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Chapter 1:
General introduction:

Plant stem cells, totipotency and SERK1
Mark Kwaaitaal and Sacco de Vries

Abstract
To cope with their sessile lifestyle, plants show an enormous developmental plasticity.
This developmental adjustment is reflected in the regenerative properties of plants. This ease
of regeneration created the belief that virtually all plant cells are totipotent, which is unlike
animals, where only the cells of the early embryo appear to share this property. In this review
the animal based view of stem cells and their maintenance are discussed. Populations of cells
in the shoot and root apical meristems, but also within the vascular meristem of plants fulfil the
animal criteria for stem cells. Recent findings of molecular mechanisms regulating the plant
stem cell populations are reviewed. In addition, somatic embryogenesis is discussed, a process
that demonstrates the ability of a single somatic plant cell to develop into a complete embryo.
This reveals the underlying totipotent character of a plant cell, but the question remains whether
all plant cells have this potential. The receptor like kinase, Somatic Embryogenesis Receptor
Kinase (SERK) marks single totipotent plant cells that can initiate somatic embryogenesis in
several plant species. Here we review recent discoveries concerning SERK1 in different plants
species and the possible molecular basis of SERK1 receptor signalling in the initiation of
somatic embryogenesis and plant development.
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Plant cell totipotency and stem cells
During their life cycle plants cannot freely move around to find water and nutrients.
Instead, they are mostly fixed to one spot where they have to endure the environmental
changes. One aspect of this sessile lifestyle is a considerable developmental plasticity. After
embryogenesis, plants continuously form new organs from a small reservoir of cells that
is maintained in the root and shoot apical meristems. A second remarkable example of the
developmental plasticity of plants is the ability to form new meristems that are in turn able to
form a variety of new organs. Finally, non-zygotic embryos can develop from single somatic
plant cells (Reinert, 1958; Stewart et al., 1958) or cells from the reproductive organs (Koltunow
et al., 1995; Mordhorst et al., 1997). While it is not clear why somatic embryogenesis would
contribute to helping plants overcome adverse environmental changes, this phenomenon has
long been used to assume that most if not all plant cells are totipotent (Steeves and Sussex
1989). In animals, only embryonic stem cells or their immediate descendants share this
capacity (Alison et al., 2002).
According to the definition, a stem cell is a cell that (1) is capable of long term self
renewal, (2) can produce a large population of differentiated progeny, (3) has the ability to
regenerate a tissue after injury by producing all necessary differentiated cell types and (4)
remains uncommitted, often referred to as undifferentiated. To fulfil criteria 1 and 2 in general,
a stem cell division has to be asymmetric in order to produce a cell that will differentiate
and a cell that will stay a stem cell (Potten and Loeffler, 1990). This asymmetry can be
invariantly asymmetric for each division or it can be organized at the population level, to
achieve on average an asymmetric division (Stahl and Simon, 2005). We will address the
question whether a population stem cell concept is also applicable to the developmental origin
of somatic embryos.

Animal stem cells
In contrast to plants, the entire body plan including all organs and tissues is essentially
complete after animal embryogenesis. In animals, embryonic stem cells are totipotent and have
the potential to differentiate into all cells present in the adult animal when induced with the
right signals (Alison et al., 2002; Rippon and Bishop, 2004). After approximately the eight cell
stage in embryo development the cells loose their totipotency. They go through a pluripotent
stage, during which they can still form each of the three major tissues endoderm, mesoderm
and ectoderm but can no longer develop into a complete adult. In the end only multipotent
cells, which can differentiate into a limited subset of cells types, or unipotent cells, which can
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differentiate into only one type of cell, are left (Alison et al., 2002; Singh and Bhalla, 2006).
In the adult animal, the multi- and unipotent stem cells are present in niches throughout the
body (Rippon and Bishop, 2004). However the traditional animal stem cell concept possibly
needs some revision, because stem cell fates in adult animals were found to be still plastic and
changeable by cues from the environment (Blau et al., 2001; Morrison, 2001; Stahl and Simon,
2005). For instance it was recently shown that a population of pluripotent stem cells is present
in neonatal mouse testis with a differentiation potential similar to embryonic stem cells. These
results suggest that animal germline cells retain the potential to generate pluripotent cells
(Guan et al., 2006).
What animal and plant stem cells clearly have in common is that both are maintained
in niches, where they are maintained by signals from nearby organizing cells within the niche.
When due to continued divisions cells get out of reach of the signal from the organizing cells
they can obtain a differentiated state. The amount of cells produced after a stem cell division
is increased by establishing a population of Transit Amplifying (TA) cells. These cells have a
limited proliferative ability (Stahl and Simon, 2005) and gradually lose their stem cell identity
and start to express differentiation markers (Potten and Loeffler, 1990). Initially, these TA cells
are almost indistinguishable from stem cells and can revert back to a stem cell fate. However,
with each division the TA cells move further towards a differentiated cell fate and the reversion
back to a stem cell fate gets increasingly rarer (Potten and Loeffler, 1990).

Plant stem cell niches
The Shoot Apical Meristem (SAM)
The SAM is organized in different zones and layers. Figure 1.1 shows a schematic
representation of the SAM. The central zone (CZ) at the summit of the apex contains the
population of stem cells (light grey region in Figure 1.1), which divide relatively infrequently
and are maintained by cells in the lower part, the organizing centre (OC) (dark grey region
in Figure 1.1), of the central zone. The CZ is surrounded by the peripheral zone (PZ) and
the ribzone (RZ). Cells in the PZ and RZ divide more frequently (Stahl and Simon, 2005).
Cells from the RZ will contribute to the vascular tissues and the central shoot structures. After
continued divisions cells from the PZ will be incorporated into organ primordia. At the summit
cells in the CZ and the PZ are organized in three layers; L1, L2 and L3. Anticlinal divisions
in the L1 and L2 layers result in the formation of two clonally distinct tunica layers. The
L3 divides in various orientations and forms the corpus. The L1 layer forms the epidermis,
the L2 the subepidermal layer and the L3 generates the internal layers of lateral organs and
the shoot axis (Laux and Jurgens, 1997; Vroemen et al., 1999; Baurle and Laux, 2003).
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Figure 1.1: Schematic view of the shoot apical meristem (SAM).
The different layers (L1, L2 and L3) and regions are marked. RZ = ribzone, PZ = peripheral zone, CZ = central zone,
OC = organizing centre (dark grey), WUS = WUSCHEL, CLV3 = CLAVATA3, TA = transit amplifying cells, p =
outgrowing primordium and the stem cell population is marked in light grey. (Adapted from Mayer et al., 1998; Laux,
2003; Stahl and Simon, 2005)

In the shoot apical meristem the nuclearly localized homeodomain protein WUSCHEL (WUS)
is expressed in the OC, below the population of stem cells. WUS is needed to maintain the stem
cell population above the OC (Laux et al., 1996; Mayer et al., 1998). WUS alone promotes the
expression of the small secreted peptide CLAVATA (CLV) 3 during embryonic development.
At later developmental stages WUS acts together with SHOOT MERISTEMLESS (STM)
to control CLV3 (Brand et al., 2002). WUS and STM act independently, but their functions
overlap in limiting differentiation in the SAM. It appears that WUS specifies the stem cells
and STM limits differentiation throughout the SAM to allow amplification of the stem cell
population (Lenhard et al., 2002). The STM expression domain might mark and contribute to
the maintenance of the TA cell population in the SAM, by limiting their differentiation (Figure
1.1). The CLV3 expression domain marks the stem cell population in the SAM (Fletcher et
al., 1999). Together with CLV1 and CLV2, CLV3 limits WUS expression, creating a negative
feed back loop (Brand et al., 2000; Schoof et al., 2000). CLV1 encodes an LRR-receptor like
kinase and heterodimerizes with CLV2, which is an LRR-receptor lacking the kinase domain.
CLV2 is required for the normal accumulation and assembly in protein complexes of the CLV1
protein. CLV1 expression in the meristem centre encloses the WUSCHEL (WUS) expression
domain (Clark et al., 1997; Jeong et al., 1999). A direct interaction between CLV3 and either
CLV1 or CLV2 has not been demonstrated; however the presence of CLV3 is required for the
formation of a 450 kD protein complex containing CLV1, CLV2, the KINASE ASSOCIATED
PROTEIN PHOPHATASE (KAPP) and a Rho GTP-ase (Trotochaud et al., 1999).
The Root Apical Meristem (RAM)
The Arabidopsis root system consists of a primary root, from which lateral roots
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develop (Schweifelbein and Benfey, 1994). Longitudinally, the growing root tip can be divided
in three zones. The first 250 μm, the meristem zone, contains small dividing cells and is covered

by the root cap. In the next 250 μm, cell elongation starts and proximal to this elongation zone
is the differentiation zone that is recognizable by the formation of root hairs on the epidermis.
Figure 1.2 shows a schematic representation of a longitudinal section through the root meristem.
ep c e p
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p e c ep
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Figure 1.2: Schematic view of the root meristem.
The various tissue layers are marked. ep = epidermis, c
= cortex, e = endodermis, p = pericycle, v = vascular
cylinder, lrc = lateral root cap, crc = columella root cap,
qc = quiescent centre (dark grey). The cells marked in
light grey mark the stem cells at the basis of each cell
layer. TA = transit amplifying cells and the gradual
decrease in color suggests the increased differentiation
and decreased presence of stem cell properties in the
TA cell population. Adapted from (Laux and Jurgens,
1997; Laux, 2003; Stahl and Simon, 2005)

