not mimic the rlk902 mutant phenotypes. We concluded 
that the rlk902 root growth defect and downy mildew resistance are not caused 
by the disruption of RLK902. Nevertheless, backcross analysis argued for linkage 
between the T-DNA insertion and the observed phenotypes in rlk902. Subsequent 
microarray studies revealed gene expression was downregulated within a region 
of approximately 84 kb upstream of the rlk902 mutation. However, no phenotypes 
were observed in T-DNA insertion lines for any of the 25 genes tested within this 
region. There are several possibilities to explain this observation: the affected gene 
responsible for the phenotypes may not be annotated and therefore not present 
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on the CATMA array, the tested T-DNA insertion did not cause disruption of the re-
sponsible gene or downregulation of a combination of genes in the 84 kb region is 
perhaps causing the observed phenotypes. Identifying the gene(s) involved will be 
the challenge for future studies involving rlk902. Currently, large and overlapping 
DNA fragments in the form of TAC clones are tested for complementation in the 
rlk902 background to identify the gene(s) causing the mutant phenotype.

The identification of SCZ as factor involved in tissue specification and cell fate 
segregation provides a basis for future research into mechanisms of asymmetric 
division. Work on CLE ligand signaling identified SOL3 as a factor controlling root 
growth and formative divisions and the LRR RLK reverse genetics indicated the 
existence of extensive cross talk and signal integration among different RLK signal-
ing pathways in the Arabidopsis root. A challenge for the future will be to integrate 
these results with signaling networks for root patterning and growth.
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Meercellige organismen zoals plant en dier ontwikkelen zich uit een enkele cel, 
de zygote. Gedurende ontwikkeling wordt er een bouwplan aangelegd; de zygote 
deelt en creëert zo vele miljoenen cellen, die complexe weefsels vormen. Een es-
sentieel en universeel mechanisme om deze diversiteit te genereren is asymmetri-
sche celdeling waarbij twee verschillende dochtercellen ontstaan uit een oudercel. 
Tijdens de ontwikkeling van plant en dier spelen stamcellen een grote rol. Deze 
relatief ongedifferentieerde cellen handhaven zich door zichzelf te vernieuwen 
en leveren continu cellen aan om de verschillende weefsels te kunnen vormen. In 
tegenstelling tot dieren blijven planten gedurende hun hele levenscyclus nieuwe 
organen ontwikkelen. Ook hier zijn de stamcellen voor verantwoordelijk. Deze oor-
spronkelijke set stamcellen zijn tijdens de embryogenese aangelegd in het scheut 
apicale meristeem en het wortelmeristeem. Het scheut apicale meristem vormt alle 
bovengrondse delen en het wortelmeristeem vormt het wortelstelsel. Cellen in het 
meristeem ondergaan een gedefinieerd aantal delingen voordat ze het meristeem 
verlaten en gaan strekken en differentiëren. Door een juiste balans tussen celdeling 
en celdifferentiatie te handhaven behoudt het meristeem een bepaalde omvang 
en wordt de groei van organen op de juiste manier gereguleerd. In het wortelme-
risteem omringen de stamcellen het quiescent center (QC); samen worden ze vaak 
aangeduid als de stamcel niche. De huidige hypothese is dat gedurende de evolutie 
het wortelmeristeem zich ontwikkeld heeft uit het scheutmeristeem. Dit is vermoe-
delijk het resultaat van de veranderende condities over het verloop van tijd waaraan 
de plant zich heeft moeten aanpassen voor het succesvol kunnen blijven verkrijgen 
van voedingstoffen en water opname en om zichzelf te kunnen verankeren. Dit doet 
vermoeden dat er gen-netwerken, vergelijkbaar aan degene die belangrijk zijn in de 
ontwikkeling en handhaving van de scheut, een rol kunnen spelen in de regulatie 
van het wortelmeristeem. Verschillende studies die gebruik maken van de model 
plant Arabidopsis thaliana (de zandraket) duiden hierop wat betreft fytohormonen, 
transcriptiefactoren alsook peptide liganden en hun receptoren.

Het doel van dit proefschrift was om een beter begrip te krijgen van de mechanis-
men betrokken bij patroonvorming in de Arabidopsis wortelpunt en de handhaving 
van het wortelmeristeem tijdens de ontwikkeling. Hierbij is gebruik gemaakt van 
“forward genetics” en “reverse genetics” technieken. Waar Hoofdstukken 1, 2 en 
3 van dit proefschrift zich bezig houden met het verkrijgen van cel identiteit door 
asymmetrische celdeling in de wortel, wordt in Hoofdstukken 4, 5 en 6 gekeken 
naar ligand-receptor signalering en conservering van signaaltransductieketens in 
scheut en wortel.
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Hoofdstuk 1 geeft een overzicht van de huidige kennis van celspecificatie via 
asymmetrische celdeling in Arabidopsis. Specifieke voorbeelden waarop wordt 
ingegaan zijn stamceldelingen, patroonvorming van een subset van weefsels in de 
wortel en van de huidmondjes (stomata).