lrc

crc

Transversally, from outside to inside, single cell layers of epidermis, cortex, endodermis and
pericycle surround the vascular bundle (Dolan et al., 1993). Each layer is produced from a
population of stem cells at its basis (light grey region in Figure 1.2), while the mitotically
inactive quiescent centre (QC) (dark grey region in Figure 1.2) is needed to maintain these
stem cells (van den Berg et al., 1997). The stem cell daughter cells, or TA cells, in the vascular
bundle are amplified in the meristem zone and subsequently elongate and differentiate. In
the RAM, the auxin maximum in the QC, the columella initials and the columella root cap
determines the position of the QC and its function as an organizing centre (Sabatini et al.,
1999). Auxin is polary transported towards the root tip and its transport and the location of
the auxin maximum is under tight control of the family of PIN proteins (Galweiler et al.,
1998; Palme and Galweiler, 1999; Friml et al., 2002; Benkova et al., 2003; Blilou et al., 2005)
that are biochemically capable of transporting auxin (Petrasek et al., 2006). Several genes
involved in QC identity have been identified. The transcription factor SHORTROOT (SHR)
is expressed in stele cells. The protein is transported to the flanking endodermal and ground
tissue stem cells and the QC, where it is localized to the nucleus and induces SCARECROW
(SCR) expression. SCR then restricts the movement of SHR. Both SCR and SHR are essential
for QC identity and cell specification in the root meristem and are present together in all
cells of the endodermis (Helariutta et al., 2000; Sabatini et al., 2003; Heidstra et al., 2004).
The PLETHORA (PLT) genes link the presence of the auxin maximum in the root tip to QC
11
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identity. The PLT1 and 2 genes are transcribed in response to auxin in an Auxin Response
Factor (ARF) dependent manner, redundantly regulate meristem maintenance and act in
parallel to SHR and SCR. The PLT genes in turn regulate transcription of PIN genes and this
feed-back loop stabilizes the auxin maximum in the root tip (Aida et al., 2004; Blilou et al.,
2005; Xu et al., 2006). RETINOBLASTOMA-RELATED (RBR) is essential for maintaining
the root stem cell population. RBR is the plant homologue of the mammalian RB tumorsuppressor protein in retinoblastoma and acts downstream of SCR in regulating the size of
the root stem cell population. The comparable function of RBR in plants and RB in animals
illustrates that in plants and animals stem cells are maintained by similar regulatory pathways
(Wildwater et al., 2005). WOX (WUS related homeobox) genes are expressed in the egg cell
and in specific regions of the developing embryo, suggesting that the WOX genes mark cell
fate decisions in early embryonic patterning and are possibly required for the definition of
embryonic precursor cells. WOX2 regulates apical embryo proper formation (Haecker et al.,
2004). STIMPY/WOX9 is required for growth of the vegetative SAM, by positively regulating
WUS. In addition, stimpy/wox9 mutants show pleiotropic phenotypes, which can be reversed
by inducing re-entry into the cell-cycle by sucrose, suggesting that STIMPY/WOX9 maintains
cell division and prevents premature differentiation (Wu et al., 2005). Only wox2, stimpy/
wox9 and wus single knockout mutants showed a phenotype, suggesting that the other WOX
family members act redundantly (Haecker et al., 2004; Wu et al., 2005). WOX5 marks QC
identity and expression is initiated very early in the hypophysial cell (Haecker et al., 2004).
The phenotype of the turanose insensitive (tin) mutant, wherein a chimeric form of WOX5 is
produced, suggested that WOX5 acts as a negative regulator of auxin homeostasis and helps in
maintaining the restricted area of the auxin maximum (Gonzali et al., 2005). Overexpression
of CLV3 or its homologs CLE19 and CLE40 results in an decrease in root meristem size,
but the QC and the stem cells remain unaffected (Hobe et al., 2003; Fiers et al., 2004). In
addition, overexpression of CLE40 rescues a clv3 mutant, indicating that the peptides can act
redundantly (Hobe et al., 2003). External application of 14 amino acid peptides containing the
conserved CLE motifs of CLV3, CLE19 or CLE40 also results in a decrease in root meristem
size also. The response to the externally applied peptides was dependent on the presence of an
intact CLV2 receptor, suggesting that also in the root meristem a CLV1/CLV2 like signalling
pathway is used and the CLE motif facilitates the binding to the receptors (Fiers et al., 2005).
The Primary Vascular Meristem
The third primary meristematic tissue, regarded as a pluripotent stem cell population
is the vascular procambium (Mahonen et al., 2006). The procambium is first established during
embryogenesis and after germination is continuously formed from the growing root and shoot
apical meristems. Procambium cells are the basis of the water and solute transporting xylem and
12
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phloem tissues (Steeves and Sussex 1989). The formation and maintenance of the procambium
and its subsequent differentiation into xylem and phloem is under tight spatial and temporal
control of phytohormone signalling and a network of transcription factors. Auxin and polar
auxin transport regulate procambium formation and vascular continuity (Sachs, 1981; Aloni,
1987; Galweiler et al., 1998; Mattsson et al., 1999). Cytokinin sensed by the CRE1 family of
receptors, is essential for procambium maintenance. In mutants of these cytokinin receptors
or when cytokinin levels are reduced the procambium differentiates into protoxylem tissue
(Mahonen et al., 2000; Nishimura et al., 2004; Mahonen et al., 2006). Brassinosteroids are
produced in and secreted from procambium cells (Yamamoto et al., 2001) and bind to the
extracellular domain of the BRI1 family of LRR – RLK’s (Wang et al., 2001; Caño-Delgado et
al., 2004; Kinoshita et al., 2005). BRs regulate the differentiation of the procambium towards
xylem and are essential for tracheary element differentiation (Iwasaki and Shibaoka, 1991). In
addition, BR and BR signalling regulate the equilibrium between xylem and phloem tissues
and control procambium proliferation. BR receptor or BR biosynthetic mutants show an
increase in phloem at the expense of xylem tissue (Caño-Delgado et al., 2004). The HD-ZIPIII
family of transcription factors; ATHB8, AtHB9, AtHB9/PHAVOLUTA (PHV), AtHB14/
PHABULOSA (PHB) and Interfascicular Fiber Less 1 (IFL)/REVOLUTA (REV) regulate
several aspects of vascular tissue development (Talbert et al., 1995; Zhong and Ye, 1999;
Baima et al., 2001; McConnell et al., 2001; Kim et al., 2005). Together AtHB8 and AtHB15
regulate procambium proliferation and differentiation into xylem. Interfascicular Fiber Less
1/REVOLUTA (IFL1/REV) (Zhong and Ye, 1999) and HB9 and HB14 respectively regulate
interfascicular fiber formation (Zhong and Ye, 1999) and ad- or ab-axial leaf fate and leaf
vascular tissue development (McConnell et al., 2001). The HD-ZIPIII transcription factors
are under tight control of microRNAs (Kim et al., 2005; Williams et al., 2005). Whether
procambium cells reside in a stem cell niche similar to the ones described for animal stem
cells and the plant shoot and root apical meristems is not yet clear. However there is some
evidence that also in the vascular tissue a CLV1/CLV2 like pathway such as the one regulating
the stem cell population in the SAM and RAM is active. Experiments in poplar have shown
that CLV1 is expressed in the cambium tissue (Schrader et al., 2004) and the vascular tissue of
Arabidopsis (An et al., 2004). An analysis of the transcriptome of vascular tissues of the roothypocotyl confirmed the vascular expression of CLV1, which was specifically present in the
phloem-cambium isolates. In addition, a low level of expression of CLV2 could be detected
in all vascular tissues. WUS and CLV3 were not expressed in the analyzed tissues, but two
uncharacterized members of the CLE family CLE26 and CLE6 were expressed in the phloemcambium isolates (Zhao et al., 2005).
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Plant totipotency:

Somatic embryogenesis

A clear demonstration of plant cell totipotency and plant regenerative properties is the
entire recapitulation of embryogenesis from non-zygotic cells. Several origins of asexually
propagated embryos are reported; apomictic embryos originate from unfertilized eggs or the
surrounding maternal tissue, androgenetic embryos develop from in vitro cultured immature
pollen grains (microspores) and somatic embryos originate from somatic cells grown in
vitro (reviewed by Mordhorst et al., 1997; Feher et al., 2003). Here we will focus on somatic
embryogenesis. In somatic or asexual embryogenesis somatic cells develop via defined
morphological stages into plants (De Jong et al., 1993). The formation of somatic embryos
was first discovered in carrot suspension cell cultures (Reinert, 1958; Stewart et al., 1958) and
it has since been demonstrated in many other plant species.
Several factors can be applied to induce somatic cells to become embryogenic.
Different types of stress, externally applied or resulting from the removal of cells from their
normal environment and placing them in medium positively influenced somatic embryo
induction. Also stress-related genes were induced in these embryogenic cultures, reason for
somatic embryogenesis to be interpreted as the outcome of an in vitro adaptation process
to a new environment (Feher et al., 2003). In general, synthetic auxins like the herbicide
2,4-dichlorophenoxyacetic acid (2,4-D) either alone or combined with cytokinins are used
to induce somatic embryogenesis (Mordhorst et al., 1997). However, initiation of somatic
embryogenesis has also been observed in the absence of external stimuli or with cytokinin
alone, with abscisic acid or with other inducing factors (reviewed by Feher et al., 2003).
Inhibition of polar auxin transport also increases somatic embryogenesis (Sangwan et al.,
1992). Most likely 2,4-D has a dual function in the induction of somatic embryogenesis, as an
auxin directly or by promoting endogenous auxin accumulation (Michalczuk et al., 1992) and
as a “stressor” (Feher et al., 2003).
In carrot suspension cultures single cells can initiate somatic embryogenesis (Nomura
and Komamine, 1985; Komamine et al., 1990; Toonen et al., 1994) and these cells can have
varying morphologies (Toonen et al., 1994). Of the cells in culture only a small minority of
1-2 % is actually embryogenic. From these cells, often after an initiated asymmetric division,
one of the cells develops into a proembryonic mass (PEM) of 10 to 20 cells that will continue
embryogenesis after further culturing in the absence of 2,4-D (De Vries et al., 1988; Guzzo et
al., 1994). To get to the embryogenic state, these cells continue to require the presence of 2,4-D.
Cells that are in transition from their original somatic state to an embryogenic state are defined
as competent. Cells that have achieved the embryogenic state and will initiate embryogenesis
after removal of 2,4-D are defined as embryogenic (Komamine et al., 1990; De Jong et al.,
1993; Toonen et al., 1994). Auxin is needed for the transition towards an embryogenic state,
14
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but works inhibitory on further development of the embryo after the globular stage (Komamine
et al., 1990). The transition time for carrot somatic cells in suspension culture to get the highest
number of embryogenic cells is about 7 days (Nomura and Komamine, 1985; Toonen et al.,
1994). Carrot embryogenic cell cultures are initiated from seed-derived seedling hypocotyl
explants in auxin containing medium (De Vries et al., 1988). When the embryogenic capacity
of these explants is tested directly without generating a suspension culture, the time needed
in the presence of 2,4-D to obtain embryogenic cells, which develop into a somatic embryo is
3 to 7 days. Shorter incubations result in callus, root or shoot formation (Guzzo et al., 1995;
Schmidt et al., 1997).
The acquisition of an embryogenic state is not a cell-autonomous process, but requires
cell-cell communication (Mordhorst et al., 1997). It was found that higher cell densities in
a culture containing both embryogenic and non-embryogenic cells, increases the amount
of embryogenic cells (De Vries et al., 1988; Komamine et al., 1990; Toonen et al., 1994).
Next to that, adding preconditioned medium obtained from an embryogenic culture (De Vries
et al., 1988) or co-cultivation with zygotic embryos (Holm et al., 1994) also increases the
embryogenic potential of embryogenic cultures. Labelling of cells with the JIM8 antibody,
which recognizes a certain AGP epitope present in embryogenic cultures, is indicative for
the embryogenic competence of a cell line (Pennell et al., 1992; Toonen et al., 1996). Cells
labelled with JIM8 were believed to be in a transition towards an embryogenic state, because
a subpopulation of small, cytoplasm rich cells in an embryogenic culture was recognized by
JIM8 (Pennell et al., 1992). Cell-tracking of the JIM8 labelled cells, however, did not reveal a
relationship between embryogenesis and JIM8 labelling, suggesting that the JIM8 labelled cells
perform an accessory function in somatic embryogenesis (Toonen et al., 1996). The finding
that in the absence of the JIM8 labelled cell population no somatic embryos develop, but callus
is formed, demonstrates the importance of cell-cell communication in the maintenance of
embryogenic competence in culture (Pennell et al., 1995). The carrot EP3 endochitinase gene
is expressed in an embryogenic culture, but its expression is not correlated with embryogenic
cells and is absent from somatic embryos (van Hengel et al., 1998). EP3 is secreted into the
medium and addition of purified EP3 to a suspension culture of the temperature sensitive
carrot mutant ts11 rescued somatic embryo development. So, the expression of EP3 in nonembryogenic cells and its importance for somatic embryogenesis again suggested that cellcell communication is essential for somatic embryogenesis in culture (De Jong et al., 1992;
De Jong et al., 1995). Arabinogalactan proteins (AGPs) have several presumed functions in
vegetative, reproductive and developmental aspects as well as in programmed cell death and
cell-cell communication (Showalter, 2001). AGPs also function in somatic embryogenesis
(Kreuger and van Holst, 1993; Kreuger and van Holst, 1995; Vroemen et al., 1999), where
they can have an inductive as well as an inhibitory effect (Egertsdotter and von Arnold, 1995;
15
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Toonen et al., 1997; Chapman et al., 2000). It was found that non-embryogenic carrot lines
can become embryogenic again after the addition of certain AGPs (Kreuger and van Holst,
1993). In addition, AGPs restore the embryogenic competence after cell wall removal and this
restoration was more efficient when using chitinase cleaved forms of the AGPs (van Hengel
et al., 2001). These findings combined indicate that complex interactions between cells and
substances secreted in the medium of embryogenic cultures are essential to establish and
maintain embryogenic competence in culture. So, in other words, it seems that as observed
in intact tissues the unorganized embryogenic culture “niche” maintains its own population of
totipotent stem cells.
During their development, somatic embryos pass through the same stages of
embryogenesis as zygotic embryos do. At molecular, cytological and morphological level, the
development of both types of embryos is very similar, taken as evidence that the signalling
pathways used are identical (Mordhorst et al 1998). Differences are the lack of surrounding
endosperm development, no seed dormancy and a missing or retarded suspensor development.
In addition, during their development, somatic embryos are much more sensitive to auxin
transport inhibition then zygotic embryos (for reviews see (Dodeman et al., 1997; Feher et
al., 2003)). Zygotic embryogenesis always starts from a single cell; somatic embryogenesis
can start both from a single cell (direct somatic embryogenesis) or can have a multicellular
(indirect somatic embryogenesis) origin. Both these developmental paths can occur in the
same culture (Maheswaran and Williams, 1985; Luo and Koop, 1997).
Which cells in explant tissues can become embryogenic?
In carrot hypocotyl explants cultured in the presence of 2,4-D, cell division is resumed
in provascular cells and not in epidermal or cortical cells. After continued division and the
formation of clusters of proliferating cells originating from the provascular tissue, single, small,
elongated cells were released into the growth medium (Guzzo et al., 1994). These elongated
cells occasionally underwent an asymmetric division and after continued culture one of the
descendents formed a cluster of small cytoplasm rich cells that are referred to as pro-embryonic
masses (PEMs) (De Vries et al., 1988; Guzzo et al., 1994). In Dactylis glomerata L. small and
isodiametric cells giving rise to somatic embryo originate close to the vascular bundles of leaf
explants (Somleva et al., 2000). In Arabidopsis, the most reproducible way to produce somatic
embryos from various ecotypes was by culturing immature zygotic embryos (Luo and Koop,
1997). The cotyledon axils and the SAM of immature zygotic embryos are the reported origins
of embryogenic cells in Arabidopsis. In wildtype seedlings, embryogenic competence is largely
lost after germination (Mordhorst et al., 1998). Mutations in the CLV1, CLV2 and CLV3 genes
result in a larger expression domain of WUS, which in turn results in an increase in SAM
size (Schoof et al., 2000). Also plants with the primordia timing mutation, which is allelic to
16
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altered meristem program1 (amp1), häuptling (hpt) and constitutive photomorphogenesis 2
(cop2), show an increased SAM size (Mordhorst et al., 1998; von Recklinghausen et al., 2000;
Helliwell et al., 2001). The AMP1 allele encodes a putative glutamate carboxypeptidase that is
expressed throughout the plant. AMP1 is suggested to modulate the level of a small signalling
molecule that may function in SAM maintenance (Helliwell et al., 2001).
Mutants with an enlarged SAM such as clv1, clv3 and pt retain embryogenic
competence after germination (Mordhorst et al., 1998; von Recklinghausen et al., 2000). It
was thought that this was due to the presence of more undifferentiated and uncommitted cells
that are able to respond to 2,4-D (Mordhorst et al., 1998). However, embryogenic cultures
generated from the wus, stm and zwille mutants, all lacking a functional SAM, did not show a
reduction in embryogenic competence when compared with wildtype plants (Mordhorst et al.,
2002). Apparently, the formation of somatic embryos from the ad-axial sides of the cotyledons
was not affected. Culturing of dissected immature embryo parts showed that all cultured
tissues formed callus, but that somatic embryos arose only from the apical portion (SAM plus
cotyledons). In addition, the total amount of embryos formed from cultured cotyledons was
similar to that of the complete apical portion, which indicated that the cotyledons would be
the main origin of competent cells (Luo and Koop, 1997). In Arabidopsis zygotic embryos,
2,4-D induces cell division in procambial cells of the vascular bundles of the cotyledons. After
continued divisions, the proliferating provascular tissue will then develop somatic embryos on
the ad-axial side of the cotyledons. The hypocotyl and SAM do not proliferate as long as the
provascular cells are dividing (Raghavan, 2004). Collectively, these observations show that in
wildtype Arabidopsis, Dactylis and Daucus it is not the shoot apical meristem that is the main
origin of competent cells, but rather a population of cells present in the vasculature.
SERK and the molecular basis of somatic embryogenesis
The search for genes that mark single somatic cells in transit to become embryogenic
resulted in the discovery of the SOMATIC EMBRYOGENESIS RECEPTOR KINASE
(SERK). SERK is transiently expressed in a subpopulation of enlarged vacuolated cells in an
embryogenic culture derived from cultured hypocotyl explants (Schmidt et al., 1997). This
cell type was the same as described earlier by Guzzo et al (1994) as being the embryogenic
cell type. SERK-marked single cells detached from the proliferating hypocotyl provascular
tissue only after prolonged exposure to 2,4-D (Schmidt et al., 1997), with an exposure time
similar to that found by Guzzo et al (1994) to generate embryogenic cells (Schmidt et al.,
1997). Cell tracking experiments showed that the SERK-expressing cells could initiate
somatic embryogenesis. SERK was expressed in cells with varying morphology, but only
cells of the enlarged vacuolated type formed somatic embryos. Both in somatic and zygotic
carrot embryos SERK expression ceased in most cells after the globular stage, emphasizing
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the molecular similarity between somatic and zygotic embryogenesis. In addition, SERK was
detected during flower development and was highest 10 days after pollination (Schmidt et al.,
1997). The SERK gene encodes a leucine rich repeat (LRR)-Receptor Like kinase (RLK). The
predicted protein contains an N-terminal Leucine zipper (LZ) domain followed by 5 LRRs,
a serine and proline rich SPP domain, a transmembrane domain and an intracellular serine /
threonine kinase domain. The SPP domain is a unique feature of the SERK family of receptor
kinases (Schmidt et al., 1997; Hecht et al., 2001). Homologs of SERK have been discovered
in several plant species, which includes Dactylis (Somleva et al., 2000), Zea Mays (Baudino
et al., 2001), Medicago (Nolan et al., 2003), Helianthus (Thomas et al., 2004), Oryza (Ito et
al., 2005), Citrus (Shimada et al., 2005) and Theobroma (Santos et al., 2005). Analysis of the
sequenced Arabidopsis genome revealed that a family of 5 homologs of the carrot SERK was
present. Also in maize and Medicago multiple SERK homologs were found, 3 and 5 respectively
(Baudino et al., 2001; Nolan et al., 2003). The Arabidopsis SERK1 protein contains all the
main protein motifs found in other species (Hecht et al., 2001; Nolan et al., 2003; Thomas et
al., 2004; Hu et al., 2005). Postembryonically,
������������������� Arabidopsis SERK1 is expressed in vascular
bundles (Hecht et al., 2001; Kwaaitaal et al., 2005) and in developing lateral roots (Kwaaitaal
et al., 2005). ������������������������������������������������������������������������������
The somatic embryogenesis system described by Mordhorst et al (1998) was used
to follow the expression of SERK1 in Arabidopsis during the initiation of an embryogenic
culture in an amp1 mutant background. In response to the presence of 2,4-D in the induction
medium SERK1 expression increased in the SAM and the vascular bundles (Guzzo et al.,
1995; Schmidt et al., 1997; Mordhorst et al., 1998; Somleva et al., 2003; Raghavan, 2004).
Embryogenic structures originating from the SAM area showed SERK1 expression. No
expression was seen in non-embryogenic calli. SERK1 expression was enhanced in the highly
embryogenic amp1 cultures. Overexpression of SERK1 does not result in any obvious plant
phenotypes, but gives a 3 to 4-fold increase in embryogenic competence, which indicates
that SERK1 not only marks embryogenic competence, but also promotes the transition of
somatic cells to an embryogenic state (Hecht et al., 2001). Arabidopsis SERK1 is expressed
before fertilization during both male and female sporophytic and gametophytic development
(Hecht et al., 2001; Albrecht et al., 2005; Kwaaitaal et al., 2005) and after fertilization in
the developing embryo until heart stage (Hecht et al., 2001; Kwaaitaal et al., 2005). In the
monocot Dactylis glomerata, SERK1 was also found to closely follow the development of cells
competent to form somatic embryos (Somleva et al., 2000). In Helianthus, SERK1 expression
increased in the morphogenetic zone of immature zygotic embryos under embryogenic culture
conditions until two days of incubation, after which SERK1 levels decreased. The increase
and subsequent decrease in SERK1 expression correlated with the acquisition and loss of
embryogenic competence. Similar to Daucus, Dactylis and Arabidopsis, Helianthus SERK1
continued to be expressed in developing embryonic structures and expression ceased after 7
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days of development. In addition, SERK1 expression was detected in the provascular tissue
and leaf primordia of the embryo (Thomas et al., 2004). The suppression of Oryza SERK1 by
RNA interference resulted in an inhibition and SERK1 overexpression resulted in induction
of shoot regeneration from callus. Whether this also reflects the embryogenic capacity of the
tissue is not known. Interestingly, overexpression of Oryza SERK1 also resulted in an increased
resistance to blast fungus (Hu et al., 2005). In both maize (Baudino et al., 2001) and Medicago
(Nolan et al., 2003) SERK1 expression was not tightly correlated with somatic embryogenesis,
because SERK1 expression was found in both embryogenic and non-embryogenic callus.
To summarize, it appears that in most plant species investigated, SERK1 expression
marks the acquisition of embryogenic competence in tissue culture, but the gene is also
expressed in non-embryogenic cells. In addition, there may be a correlation with organogenic
competence in some tissue culture systems.
Embryogenic competence in Arabidopsis.
In Arabidopsis, several genes have been isolated that influence embryogenic
competence. Using estradiol inducible WUS expression somatic embryos were seen to develop
from all tissues and organs tested, while the subsequent withdrawal of estradiol resulted in
somatic embryo maturation (Zuo et al., 2002). WUS alone therefore appears to be sufficient
to induce the transition of somatic cells to an embryogenic cell fate. SERK1 expression was
not changed in the WUS overexpressing plants, indicating that SERK1 acts either upstream
of WUS or in a parallel pathway controlling somatic embryogenesis (Zuo et al., 2002). When
WUS is ectopically expressed in roots leaves are formed on the root meristems. Before the
formation of new organs became visible an increase in CLV3 expression was observed in
the region where also WUS was expressed, but both genes were not present in the same
cells. Expression of WUS is therefore sufficient to obtain a shoot stem cell population. When
exogenous auxin was applied to these plants, instead of leaves somatic embryos grew from the
root meristems (Gallois et al., 2004). Other genes like LEC1, FUS3 and AGL15 were induced
when auxin was added to the WUS overexpressing roots (Gallois et al., 2004).
A range of other genes affecting embryogenic competence in Arabidopsis have been
isolated. Ectopic expression of BABY BOOM (BBM) (Boutilier et al., 2002) and LEAFY
COTYLEDON1 and 2 (LEC1 and 2) (Lotan et al., 1998; Stone et al., 2001; Gaj et al., 2005)
results in the formation of somatic embryos or embryo-like structures on the plant without
application of external hormones. The pickle (pkl) loss of function mutant forms somatic
embryos on its roots (Ogas et al., 1997). BBM is a member of the family of AP2/ERF family of
transcription factors and the gene is expressed in the microspore, during early and late stages
of embryo development and in the developing seed. The overexpression phenotype suggests a
role for BBM in cell proliferation and morphogenesis during embryogenesis (Boutilier et al.,
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2002). The lec mutants were identified as loss of function mutants and have defects related to
embryo identity and seed maturation processes. Their name, LEafy Cotyledons (LEC), relates
to the presence of trichomes at the adaxial side of the cotyledons in the mutant backgrounds.
The embryogenic competence is reduced in lec mutants. Double and triple mutants of lec1,
lec2 and fusca3 showed a total repression of somatic embryogenesis (Lotan et al., 1998; Gaj
et al., 2005). The CHD3 chromatin remodelling factor PICKLE (PKL) is proposed to be
a negative regulator of the leafy cotyledon genes. Consequently, LEC1 and 2 are strongly
induced in pkl mutant background. pkl mutants fail to switch from embryonic to vegetative
development; their roots are swollen and express many embryonic traits including the potential
to undergo somatic embryogenesis (Ogas et al., 1999). The MADS-box transcription factor
AGL15 is expressed in early stages of embryogenesis and is relocalized from the cytoplasm to
the nucleus at early stages of zygotic embryo development (Perry et al., 1999). Overexpression
of AGL15 resulted in an increase in embryogenic competence and an increase in SERK1
expression (Harding et al., 2003). In a pkl mutant background, SERK1, WUS and AGL15
expression levels are not altered. However, when pkl mutants are treated with uniconazole, an
inhibitor of GA biosynthesis, SERK1 and AGL15 expression is substantially reduced, while
the same treatment increases the pkl root phenotype. This suggests that SERK1 and AGL15 do
not have a direct role in the pkl root phenotype (Rider et al., 2003), which could be due to the
fact that PKL only regulates some but not all aspects of an embryonic program (Rider et al.,
2004) or that both genes act upstream of or parallel to PKL.