In Hoofdstuk 2 wordt de schizoriza (scz) mutant gekarakteriseerd. scz werd opge-
pikt als een mutant met een QC -en stamceldefect in de wortel uit een mutagenese 
screen op planten die QC-specifieke markers dragen. SCZ codeert voor een nucleaire 
factor die gelijkenissen vertoont met de familie van heat shock transcriptiefactoren. 
Het gen blijkt verantwoordelijk voor het scheiden van cel identiteit gedurende 
asymmetrische deling in de stamcel niche van de wortel en voor de specificatie 
van de cortex laag. De resultaten duiden erop dat SCZ een nieuw mechanisme voor 
asymmetrische celdeling definieert in de plant.

De functie van SCZ is verder onderzocht in Hoofdstuk 3 door te kijken naar in-
teracties met de bekende wortel patroonvormingsgenen: PLETHORA1 (PLT1), PLT2, 
SHORT-ROOT (SHR) en SCARECROW (SCR). Uit de resultaten blijkt dat SCZ samen 
met SHR en SCR werkt om de stamcel niche in de wortel aan te leggen gedurende 
embryogenese.

Het CLV3-CLV1 ligand-receptor paar is verantwoordelijk voor handhaving van het 
scheutmeristeem. Overexpressie van A-klasse CLE peptiden, zoals CLV3 en CLE19, 
leidt tot differentiatie van het scheutmeristeem alsook het wortelmeristeem. Dit 
doet vermoeden dat ook in de wortel een CLV-type signaaltransductieketen actief 
is die de handhaving van dit meristeem reguleert. Deze hypothese wordt verder 
uitgewerkt in Hoofdstukken 4, 5 en 6.

Hoofdstuk 4 beschrijft de isolatie en karakterisatie van de sol3 mutant. Om 
nieuwe factoren te vinden die betrokken zijn bij de CLE signalering is een “suppres-
sor mutagenese screen” uitgevoerd. De mutant sol3 herstelt het door CLE19 veroor-
zaakte wortelmeristeemdifferentiatie defect en laat tegelijkertijd een toename van 
wortelgroei zien. Versterkte wortelgroei wordt vaak waargenomen in cytokinine 
biosynthese -en signaleringsmutanten en de verminderde wortelrespons van sol3 
na toediening van dit hormoon doet vermoeden dat een cytokinine defect verant-
woordelijk is voor defecten in sol3. Daarnaast blijkt dat SOL3 ook een rol speelt bij 
het controleren van weefselvormende delingen in de wortel.

In Hoofdstuk 5 beschrijf ik een “reverse genetics” strategie om te onderzoeken 
of CLV1 paraloge leucine-rijke repeat (LRR) receptor kinases betrokken zijn bij 
wortelontwikkeling. Hiervoor is een homozygote set van T-DNA insertielijnen 
samengesteld van LRR receptor kinases die in het wortelmeristeem tot expressie 
komen. Deze set is vervolgens gescreend op veranderingen in wortelontwikkeling 
en veranderde respons na het toedienen van verschillende soorten van stress. Het 
feit dat er naast eerder beschreven genen slechts één mutant met fenotypes onder 
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normale groeiomstandigheden is gevonden duidt op een hoge mate van redun-
dantie. De resultaten uit de conditionele screen, echter, geven blijk van het bestaan 
van een omvangrijke samenspraak en signaal integratie van de verschillende LRR 
receptor kinases in de wortel.

In Hoofdstuk 6 wordt de mutant rlk902, in Hoofdstuk 5 opgepikt als een mutant 
met een kortere wortel, verder gekarakteriseerd. Naast een korter wortelmeristeem 
blijkt rlk902 ook resistent te zijn tegen valse meeldauw. De gevonden fenotypes 
lijken echter niet veroorzaakt door mutatie van het RLK902 gen. Desondanks is het 
fenotype wel gelinkt aan de T-DNA insertie en microarray studies laten zien dat een 
in gebied van 84 kilobase expressie van genen verlaagd is in deze lijn. Naar alle 
waarschijnlijkheid is downregulatie van een of meerdere genen in dit gebied de 
oorzaak van de fenotypes.

Aan het eind van dit proefschrift worden de behaalde resultaten samengevat en 
mogelijkheden voor vervolgonderzoek aangedragen.
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