SERK1 receptor signalling and plant development
Since in many plant species SERK1 marks plant cells that acquire embryonic
competence, it is of interest to determine which signal is perceived directly or indirectly by the
SERK1 receptor and what the mechanism of SERK1 mediated transduction is. Biochemical,
cell biological and genetic studies have clarified parts of the signalling cascade of SERK.
Studies on fluorescent fusion constructs show that SERK1 in protoplasts (Shah et al., 2001;
Russinova et al., 2004) and in planta (Kwaaitaal et al., 2005) localizes to the plasma membrane
and to intracellular membrane compartments such as endosomes. N-linked glycosylation of
the LRR domains, that contain putative glycolysation sites, is essential for the correct targeting
of SERK1 (Shah et al., 2001). Protein modelling using Insulin Receptor Kinase (IRK) as
a template showed that the kinase domain contains an Activation-loop (A-loop), similar to
the IRK receptor, but contains threonines instead of tyrosines as potentially phosphorylated
residues. The SERK1 kinase domain has both auto- and transphosphorylation activity and
the threonine residues within the A-loop at positions 462 and 468 are needed for its auto- and
transphosphorylation activity (Shah et al., 2001). In protoplasts, about 15 % of the SERK1
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receptor kinase is present in a predimerized state, as has been shown by different fluorescence
microscopy techniques, including Förster Resonance Energy Transfer (FRET) measurements
(Shah et al., 2001; Russinova et al., 2004) and the single molecule techniques Fluorescence
Cross Correlation Spectroscopy (FCCS) and Photon Counting Histogram (PCH) (Hink et al.,
submitted). SERK1 dimerization depends on the extracellular LZ domain (Shah et al., 2001).
CLV1/CLV2 (Jeong et al., 1999), the SRG protein involved in pollen recognition in Brassica
(Doughty et al., 1998) and the ethylene receptor ETR1 (Schaller et al., 1995), are present as
disulfide linked receptor dimers, but whether this holds true for SERK1 is not known. The
observation that the close SERK1 homolog SERK3 (BAK1), which lacks the cysteine pair
present in SERK1, does not homodimerize supports this theory (Russinova et al., 2004).
Several downstream partners interacting with the SERK1 kinase domain have been
isolated. The Kinase Associated Protein Phophatase (KAPP), a type 2C protein phosphatase,
has been reported to interact with several RLKs including RLK5 (Stone et al., 1994), CLV1
(Williams et al., 1997; Stone et al., 1998) and SERK1 (Shah et al., 2002). CLV1 and KAPP
were shown to interact in planta, while in vitro this interaction occurs in a phosphorylation
dependent manner. In addition, reduction of KAPP mRNA levels partly restores a weak clv1
phenotype, suggesting that KAPP acts as a negative regulator of CLV1 signalling (Stone et
al., 1998). Also SERK1 and KAPP bind in a phosphorylation-dependent manner and KAPP
dephosphorylates SERK1, possibly negatively regulating SERK1 signalling. Co-expression
of KAPP and SERK1 in protoplasts results in internalization of both proteins. In addition,
SERK1 and KAPP only interact after internalization. This suggested that KAPP function is
tightly linked to endocytosis of its targets (Shah et al., 2002).
The AAA-ATPase Cell Division Cycle (CDC) 48 and the 14-3-3 protein GF14λ
were isolated in a Yeast-2-hybrid screening as proteins interacting with the SERK1 kinase
(Rienties et al., 2005). Their interaction with SERK1 was verified both in vitro (Rienties et al.,
2005) and in protoplasts (Rienties et al., 2005; Aker et al., 2006). Co-immunoprecipitation of
a CFP tagged version of SERK1 from plants and subsequent analysis of the isolated protein
complex with mass spectrometry (MS) showed that CDC48, 14-3-3 and SERK1 are present
in the SERK1 protein complex in planta (Karlova et al., 2006). Both CDC48 and 14-3-3
preferentially bind to phosphorylated SERK1, while SERK1 transphosphorylates both proteins.
In addition, CDC48, 14-3-3 and KAPP interact with each other in yeast (Rienties et al., 2005).
In protoplasts, GF14λ (Rienties et al., 2005) and CDC48A (Aker et al., 2006) interact with
SERK1 mainly at the plasma membrane. CDC48A and SERK1 also interact in the ER (Aker
et al., 2006). 14-3-3 proteins are believed to act as adaptors in stabilizing phosphorylationdependent protein-protein interactions (Wu et al., 1997; Wu et al., 1997; Sorrell et al.,
2003). The AAA-ATP-ase CDC48, acting as a hexamer (Wang et al., 2003), is also involved
in a range of cellular processes that have as a central theme ATP dependent disassembly,
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unwinding and unfolding of proteins (Woodman, 2003). Arabidopsis CDC48 was isolated
as a cell division cycle protein, which complements a yeast cell division mutant (Feiler et al.,
1995). Its mammalian homolog p97/VCP is involved in processes such as membrane fusion
(Pecheur et al., 2002) and targeted ER associated proteolysis of ubiquitinated proteins (Jarosch
et al., 2002). Arabidopsis CDC48 is highly expressed in proliferating cells of vegetative root,
shoot, floral inflorescence and flowers, in rapidly growing cells and in developing ovules and
microspores (Feiler et al., 1995). Thus, SERK1 and CDC48 are co-expressed in several plant
tissues, but sofar no clear hypothesis concerning the function of CDC48 or 14-3-3 in SERK1
signalling has been formulated.
The first suggestion for the identity of the signal transduced by the SERK1 protein
came from the identification of BAK1, identical to the SERK3 receptor that interacts with
BRASSINOSTEROID INSENSITIVE 1 (BRI1) and is involved in brassinosteroid (BR)
signalling (Li et al., 2002; Nam and Li, 2002). BRs bind to the extracellular 70 amino acid
island domain of BRI1, while no evidence was found for binding of BR to BAK1 (Kinoshita
et al., 2005). The interaction between BRI1 and SERK3 (BAK1) in plants is ligand dependent,
as is the phosphorylation status of both receptors (Wang et al., 2005). SERK3 (BAK1)
presumably functions as a non-ligand binding co-receptor of BRI1 in BR signalling. SERK1
is present together with BRI1 and SERK3 (BAK1) in a protein complex and like SERK3
interacts genetically with BRI1, suggesting that SERK1 also functions as a co-receptor for
BRI1 in BR signalling (Karlova et al., 2006). When fluorescent fusions of BRI1 and SERK3
are co-expressed in protoplasts they interact in small parts at the plasma membrane and in
endosomes, while both rapidly are internalized and degraded (Russinova et al., 2004). SERK1
and BRI1 also interact in small parts on the plasma membrane in protoplasts (Karlova et al.,
2006). Possibly, internalization of BRI1 is part of the regulatory function of the co-receptors
SERK1 and SERK3 (BAK1) in BR signalling. Downstream of BRI1 and SERK3 (BAK1),
the GSK3 SHAGGY like kinase BIN2 negatively regulates BR signalling (Li et al., 2001; Li
and Nam, 2002). BIN2 phosphorylates the transcriptional regulators of BR signalling BZR1
and BES1. BRs inhibit BIN2, resulting in dephosphorylation of BES1 and BZR1 and their
subsequent homodimerization and DNA binding results in the transcription of BR activated
genes (Yin et al., 2002; Vert et al., 2005; Yin et al., 2005). The BRI1 interacting protein, BKI1,
was recently found to be a substrate for the BRI1 kinase and suggested to negatively regulate
BR signalling by limiting the interaction between BRI1 and SERK3 (BAK1) (Wang and Chory,
2006). During the isolation and subsequent analysis of the SERK1 protein complex, except
for BRI1 and SERK3, none of the proteins known to be involved in BR signalling were found
(Karlova et al., 2006). However two novel proteins not previously isolated as interactors of
SERK1 were present in the SERK1 protein complex: a Zinc Finger Protein of the CONSTANS
family and also the transcription factor AGL15 discussed above (Karlova et al., 2006). The
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presence of AGL15 in the SERK1 protein complex supports the hypothesis that a link exists
between AGL15 and SERK1 signalling (Harding et al., 2003).
Two independent investigations recently showed that SERK1 and its closest
homolog in Arabidopsis SERK2 are redundantly involved in anther development (Albrecht
et al., 2005; Colcombet et al., 2005). serk1-1 serk2-2 double mutants are male sterile due to
the absence of a tapetum layer and instead additional microsporocytes were observed. The
mutant microsporocytes complete meiosis and the resulting tetrads subsequently are degraded,
resulting in a fully male sterile plant. No obvious other phenotypes were observed in either
the single or double mutant backgrounds (Albrecht et al., 2005; Colcombet et al., 2005). The
expression patterns of SERK1 and SERK2 overlap (Albrecht et al., 2005; Kwaaitaal et al.,
2005), but unlike the serk1-1 mutant, a serk2-2 mutant allele does not modify a weak bri1
mutant allele (Karlova et al., 2006), suggesting that SERK1 and SERK2 only function together
in male sporogenesis and not in BR signalling. SERK2 was also shown to homodimerize
and to heterodimerize with SERK1 in protoplasts (Albrecht et al., 2005). In vitro studies
showed that the serk1-1 truncated protein had lost its autophosphorylation ability. The
phenotype observed in the serk1-1 serk2-2 double mutant was similar to that observed in
excess microsporocytes1(ems)/extra sporogenous cells (exs) (Canales et al., 2002; Zhao et al.,
2002) and tapetum determinant1 (tpd1) (Yang et al., 2003) mutants. EMS/EXS is a membrane
localized LRR-RLK (Canales et al., 2002; Zhao et al., 2002) and TPD1 a putative secreted
protein (Yang et al., 2003). TPD1 and EXS/EMS were shown to act in the same pathway (Yang
et al., 2005). While the phenotypes of the serk1-1 serk2-2 double mutants and the exs/ems and
tpd1 mutants are very similar, potential genetic interactions between the SERK genes and the
EXS/EMS and TPD genes have not been demonstrated (Albrecht et al., 2005).
To summarize, it appears that the SERK receptor participates in various signalling
processes. SERK1 and SERK2 together control tapetum specification in anthers (Albrecht et
al., 2005; Colcombet et al., 2005), while SERK3 (BAK1) does not (Albrecht, Russinova and
de Vries unpublished results). SERK1 and SERK3 (BAK1) act together in BRI1-mediated
BR signalling, while SERK2 clearly does not (Karlova et al., 2006; Chapter 5). In addition,
SERK1 in Oryza appears to be involved in pathogen resistance (Hu et al., 2005). The multiple
use of receptors in different processes has also been reported for BRI1, which next to being
the receptor for BRs also binds systemin in tomato (Montoya et al., 2002; Szekeres, 2003),
and ERECTA, which next to its role in plant development functions in pathogen resistance
(Godiard et al., 2003; Llorente et al., 2005). SERK1-mediated signalling apparently serves a
common biochemical role or the protein is recruited into various signalling complexes in order
to carry out a sofar unidentified specific task.
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Scope
Somatic embryogenesis, the phenomenon where a somatic cell supplied with the right
cues can re-initiate embryogenesis, reveals the underlying totipotent character of plant cells. The
acquisition of this totipotent state coincides with the expression of the Somatic Embryogenesis
Receptor Kinase (SERK). Beyond the observation that SERK1 marks competent cells and
increases embryogenic competence when overexpressed, the actual signaling cascade that
SERK1 is involved in during the acquisition of embryogenic competence is unknown. The
major goal of this study is to get a better insight into the function of SERK1 in somatic
embryogenesis and in plant development.
In Chapter 2, the localization of the SERK1 – Yellow Fluorescent Protein (YFP)
fusion protein is described, which coincides with the gene expression pattern as described by
Hecht et al (2001). The protein is present in the male and female gametophyte, during sporoand gametogenesis, in developing embryos and in roots. As observed in protoplasts, also in
plants the protein localizes to the plasma membrane. Application of the inhibitor of vesicle
trafficking Brefeldin-A revealed that the protein undergoes endocytosis in planta, which is
similar to what is seen in protoplasts,
In Chapter 3, the application of the single molecule technique fluorescence correlation
spectroscopy (FCS) on plants expressing the SERK-YFP protein is described. It is shown that
SERK1 diffusion in planta is slower than in protoplasts. In addition, fluorescence recovery
after photo bleaching (FRAP) measurements show that in contrast to protoplasts, in plants the
major part of the SERK1 and BRI1 receptors is immobile.
In Chapter 4, the analysis of SERK1 localization in the vascular tissue is described. It
is shown that SERK1 localizes to immature vascular cells, suggested to represent the vascular
transit amplifying cells, and including the procambium. As a response to 2,4-D, SERK1 protein
levels increase in the vascular cells. Prolonged 2,4-D exposure induces the proliferation of
cells from the vascular bundle and SERK1 remains associated with these proliferating cells.
In Arabidopsis, the procambium is reported to be the main origin of embryogenic cells, so
SERK1 expression in this tissue may mark a plant cell population close to a totipotent state.
In Chapter 5, experiments are described by which the response of serk1 mutants
towards brassinosteroids (BRs) is investigated. It is shown that serk1 mutants have a shift in
their responsiveness to BRs. In serk1 serk3 double mutants the sensitivity to BRs is reduced to
the level of BRI1 mutants. None of the other SERK family members influences BR sensitivity,
suggesting that SERK1 and SERK3 are the only family members redundantly involved in BR
signaling.
In Chapter 6, the cytological analysis of the vascular tissue of the strong serk1-3
mutant allele is described. In the inflorescence stem of adult plants, the serk1-3 mutant shows
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various vascular defects pointing to an altered procambium activity such as increased vascular
differentiation. The serk1-3 vascular phenotype is not clearly influenced by weak bri1 or
serk2 mutant alleles. In serk1 serk3 double mutants the vascular defects are partially reversed,
suggesting that SERK1 and SERK3 have opposite roles in vascular tissue development.
In Chapter 7, the investigation of the embryogenic competence of strong and weak
serk and bri1 mutants is described. The serk1-3 allele, the bri1-201 and the det2 BR biosynthetic
mutant have a marked reduction in embryogenic competence compared to wildtype. So,
SERK1 not only marks and enhances embryogenic competence when overexpressed, but
is also essential for the acquisition of embryogenic competence. These results suggest that
BR signaling is required for the acquisition of embryogenic competence in Arabidopsis.
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Chapter 2
The Arabidopsis Somatic Embryogenesis
Receptor Kinase 1 protein is present in
sporophytic and gametophytic cells and
undergoes endocytosis
Mark Kwaaitaal, Sacco de Vries and Eugenia Russinova

Abstract
Arabidopsis plants expressing SERK1 fused to Yellow Fluorescent Protein (YFP)
were generated. Fluorescence was detected predominantly at the cell periphery, most likely
the plasma membrane of cells in ovules, embryo sacs, anthers, embryos and in seedlings. The
SERK1 protein was detected in diverse cell types including the epidermis and the vascular
bundles. In some cells fluorescent receptors were seen in small vesicle–like compartments. After
application of the fungal toxin Brefeldin A, the fluorescent receptors were rapidly internalised
in the root meristem and root vascular tissue. We conclude that the SERK1 receptor functions
in a common signalling pathway employed both in sporophytic and gametophytic cells.
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Introduction
Membrane-localized Receptor-Like Kinases (RLKs) bind extracellular ligands and
convey signals inside the cell by initiating signalling cascades that usually result in altered
gene expression. Analysis of the sequenced Arabidopsis genome revealed that more than 400
genes are predicted to encode RLKs and that Leucine-Rich Repeat (LRR)-containing RLKs are
the largest class, containing over 200 genes (Arabidopsis Genome Initiative, 2000; Shiu and
Bleecker, 2001; Shiu and Bleecker, 2003). For only few of the LRR-RLK family a biological
function has been reported. For example, CLAVATA1 (Clark et al., 1997), BRI1(Li and Chory,
1997), and ERECTA (Yokoyama et al., 1998) have functions in shoot meristem maintenance,
hormone perception and regulation of organ size respectively.
Arabidopsis thaliana Somatic Embryogenesis Receptor Kinases (SERKs) represent
a small family of five closely related LRR-RLKs (SERK1-5). The extracellular domain of
SERK receptors is predicted to contain an N-terminal leucine zipper, 5 LRRs, and a Prolinerich domain (SPP), which is unique for this family of receptors. A single membrane spanning
domain links the extracellular part to the intracellular serine/threonine kinase domain (Hecht
et al., 2001). The SERK1 function is implemented in early embryo development as the
expression of the gene marks cells competent to form embryos while overexpression of the
protein increases the efficiency for initiation of somatic embryogenesis in culture (Hecht et
al., 2001).
The SERK3 protein is also known as BRI1-ASSOCIATED RECEPTOR KINASE 1
(BAK1) and has a role in brassinosteroid (BR) signalling. Genetic and molecular data support
the notion that SERK3 is a part of the BR receptor complex and functions as a coreceptor of
BRASSINOSTEROID INSENSITIVE 1 (BRI1) (Li et al., 2002; Nam and Li, 2002). Recently
it was shown that in living plant cells BRI1 and SERK3 undergo continuous endocytosis
and form heterodimers mainly in endosomal compartments. Furthermore, coexpression of
both BRI1 and BAK1 in the same protoplast resulted in an accelerated internalisation by
endocytosis. Endocytic vesicles containing either one or both of the receptors were observed,
suggesting receptor specific sorting (Russinova et al., 2004).
In vitro SERK1 interacts in a phosphorylation-dependent manner with a number of
proteins including the Kinase Associated Protein Phosphatase (KAPP) (Shah et al., 2002),
CDC48 and 14-3-3λ (Rienties et al., 2005). KAPP was previously found to interact with
other LRR-RLKs such as HEASA (Stone et al., 1994) and CLAVATA1 (Stone et al., 1998).
The same interactions were demonstrated in live cells by using in frame fusions of SERK1,
KAPP or 14-3-3λ with either Cyan Fluorescent Protein (CFP) or Yellow Fluorescent Protein
(YFP) transiently expressed in cowpea protoplasts. Detection of Förster Resonance Energy
Transfer (FRET) between the CFP and YFP groups verified that SERK1 and KAPP interact
28

Localization of SERK1 protein
after receptor internalisation (Shah et al., 2002) and 14-3-3λ interaction occurs at the plasma
membrane (Rienties et al., 2005). FRET studies also showed that SERK1 protein is present
as a homodimer in the plasma membrane of living cells (Shah et al., 2001; Russinova et al.,
2004).
In order to provide a background for studies of receptor homo- or heterodimerization
and interaction with other components of the signalling complex in plants, a detailed knowledge
of where the receptor protein is located is essential. So far, the expression pattern of SERK1
gene in Arabidopsis was studied by reverse transcriptase-polymerase chain reaction (RT-PCR),
by SERK1 promoter-β-glucuronidase (GUS) fusions and by in situ hybridisation analysis
(Hecht et al., 2001). The SERK1 gene is expressed during megasporogenesis and in all cells
of the embryo sac up to the stage of fertilization. After fertilization, SERK1 promoter driven
GUS activity is found in all cells of the developing embryo up to the heart stage. Furthermore,
a weak SERK1 GUS expression is found in the vascular tissue of seedlings. In plant tissue
culture, SERK1 is expressed during embryogenic cell formation (Hecht et al., 2001).
This study presents a detailed analysis of the cellular and subcellular localization
of the SERK1 protein fused in-frame with YFP and stably expressed in Arabidopsis plants
under the control of its own promoter. We used Confocal Laser Scanning Microscopy (CLSM)
to localize the protein in different tissues and during plant development. The localization
pattern of SERK1-YFP during ovule, anther and lateral root development is discussed. Our
observations reveal a complex pattern of receptor protein localization in the plasma membrane
and in intracellular vesicle-like compartments as a result of receptor endocytosis.
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Materials and Methods
Plant materials and growth conditions
Arabidopsis thaliana ecotype Colombia (Col-0) was used in this study as a wild type.
Arabidopsis seeds were sterilized for a few minutes in 70 % ethanol followed by a 10-minute
incubation in 5x diluted commercial bleach solution containing 0.5 % Tween20 (Sigma) and
finally washed 3 times with sterile water. Seeds were germinated on half strength Mourashige
and Skoog (MS) salt medium (Duchefa) supplemented with 0.8 % (w/v) agar (Daishin) and 2
% (w/v) sucrose and then transferred to a growth chamber. Plants were grown at 22oC under
16 hours light/ 8 hours dark periods until flowering.
SERK1-YFP construct and plant transformation
The 2kb promoter region of SERK1 gene (Hecht et al., 2002) was cloned
into pCAMBIA1390 vector (CAMBIA) by directional cloning using SalI and NcoI
restriction sites. The full length SERK1 cDNA fused to CFP or YFP was PCR amplified
from the pMON999::SERK1::CFP or YFP constructs (Shah et al., 2001) using
primers SERK1F-SpeI GACTAGTATGGAGTCGAGTTATGTGT and YFPR-SpeI
GACTAGTCTTGTACAGCTCGTCCATG. The PCR fragment was then inserted into SpeI
site of pCAMBIA1390 containing the SERK1 promoter. The construct was verified by DNA
sequencing before used for plant transformation. Arabidopsis plants were transformed by
vacuum infiltration and further selected on antibiotics as described in Hecht et al. (2001). T2
or T3 homozygous plants containing a single insertion were used for CLSM imaging.
Brefeldin A and cycloheximide treatments of seedlings
10-day old seedlings were incubated for 1 hour in half strength MS medium containing
50 μM Cycloheximide (CHX) (Sigma) from a stock solution of 50mM in water. Brefeldin A
(BFA) (Sigma) was added to a final concentration of 50 μM from a stock solution of 18mM in
DMSO. Seedlings were incubated up to an hour with both chemicals. To wash out the BFA the
seedlings were incubated in half strength MS containing CHX for 1 to 2 hours.
Plasmolysis
Ovules were isolated from the carpel, plasmolysed in 1M NaCl and directly imaged
by CLSM.
Aniline blue staining
Aniline blue staining was essentially done as described by (Bougourd et al., 2000).
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Enzymatic digestion of ovules
Ovules after stage 3-II in development were removed from the pistil and incubated
in ½ MS medium containing 1.5 % cellulase R-10 (Yakult Honsha co. ltd) and 0.1% pectinase
(Biochemica) for two hours at room temperature with mild agitation. For imaging, ovules were
pressed between slides to release the embryo sac.
CLSM imaging
The live plant material was transferred into a drop of ½ MS medium containing 2 %
(w/v) sucrose on a microscope glass slide and covered with a cover slip. To image the ovules,
the carpel was isolated from the flower and pressed between the slide and the cover to release
the ovules. The expression of SERK1-YFP was studied using a Zeiss LSM510 CLSM. A 40X
oil objective was used with a numerical aperture of 1.3. The YFP was excited using the 514
nm argon laser line, and the emitted light was filtered through a 535 – 590 nm bandpass filter.
Pictures were edited using Adobe Photoshop 6.0 (Adobe).
Western Blot analysis
Total protein extracts from seedlings were prepared by grinding seedlings in liquid
nitrogen. Extraction buffer containing 20 mM Tris pH 7.5, 150 mM NaCl, 1% Triton X-100
and protease inhibitor cocktail (Roche) was added and the samples were incubated on ice for
half an hour. The extract was centrifuged and the supernatant was analysed further. The protein
concentration was determined with Biorad Protein assay (Biorad), and 20 to 30 μg of total
protein was loaded per lane in SDS-PAGE, in which an 8 % gel was used. The Biorad precision
plus dual colour protein marker (BIORAD) was used to estimate protein sizes. The proteins
were analysed by Western Blot with anti-GFP (IgG fraction, 1500X diluted, Molecular Probes)
and a polyclonal antibody generated against the GST-SERK1 kinase domain fusion (5000X
diluted); anti-Rabbit-HRP (IgG purified, 10000X diluted Rockland Laboratories) was the
secondary antibody, and the HRP was detected with ECL plus (Amersham).
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Results
Expression of SERK1 protein in planta
To examine the expression pattern and the subcellular localization of SERK1 in
living cells by fluorescence microscopy, SERK1 was tagged at the C-terminus with YFP or
CFP and then stably expressed in Arabidopsis wild type plants under the control of the SERK1
promoter. Expression of SERK1-YFP or SERK1-CFP did not result in any unusual phenotype,
suggesting that the fusion did not interfere with the endogenous protein. The CFP and YFP
versions of the protein fusion showed an identical localization in Arabidopsis plants. The data
obtained with the YFP fusion of SERK1 will be presented, because of better image quality
due to the higher brightness of YFP compared to CFP. To verify the presence of the SERK1YFP protein in the transgenic lines, total protein was extracted from 10-day old seedlings and
compared with protein from wild type seedlings on immunoblot (Figure 2.1).

100 kD
75 kD

Figure 2.1: Immunoblot analysis of SERK1 protein.
Total protein extracts from SERK1-YFP expressing seedlings (lane 1) and wild type seedlings (lane 2) detected
with anti-GFP antibody. In a separate blot, total protein
extracts from SERK1-YFP expressing seedlings (lane 3)
and wild type seedlings (lane 4) were detected with antiSERK1-kinase domain antibody. The sizes of detected proteins are indicated by arrows.

The SERK1-YFP protein was detected with an anti-GFP antibody (Figure 2.1, lane
1) and with an anti- SERK1-kinase domain antibody in a separate blot (Figure 2.1, lane 3).
A band above the 100 kD marker band was present only in the SERK1-YFP expressing line
and corresponded to the fusion protein, which was recognized by both antibodies (Figure 2.1,
lane 1 and 3, arrow). The anti-SERK1-kinase domain antibody recognized two extra bands of
around 75 kD in both the wild type and the transgenic line possibly representing more SERK
family members or other related
kinases
Figure
I (Figure 2.1, lanes 2 and 4, arrow). The recognition of
more than one protein also explains
the higher intensity of the 75 kD bands when compared
Mark Kwaaitaal
with the >100 kD SERK1-YFP band.
Localization of SERK1-YFP protein during ovule development
Northern blot, in situ hybridisation and SERK1 promoter GUS analysis have previously
shown that in planta SERK1 mRNA was highly abundant before meiosis during ovule
development and later in both gametophytic and sporophytic tissues of the female gametophyte
(Hecht et al., 2001). Therefore the localization of the fluorescently labelled SERK1 protein
was first imaged at different stages of ovule development according to Schneitz et al (1995).
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The SERK1-YFP protein was first detected when the ovule primordia, visible as protrusions,
extended from the placental tissue of the carpel (stage 1-II) (Figure 2.2A) and later when the
protrusions elongated and the nucellus, the chalaza and the funiculus were distinguishable
along the proximal-distal axis (stage 2-I) (Figure 2.2B). The protein was present in all cells of
stage 1-II ovules (Figure 2.2A). SERK1-YFP was detected at stages 2-II and 2-III when the
inner and the outer integuments are initiated (Figures 2.2C and 2.2D respectively). In stages 2-I
to 2-IV the chalazal end of the nucellus showed more SERK1-YFP fluorescence than the other
tissues of the ovule (compare Figures 2.2B, 2.2C and 2.2D with Figures 2.2A, 2.2F and 2.2G).
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Figure 2.2: Localization of SERK1-YFP during ovule development.
Confocal images of developing ovules expressing SERK1-YFP at stage 1-II (A); stage 2-I (B); stage 2-II (C) where
the inner integument initiates; stage 2-III (D) where the outer integument initiates; stage 2-IV (E) where the megaspore
mother cell (MMC) enlarges; and stages 2-V (F) and 3-I (G). (H) Aniline blue staining of the MMC (arrow). (I) Ovule
after plasmolysis. MMC is indicated by an arrow. oi, outer integument; ii, inner integument; nu, nucellus; ch, chalaza;
mmc, megaspore mother cell. Scale bar = 10μm.
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At stage 2-IV when the nucellus enlarges and subsequently the first meiotic division of the
megaspore mother cell (MMC) takes place, giving rise to four megaspore cells in stage 2-V,
SERK1-YFP was seen in all cells including the functional megaspore (Figures 2.2E and 2.2F).
To demonstrate that the SERK1 receptor is located in the membrane of the MMC at stage 2IV we employed aniline blue staining (Figure 2.2H) and mild plasmolysis (Figure 2.2I). The
aniline blue stained the MMC more intensely compared to rest of the ovule as seen in Figure
2.2H. Figure 2.2I clearly shows SERK1-YFP fluorescence located to the cell periphery in
the MMC (arrow). SERK1-YFP fluorescence was also detected in the outer and in the inner
integuments at stage 3-I (Figures 2.2F and 2.2G). However, the amount of fluorescence was
lower when compared to the nucellus
After stage 3-I, the outer integument completely envelops the embryo sac, making
it impossible to image the structures within the embryo sac directly. In this case the outer
cell layers of the ovule were removed by mild enzymatic digestion and imaged directly by
CLSM. Figure 2.3A shows an embryo sac containing three antipodal cells (ap, arrow) at the
chalazal end of the embryo sac with SERK1-YFP fluorescence. The fluorescence visible in
Figure 2.3C represents the central cell (cc, arrow) as confirmed by the bright field image in Figure 2.3B.
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Figure 2.3: Localization of AtSERK1-YFP during megagametogenesis.
g.
(A) A confocal image shows an embryo sac with fluorescent antipodal cells (ap) indicated by an arrow. (B) A confocal
bright field image of an embryo sac with visible central cell (cc) and the corresponding fluorescent image in (C).
(D) A confocal image of an embryo sac with a fluorescent central cell (cc) indicated by an arrow. The background
fluorescence in wild type stage IV ovules is shown in (E) and the autofluorescence of the endothelium of mature ovule
in (F). mp, micropyle; ch, chalaza, cc, central cell; ap, antipodal cell. Scale bar = 10μm.
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An embryo sac is also shown in Figure 2.3D, wherein an SERK1-YFP fluorescently labelled
central cell is visible. In parallel experiments the amount of background fluorescence was
imaged in wild type ovules (Figure 2.3E) illustrating that the fluorescence visible in the
SERK1-YFP transgenic lines indeed originated from the fusion protein. The endothelium of
wild type ovules after stage 3-IV generated a substantial amount of autofluorescence as seen
in Figure 2.3F.
Localization of SERK1-YFP protein during anther development
SERK1 promoter GUS analysis showed expression of SERK1 in the anther (Hecht et
al., 2001). The SERK1-YFP protein was detected from at least stage 3 of anther development,
staged according to Sanders et al (1999). Figure 2.4A shows a stage 3 anther with SERK1-YFP
fluorescence in the epidermis, primary and secondary parietal cell layers, primary sporogenous
layer and possibly in the sporogenous cells; no protein was found in the connective tissue.
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Figure 2.4: Localization of AtSERK1-YFP during anther development.
Confocal images of anthers at (A) stage 3, (B) stage 4, (C) and (D) stage 6 and (E) stages 7 to 8. The autofluorescence
from wild type pollen grains is shown in (F). 1oP, primary parietal cell layer; 2oP, secondary parietal cell layer; 1oSP/
SP, primary sporogenous layer/sporogenous cells; con, connective tissue; epi, epidermis; t, tapetum; ml, middle layer;
en, endothecium; th, theca; Vas/con, vascular/connective tissue; PG, pollen grains. Scale bar = 10μm
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At stage 4 to 5 SERK1-YFP fluorescence was brighter in the tapetum, the middle layer and
the endothecium compared to the other anther tissues (Figure 2.4B). At later stages (Figures
2.4C-2.4E) the protein was present in all cells surrounding the thecae but more fluorescence
was always seen in the vascular and connective tissue separating the thecae, as indicated by
arrows in Figures 2.4C and 2.4D. When the amount of SERK1-YFP fluorescence in transgenic
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pollen grains (PG) was compared with the autofluorescence generated by the wild type pollen
grains no difference in the fluorescence intensity was found, which indicates that SERK1-YFP
is either not present in pollen grains or cannot be distinguished from autofluorescence (Figure
2.4F).
Localization of SERK1-YFP during embryo development
SERK1-YFP protein localization was further determined during embryo development.
Studies by Hecht et al (2001) showed that SERK1 gene expression continued after fertilization
and persisted in all cells of the embryo and the endosperm nuclei. Figure 2.5A shows a single
cell at the micropylar pole of the embryo sac with SERK1-YFP fluorescence at the periphery,
most likely representing the zygote. Consecutive stacked images (z-stacks) through the embryo
sac are shown in Figure 2.5BI-5BIII, where a globular stage embryo exhibiting SERK1-YFP
fluorescence is visible. Interestingly, the protein only appears to be present in the outer cell
layer of the embryo at this stage. We were not able to image embryos between late globular
and heart stages due to limitations of the penetration depth of the CLSM in the immature seed.
Figure 2.5C shows a late torpedo stage embryo removed manually from the developing seed.
SERK1-YFP fluorescence is seen mainly in the epidermal cells of the embryonic root excluding
the columella root cap (Figure 2.5D, arrow), and in the root vascular tissue (data not shown).
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Figure 2.5: Localization of SERK1-YFP during embryo development.
(A) A confocal image of an embryo sac containing most likely a fertilized zygote and (B) a Z-stack through an embryo
sac containing globular stage embryo (I-III).Confocal images of (C) a late torpedo stage embryo, (D) the root tip and
(E) the cotyledon of late torpedo stage embryo. Scale bar = 10μm.
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SERK1-YFP fluorescence appears to be present in most cells of the cotyledons and to be
brighter in the epidermal cells and the embryonic vascular tissue (Figure 2.5E).
Localization of SERK1-YFP protein during postembryonic development
In 7-day old seedlings, SERK1-YFP fluorescence was observed in newly formed
leaf primordia and at the adaxial side of the cotyledons (Figure 2.6A). In the root SERK1YFP protein was present in both the vascular bundle and the pericycle as shown in Figure
2.6B and 6C respectively. In most cells of the vascular tissue the protein appeared to
be located at the cell periphery as in Figure 2.6D where an enlargement of the primary
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Figure 2.6: Localization of SERK1-YFP in seedlings.
Confocal images showing SERK1-YFP fluorescence in (A) cotyledons and leaf primordia; in root vascular tissue
shown in optical longitudinal (B) and in optical cross-sections (C). (D) SERK1-YFP fluorescence in primary root tip.
(E) SERK1-YFP fluorescence in the epidermis of a primary root. LP, leaf primordium; per, pericycle; vas, vascular
tissue; epi, epidermis; lrc, lateral root cap; end, endodermis. Scale bar = 10μm.
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root tip is shown. In addition, SERK1-YFP is present in the epidermis and cells of the
lateral root cap. Figure 2.6E shows epidermal cells with SERK1-YFP fluorescence in
the transition zone of the root, where the cells undergo both division and elongation.
Fully elongated root cells generated a large amount of autofluorescence and this made
it impossible to distinguish SERK1-YFP fluorescence from autofluorescence in the
epidermis. The vascular tissue could not be clearly imaged in tissues other than the root.
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SERK1-YFP fluorescence was also examined during lateral root formation. Different
developmental stages of the lateral root were determined according to Malamy and Benfey
(1997) and Casimiro et al (2003). SERK1-YFP was present in lateral roots from at least
stage IV and the fluorescent signal was brighter in developing lateral roots when compared
to the primary and mature lateral roots. SERK1-YFP fluorescence was present in all cells
of the stage IV lateral root primordium (Figure 2.7A). Stronger signal was present in
the vascular tissue of the lateral root compared to other lateral root tissues (Figure 2.7A).
Figure 2.7: Localization of SERK1YFP during lateral root formation.
Confocal images of (A) stage IV
pre-emergence of the lateral root
primordium, (B) emerged lateral
root, (C) lateral root formation after
meristem activation and (D) mature
lateral root. qc, quiescent centre; epi,
epidermis; vas, vascular tissue; cor,
cortex; rc, root cap; lrc, lateral root
cap; per pericycle; end, endodermis.
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At stage VIII (Figure 2.7B), after emergence of the lateral root through the epidermis of the
primary root, SERK1-YFP fluorescence was found in the vascular bundle, the epidermis
ig u re 2.7 Fluorescence intensity was less in the root
and the initials of the lateral rootFcap/epidermis.
a rk KNo
waora ilittle
ta a lSERK1-YFP fluorescence was found
cap compared to the surroundingMtissues.
in the QC, cortex and endodermis. After emergence of the lateral root, the lateral root
meristem is activated and cells at the tip start to divide. Cells at the base enlarge only and
their number stays essentially the same. Figure 2.7C shows a lateral root after activation
of the lateral root meristem. In the lower part of the lateral root, SERK1-YFP fluorescence
was essentially present in all cells visible. Near the tip SERK1-YFP was absent from the
QC, the root cap initials and the cortex. Later in lateral root development, the localization
of SERK1-YFP became increasingly similar to that in the primary root (Figure 2.7D).
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Figure 2.8: Internalized SERK1-YFP in vesicle-like compartments.
Confocal images of SERK1-YFP fluorescence in (A) vesicle-like structures in stage 2-I ovules and in the epidermal
layer in the transition zone of the root meristem (B and C). An arrow points to the vesicle compartments.
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In a number of cells expressing the SERK1-YFP construct, intracellular, rapidly
moving vesicle-like compartments containing the fluorescent receptor were observed. This
occurred in ovules (Figure 2.8A, arrows) as well as in roots (Figure 2.8B and 8C, arrows) and
was similar to the previously described endosomal localization of the BRI1-GFP receptor in
Arabidopsis (Russinova et al., 2004).
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Figure 2.9: Cycloheximide (CHX) and Brefeldin A (BFA) treatment of SERK1-YFP transgenic roots. Confocal
images of (A-C) the epidermal layer of the root meristem and (D-F) the root vascular tissue in the presence of CHX
(A and D), after treatment with BFA (B and C) and after wash out of the BFA (C and F). Note the BFA compartment
indicated by arrows.
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To show that SERK1-YFP also localizes to the endosomal compartments, roots were
treated with the fungal toxin Brefeldin A (BFA). When exogenously applied to Arabidopsis
roots, BFA reversibly inhibits a number of large ADP ribosylation factor-GTP exchange
factors (ARF-GEFs) that regulate vesicle trafficking to the plasma membrane (PM). This
results in rapid internalisation of plasma membrane proteins into so-called BFA compartments
(Geldner, 2004). SERK1-YFP expressing seedlings were treated with BFA in the presence of
cycloheximide (CHX) to prevent de novo protein synthesis and the primary roots were imaged
with CLSM. Figure 2.9A shows meristematic and Figure 2.9D differentiated parts of a root in
the presence of CHX, where the SERK1-YFP fluorescence was localized to the periphery of
the epidermal and vascular cells respectively. After BFA treatment, SERK1-YFP fluorescence
was found in internal aggregates corresponding to the BFA compartments in both tissue types
(Figure 2.9B and 2.9E, arrows) suggesting that SERK1 undergoes recycling possibly via
endosomal compartments. The BFA effect was completely reversible as the original situation
was restored in both epidermal (Figure 2.9C) and vascular (Figure 2.9F) tissues of the root
after the BFA was washed out in the presence of CHX.
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Discussion
SERK1-YFP localization during plant development
In this study we used CLSM to localize the fluorescently tagged SERK1 protein in
living Arabidopsis cells. Because the SERK1-YFP construct was expressed under the control
of the SERK1 promoter, we considered that the localization of the fluorescent receptor
represented the endogenous SERK1 protein. Previously the expression pattern of SERK1 gene
was determined by promoter GUS studies and in situ mRNA localization (Hecht et al., 2001).
In general, the same tissue types and developmental stages where SERK1 mRNA was detected
accumulated the corresponding SERK1-YFP protein. Due to the much improved cellular and
subcellular resolution of the fluorescent protein localization techniques we could further refine
and extend the previous observations.
SERK1-YFP protein was detected during both ovule and pollen development. At
early stages of ovule development all sporophytic cells accumulated SERK1-YFP protein.
Following the enlargement of the MMC in the nucellus, SERK1-YFP accumulated more in the
chalaza when compared to the nucellus. The protein was clearly present at the periphery, most
likely the PM of the enlarged MMC before and possibly during the onset of meiosis. In mature
ovules SERK1-YFP was detected in the central cell of the embryo sac. Due to the performed
enzymatic digestion and the subsequent tissue damage we cannot state with certainty whether
the synergids and egg cell contain SERK1-YFP protein.
During early pollen development SERK1-YFP was detected in both primary parietal
and sporogenous tissues. SERK1-YFP fluorescence was also observed, when the megaspore
mother cell (MMC) appeared and the surrounding tissue differentiated into the endothecium,
middle layer and the tapetum of the locules. During later stages of anther development SERK1YFP protein was found exclusively in the vascular and the connective tissue of the anther and
it was low or absent in the pollen grains.
After fertilization the SERK1-YFP accumulated in the globular embryo and
surprisingly fluorescent protein was found in epidermal and vascular cells of the late torpedo
and cotyledon stages embryos. The presence of SERK1 promoter GUS activity or accumulation
of SERK1 mRNA at those stages of embryo development was not reported previously by
Hecht et al (2001).
During seedling development SERK1-YFP was detected in the root meristem. In the
primary root, SERK1-YFP fluorescence was mainly present in the epidermis and lateral root
cap, the vascular bundle and the root pericycle. As the root matured and differentiated, the
fluorescence was restricted entirely to the root vascular tissue SERK1-YFP fluorescence was
higher during early stages of lateral root formation and predominantly found in the vascular
tissue.
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Our observations showed that SERK1 protein is present in both sporophytic and
gametophytic tissues of the female and male reproductive organs. Interestingly, the SERK1
protein accumulation always precedes the first differentiation steps of the progenitor cells
of the gametes. Therefore, it is likely that the signalling mediated by the SERK1 receptor is
not restricted to either the sporophytic or the gametophytic phase of development. Similar
observations were made for the expression pattern of Hieracium (Tucker et al., 2003) and M.
truncatula (Nolan et al., 2003) SERK1 orthologous genes.
During embryo formation and postembryonicly SERK1 again does not appear to
be cell-specific as the protein was detected in embryos and in seedlings. We can therefore
conclude that the role of the SERK1 signalling is not restricted to embryogenic cell formation
(Schmidt et al., 1997; Hecht et al., 2001), but appears to be of a more general nature.
SERK1-YFP localization at the cellular level
At the cellular level SERK1-YFP was localized mainly at the cell periphery in
agreement with previous experiments showing that SERK1-YFP is localized to the plasma
membrane in plant protoplasts (Shah et al., 2001). In a restricted number of cells in the ovule
(cf. Figure 2.8A) and in the root (cf. Figure 2.8B and 8C) we have observed intracellular
vesicle-like compartments containing SERK1 receptor protein. In our hands it was not possible
to determine if SERK1-YFP colocalizes with the endocytic marker FM4-64 (Vida and Emr,
1995; Ueda et al., 2001) due to the low intensity of SERK1-YFP fluorescence. We do, however,
propose that the vesicles observed in the intact roots represent endocytic compartments rather
than protein in transit from the ER/Golgi to the PM. This proposition is mainly supported by
the observed effect of BFA on SERK1-YFP localization. In plants BFA acts as an inhibitor of
the endosomal recycling due to interfering with the large ARF-GEFs, such as GNOM resulting
in accumulation of PM proteins inside the cell in BFA-induced compartments (Geldner, 2004).
SERK-YFP receptors were quickly and reversibly accumulated into similar intracellular
compartments as a result of the BFA application. Previous studies have shown that BRI1
receptor fused to Green Fluorescent Protein (GFP) also showed a reversible accumulation in
BFA compartments as a result of BFA treatment. BRI1-GFP was consistently found in vesicles
corresponding to the compartments accumulating the SERK1-YFP protein. In the case of
BRI1-GFP localization, the vesicle-like structures were colocalized with the endocytic tracer
FM4-64 and concluded to be endosomes suggesting that BRI1 receptor undergoes constant
recycling in live cells (Russinova et al., 2004). Protein recycling via endosomes was also
reported for auxin efflux carrier PIN1 (Geldner et al., 2001), cell wall pectins (Baluska et al.,
2002) and plant sterols (Grebe et al., 2003).
The importance of the endosomal trafficking of PM localized LRR class
of receptors for signalling and plant development has not been demonstrated yet.
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Recently, Shah et al (2002) have shown that the SERK1 trafficking is influenced by the
phosphorylation status of the receptor and by its interaction with KAPP when transiently
coexpressed in protoplasts. Furthermore, when dephosphorylated or in complex with KAPP,
SERK1 receptors localized to FM4-64 positive compartments. So far, endocytosis has been
demonstrated not only as a mechanism for receptor down regulation but also as a prerequisite
for signalling through animal receptor tyrosine kinases and TGF-β receptors (Gonzallez-Gaitan,
2003). It is not excluded that similar mechanisms exist in plant cells and the internalization
of the receptors is essential for signalling. Although not demonstrated in intact plants yet, an
accelerated endocytosis of the putatively active BRI1/BAK1 heterodimers was observed in a
transient protoplast expression system by Russinova et al (2004). If this situation also holds
true for the SERK1-YFP receptor we can propose that only cells showing endocytosis of the
receptors are actively engaged in SERK1-mediated signalling.
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Diffusion of the SERK1 receptor in planta
investigated with fluorescence correlation
spectroscopy.
Mark Kwaaitaal, Marieke Schor, Mark Hink, Antonie Visser and Sacco
de Vries

Abstract
The somatic embryogenesis receptor kinase (SERK) 1 is a plasma membrane LRRreceptor like kinase. SERK1 has a function in brassinosteroid signalling, anther development
and somatic embryogenesis. Studies using Förster resonance energy transfer (FRET) based
techniques revealed a highly dynamic interaction of fluorescently labelled SERK1 and its
partners in protoplasts. The protein levels needed for the determination of FRET between
interacting partners are generally well beyond plant endogenous protein levels. Fluorescence
fluctuation spectroscopy (FFS) enables investigation of protein mobility and protein-protein
interactions at physiologically relevant protein levels. Using the FFS technique, fluorescence
correlation spectroscopy (FCS), SERK1 receptor diffusion was investigated in intact
Arabidopsis ovules. The results show that SERK1 receptor diffusion is slower in ovules
compared to protoplasts (2.5 ± 0.9 μm2/s and 3.6 ± 0.9 μm2/s respectively). In addition, it is
shown with fluorescence recovery after photobleaching (FRAP) that in contrast to protoplasts
the majority of the SERK1 receptor in ovules and the BRI1 receptor in roots has limited
mobility.
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Introduction
Fluorescence fluctuation spectroscopy (FFS) based techniques enable the measurement
of protein dynamics and interactions in living cells at physiological protein concentrations.
The combination of FFS with a confocal setup reduces the observation volume to less than one
femtoliter (Elson, 2001; Medina and Schwille, 2002). This also enables measurement at the
single molecule level. Since these techniques are non-invasive they are very attractive tools for
use in living cells (Chen et al., 1999; Medina and Schwille, 2002; Bacia and Schwille, 2003).
The somatic embryogenesis receptor kinase (SERK) was isolated as a marker for
single cells in Daucus carota cell suspension cultures that had acquired the ability to initiate
somatic embryogenesis (Schmidt et al., 1997). SERK1 genes also mark cells competent for
somatic embryogenesis in several other plant species such as Dactylis (Somleva et al., 2000),
Helianthus (Thomas et al., 2004), Oryza (Ito et al., 2005), Citrus (Shimada et al., 2005),
Theobroma (Santos et al., 2005) and Arabidopsis (Hecht et al., 2001). SERK1 is a plasma
membrane localized LRR - receptor like kinase (RLK) and consists of an N-terminal leucine
zipper domain, 5 leucine rich repeats, a proline rich SPP domain, a transmembrane domain
and an active intracellular serine/threonine kinase (Hecht et al., 2001; Shah et al., 2001).
Localization of SERK1 to the plasma membrane depends on glycosylation of most likely
glycosylation sites within the LRR repeats (Shah et al., 2001). Genetic evidence suggests that
SERK1 functions with BRI1 and SERK3 in BR signalling (Karlova et al., 2006), redundantly
with SERK2 in anther development (Albrecht et al., 2005; Colcombet et al., 2005) and in
somatic embryogenesis (Hecht et al., 2001; Chapter 7).
At the cellular level Förster Resonance Energy Transfer (FRET) based techniques have
verified the interaction between SERK1 and 14-3-3 (Rienties et al., 2005), CDC48 (Karlova
et al., 2006), KAPP (Shah et al., 2002), SERK2 (Albrecht et al., 2005), BRI1 and BAK1/
SERK3 (Karlova et al., 2006). These studies showed that the interaction between SERK1
and its partners is highly dynamic. Like reported for BRI1 and BAK1/SERK3 (Russinova et
al., 2004), SERK1 also interacts with SERK2, BAK1/SERK3, BRI1 and CDC48 in confined
regions at the plasma membrane (Albrecht et al., 2005; Aker et al., 2006; Karlova et al., 2006)
and with KAPP only after internalization (Shah et al., 2002). For BRI1 and BAK1/SERK3 it
was postulated that the interaction occurs just prior to endocytosis (Russinova et al., 2004).
Both BRI1 and SERK1 receptors are also present in a homodimerized state in the plasma
membrane (Shah et al., 2001; Russinova et al., 2004; Wang et al., 2005; Aker et al., 2006).
SERK1 homodimerization depends on the presence of the extracellular LZ domain (Shah et
al., 2001). MS-based data suggests that BRI1 activation indeed results in increased interaction
with the BAK1/SERK3 co-receptor (Wang et al., 2005). One important remaining question
therefore is whether the dynamic distribution of receptors can also be visualized in vivo.
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Förster Resonance Energy Transfer (FRET) based methods provide information
about the proximity of two fluorophores at a nanometre scale, but FRET techniques based
on imaging require large amounts of the fluorescently labelled proteins, typically micro
molar concentrations. To visualize protein-protein interactions at low expression levels
fluorescence fluctuation spectroscopy (FFS) based methods can be used. In an FFS experiment
spontaneous fluorescence fluctuations around an equilibrium caused by continuously excited
single molecules diffusing through the observation volume are observed (Elson 2001, Hess
et al. 2002). In fluorescence correlation spectroscopy (FCS) the temporal behaviour of the
fluctuations in fluorescence intensity is analysed by calculating an autocorrelation function
G(τ) of a large number of fluctuations. The fluctuation amplitude at time t is compared with the
amplitude at a time t + τ. G(t) is the sum of the products of pairs resulting from this comparison.
As the correlation of the position of a particle with its earlier position decays as the particle
diffuses out of the detection volume, the average value of the products of points separated by a
longer time τ are smaller than those separated by a short time. Correlations between individual
particles are random and will average out due to the large number of fluorescence fluctuations.
The decay of the autocorrelation curve gives information about diffusion times and the
amplitude of the curve is directly linked to the amount of particles in the detection volume
(Chen et al., 1999; Elson, 2001; Hess et al., 2002). The FFS techniques fluorescence cross
correlation spectroscopy (FCCS) and photon counting histogram (PCH) can be used to monitor
interactions between different fluorescent particles. For FCCS the potentially interacting
species are labelled with spectrally non-overlapping fluorophores. When the two particles are
bound, they diffuse together through the observation volume, giving simultaneous fluctuations
in the fluorescence intensity. When the amplitude of the FCCS curves is compared with the
FCS curves of the single species, the interacting portion of molecules can be calculated (Bacia
and Schwille, 2003; Bacia et al., 2006). PCH uses the same fluorescence intensity fluctuation
trace as used for FCS; however, where in FCS the temporal behaviour (Aker et al., 2006) of
the fluctuations is assessed, in PCH the amplitude of the fluctuations is analyzed. PCH analysis
provides information about the number of particles in the detection volume and the brightness
of the particles. Dimers of the same fluorophore will generally have double the brightness
value as compared to the monomer (Chen et al., 1999; Chen et al., 1999). Both FCCS and PCH
analysis have been applied to investigate SERK1 homodimerization and SERK3 and BRI1
heterodimerization in protoplasts (Hink et al, submitted) and confirmed earlier observations
(Shah et al., 2001; Russinova et al., 2004).
To investigate if fluorescence fluctuation spectroscopy is feasible in the plasma
membrane of intact plants at endogenous protein levels and to compare SERK1 mobility in
planta and in protoplasts, FCS was performed on plants expressing the SERK1 receptor fused
to YFP and regulated by its own promoter. It is shown that FCS can be used to study diffusion
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of receptors in planta. However, interference from factors such as autofluorescence and cell
movement should be taken into account. The lateral diffusion constant of SERK1 in planta
could be determined, which was significantly lower than in protoplasts. Fluorescence recovery
after photo bleaching (FRAP) measurements revealed that a large portion of the SERK1 and
BRI1 receptor is immobile in plants. In addition, it was found that the immobile fraction of
SERK1 and BRI1 was larger in plants compared to protoplasts.
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Materials and Methods
Plant lines and growth conditions
Seeds were surface sterilized and transferred to half-strength MS medium pH 5.8
(Duchefa Biochemie, Haarlem, the Netherlands) agar plates containing 1 % (w/v) sucrose
at pH 5.8. After two days at 4 0C, the plates were transferred to a growth chamber under
fluorescent light at 22 0C with a 16 hr light 8 hr dark cycle. After one week, seedlings were
used directly or transferred to soil and grown to maturity under the same conditions. Col-O
wildtype was used as wild type control and the pSERK1::SERK1::eYFP (enhanced YFP) line
described by Kwaaitaal et al (2005) was employed.
Constructs used in transient Arabidopsis mesophyll protoplast expression system
The pMON::SERK1::eYFP construct was previously described by Shah et al (2001)
and the pMON::BRI1::eYFP construct by Russinova et al (2004). A construct was included,
wherein a CAAX-box was attached to eYFP to target it the plasma membrane. This construct
was included as a reference for lateral membrane diffusion. A CAAX-box typically consists
of a cysteine followed by two aliphatic amino acids and either an alanine, glutamine, leucine,
methionine or serine as a C-terminal residue (Hurwitz and Casey, 2002). The CAAX-box used
consisted of a cysteine, threonine, isoleucine and leucine. A PCR reaction using the following
primer combinations: pFOR-XFP (5’-CGCGGATCCATGGTGAGCAAGGGCGAGGAG-3’)
and pRev-CAAX-BamH1-NcoI (5’-CATGGACGAGCTGTACAAGTGTACTATTCTTTAA3’) was performed to amplify enhanced YFP (eYFP) and to attach the CAAX box to YFP.
Subsequently, a second PCR was performed on the purified product of the first PCR with primers
pFOR-XFP and pREV-CAAX-KpnI (5’-CAAGTGTACTATTCTTTAAGGTACCCCG-3’) and
the purified product was cloned with NcoI and KpnI behind the 35S promoter in the transient
plant expression vector pRAP.
Arabidopsis mesophyll protoplast preparation and transfection.
The modified Arabidopsis mesophyll protoplast transfection protocol described by
Aker et al (2006) was used, which is based on the protocol described by Sheen (2001). To
ensure that the fluorescence level from the produced fluorescent fusion proteins were not too
high for FCS, the final overnight incubation step after transfection was limited to 9 hours.
Hereafter, cyclohexamide (SIGMA) was added to a concentration of 50 μM to inhibit protein
synthesis and limit the increase in fluorescence levels during the course of the measurements.
Preparation of ovules
The live plant material was transferred into a drop of 10mM Tris (pH 7.5). For ovule
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preparation the carpel was isolated from the flower and opened longitudinally with a needle
and transferred to a drop of 10 mM Tris (pH7.5) in a two well chamber. The tissue was then
pressed between the bottom of the chamber and a cover slip to release the ovules.
Arabidopsis root and ovule protoplast preparation
Roots of seven-day-old seedlings were cut into small pieces and incubated in
protoplasting solution (0.6 M mannitol, 2 mM MgCl2, 2 mM CaCl2, 2 mM, 10mM 2-(Nmorpholino)-ethanesulfonic acid (MES) 10 mM KCl, 0.1% BSA, 0.1% pectinase (FLUKA),
1.5% cellulase (YAKULT, HOSHA) at pH 5.8). The material was vacuum- infiltrated for 15
minutes and incubated in the light on a shaker (~ 80 rpm) for about 2 hours. The cells were
collected by centrifuging at 600 rpm for 3 minutes and washed once with W5 (154 mM NaCl,
125 mM CaCl2, 5 mM KCl, 2 mM MES at pH 5.8) and kept in W5 medium containing 1 mM
glucose. The obtained protoplasts were used for measurement of FRAP directly.
Fluorescence correlation spectroscopy (FCS)
FCS measurements were carried out with a Confocor2/LSM510 microscope (Carl
Zeiss, Germany). A rhodamine green (Invitrogen) solution in water was used to calibrate the
pinhole settings. The pinhole diameter was set to 70 μm and a C-Apochromat water immersive
lens with a Numerical Aperture of 1.2 was used. For excitation of rhodamine green and YFP
the 514 nm argon laser line was used and emission was detected between 530 and 600 nm. The
excitation intensity was approximately 1 or 2 μW. The rhodamine diffusion in solution was
measured for one minute and repeated three times. For measurement on the plasma membrane,
a confocal image of the tissue of interest was obtained using similar filter-sets as used for the
measurements in FCS-mode. Crosshairs indicating the positions of the observation volume
where the measurements were to be performed were positioned on the plasma membrane in the
obtained image. Three measurements were performed at the same position, each for 30 seconds.
In order to achieve stable fluorescence intensity traces a pre-bleach was performed. Prior to the
measurement the sample was pre-bleached for 2 seconds at ~25 μW in order to photobleach
immobile autofluorescent molecules. After the measurement, again a laser scanning image was
made to check for movement of the sample. SERK1-YFP intensity traces containing “spikes”
three times higher than the average fluorescence intensity potentially caused by background
autofluorescence were excluded from the analysis. Samples need to be prepared freshly and
could be used for a limited time, due to an increase in autofluorescence levels with time.
For data analysis, the FCS-data processor version 1.4 (build 3) (Scientific Software
Technologies Software Centre, Belarus) (Skakun et al., 2005) was used. The obtained
rhodamine green autocorrelation curves were globally fit using an autocorrelation function
describing three-dimensional diffusion with triplet state kinetics (eq. 1).
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G(τ) is the autocorrelation function, N is the average number of fluorescent particles in the
detection volume, τd is the average diffusion time of the molecules. ωxy is the equatorial radius
and ωz is the axial radius of the detection volume. Ftrip is the fraction of molecules present in
the triplet state and Ttrip is the average time a molecule resides in the triplet state. It was possible
to calculate τd and N for rhodamine green by fitting the autocorrelation data to eq. (1). Then
using eq. (2) and a translational diffusion coefficient (D) of rhodamine green of 280 μm2/s the
dimensions of the detection volume could be calculated.
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The detection volume dimensions were later used to determine the diffusion coefficients
of the other measurements performed using the same calibration. Autocorrelation
curves from plant and protoplast membranes were fitted using a model describing
diffusion of two species, one exhibiting slow diffusion in two dimensions in the
plasmamembrane and the other exhibiting faster diffusion in three dimensions. A term
to describe the triplet state kinetics of the fluorophore and an offset term to compensate
for slow movement of the sample during the measurement were also included (eq. 3).
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F1 is the fraction of molecules diffusing 3-dimensionally with diffusion time τd1 and (1-F1)
is the fraction of molecules showing lateral membrane diffusion with diffusion time τd2. A
global fit of the τd2 with ωz/ωxy (the structural parameter of the detection volume) fixed to the
value obtained from the rhodamine calibrations was performed on 5 to 8 curves. Alternatively,
curves were fitted individually with a fixed value for ωz/ωxy. A 95% confidence interval using
asymptotic error analysis was calculated and the quality of the fits was verified by the Chi2
value and by visual inspection of the residuals of the fit. Using eq. (2) and ωxy calculated by
calibration with rhodamine green, the diffusion constants of the measured fluorescent species
were calculated using the τd1 and τd2 values obtained from the fit.
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Fluorescence recovery after photo bleaching (FRAP)
FRAP experiments were performed on a LSM510 microscope (Carl Zeiss, Germany).
Using a Plan-Neofluar 40 x oil immersive lens with an NA of 1.3, YFP was excited with the 514
nm argon laser line and fluorescence was detected between 530 to 600 nm, whereas GFP was
excited with the 488 nm line and detected between 505 and 550 nm. A region of interest (ROI)
of 6x6 pixels (1.08 x 1.08 μm) was selected on the plasma membrane. This ROI was bleached
with ~40 μW laser power. Subsequent recovery was measured at an excitation intensity of ~3
μW for YFP and ~5 μW for GFP laserpower. The fluorescence intensity of the bleached area
was measured every 0.025, 0.1 or 10 seconds at three or five time points before the bleach
and 50 or 100 time points after the bleach for 5 to 500 seconds. The recovery curves were
corrected for background fluorescence and scanning bleaching (Klonis et al., 2002; Dundr et
al., 2000).
From a typical FRAP experiment two parameters giving information about the mobility of a
fluorescent molecule can be deduced: the mobile fraction R and the diffusion time τD or the
diffusion constant D. The mobile fraction R is defined as:
R = (F∞ - F0)/(Fi – F0) 					

(4)

where F0 is the fluorescence immediately after photobleaching, Fi is the fluorescence before
bleaching and F∞ is the fluorescence after full recovery.
From the recovery curve the diffusion time for a molecule undergoing 2-dimensional diffusion
can be recovered using the following relations:
F(t) = F0 + (F∞ - F0)(1 – ekt) 				
(5)
t1/2 = ln(2)/k						
(6)
where k is the recovery constant.
The diffusion time τD for two-dimensional diffusion is defined as:
τD = ω2γ/4D						
(7)
ω is the radius of the focused laser beam, γ is a correction factor for the amount of bleaching and
D is the diffusion coefficient. This equation assumes that there is unrestricted two-dimensional
diffusion and no diffusion of fluorescent molecules from out of focus fluorescent molecules
into the bleached area. This is only true for membranes and very thin layers.
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Results
SERK1 diffusion in protoplast and plant plasma membranes measured with fluorescence
correlation spectroscopy (FCS)
To determine SERK1 diffusion in the plasma membrane, plants containing the
pSERK1::SERK1::eYFP construct (Kwaaitaal et al., 2005) and Arabidopsis protoplasts
transfected with a construct of SERK1::YFP regulated by the constitutive 35S cauliflower
mosaic virus promoter were used. As a control for lateral membrane diffusion Arabidopsis
protoplasts expressing YFP fused to a CAAX box were included, resulting in plasma membrane
localized YFP.
Figure 3.1A shows a confocal image of a wildtype ovule. The red signal originates
from chlorophyll and the faint yellow signal is background autofluorescence. Figure 3.1B
shows a representative confocal image of a SERK1-YFP expressing ovule (stage 2-IV;
Schneitz et al., 1995; Kwaaitaal et al., 2005) before the measurements and Figure 3.1C the
same ovule after the measurements. Figures 3.1D and 3.1E show the YFP fluorescence of
respectively SERK1-YFP and YFP-CAAX transiently expressed in Arabidopsis protoplasts.
At high expression levels, YFP-CAAX was not only localized to the plasma membrane, but
was often seen in other cellular compartments as well. FCS measurements were performed
on the plasma membrane. The crosshairs shown in Figure 3.1 represent the position of the
observation volumes, wherein the FCS measurements took place.
before
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Wild type
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SERK1-YFP
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SERK1-YFP
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YFP-CAAX
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C

SERK1-YFP
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Figure 3.1: Localization of YFP fusions used for FCS in planta and Arabidopsis protoplasts.
(A) Confocal image taken
from
Figure
3.1 wildtype ovule with filter sets for the detection of YFP (yellow) and chlorophyll (red).
(B) and (C) SERK1-YFP localization in stage IV ovule in Arabidopsis plant containing a SERK1 promoter::SERK1
cDNA::YFP construct. (B) Before FCS measurement. (C) After FCS measurement. (D) SERK1-YFP localization in
Arabidopsis protoplast. (E) CAAX-YFP localization in Arabidopsis protoplast. The crosses mark the positions of the
observation volumes positioned on the plasmamembrane, where FCS data was recorded. Scale bar = 5 μm.
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To asses the contribution of background autofluorescence to the autocorrelation
curves, FCS measurements in tissues of wildtype plants were performed. Autocorrelation
curves obtained from wildtype cells often showed a fast correlating species having a diffusion
coefficient ranging from 25 to 400 μm2/s and occasionally a slower correlating species
with a diffusion coefficient ranging from 0.7 to 9 μm2/s was observed. The fast diffusing
species would not interfere with the measurements of the slow diffusing SERK1-YFP and
was visible as an extra shoulder in the autocorrelation curve at short diffusion times. The
occasional slow diffusing autofluorescent species would however interfere with the SERK1YFP measurements and was mostly caused by so-called spikes in the fluorescence intensity
trace, with a fluorescence intensity more than 3 times higher than the background signal,
which for a wildtype measurement generally ranged between 0.5 and 2 kHz. The remaining
SERK1-YFP fluorescence intensity after the pre-bleach ranged from 3 to 10 kHz. In Figure
3.2A and example is shown of a fluorescence intensity trace obtained from a wildtype ovule
containing these so-called spikes. Figure 3.2B shows the autocorrelation curve generated from
the fluorescence intensity trace shown in Figure 3.2A. The slow correlation species caused by
the presence of spikes in the intensity trace is clearly visible.
FCS measurements in stage 2I to 2-IV ovules were successful. However, from
roots or anthers no reliable data could be obtained. For reasons unknown no autocorrelating
species could be detected in roots. Wildtype anthers very often showed fast and slow diffusing
autofluorescent species, which made it virtually impossible to distinguish between SERK1-YFP
diffusion and the autofluorescent species. Curves generated from intensity traces containing
spikes, curves with a large fraction of very slow component due to movement of the sample or
a very large fraction of the fast component were excluded. From the remaining autocorrelation
curves of ovule FCS measurements an estimate for the lateral diffusion coefficient of SERK1YFP could be calculated.
Figures 3.2C to 3.2E show representative autocorrelation curves of SERK1-YFP in
an ovule (C) and SERK1-YFP (D) and YFP-CAAX in protoplasts (E). The data was fitted with
equation (3), taking into account triplet state kinetics, three-dimensional diffusion and twodimensional lateral diffusion in the plasma membrane. The signal-to-noise ratio (SNR) for the
measurements in planta is much lower compared to measurements in protoplast measurements,
which influences the quality of the fits reflected by the residuals of the fit shown below the
autocorrelation curves. The fast correlating component in ovules (Figure 3.2C) is caused by
autofluorescent molecules since this species was observed in wildtype plants as well. The fast
component (τd = 30 ± 0.008 μs, D = 280 ± 68 μm2/s) in the CAAX-YFP curves is too fast to be
caused by cytoplasmic diffusion of YFP-CAAX and is probably caused by the photophysical
blinking effect of the YFP. Flicker or blinking rates range from 10-6 to 10-3 seconds.
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Figure 3.2: Representative autocorrelation curves of FCS measurements.
(A) Fluorescence intensity trace obtained from wildtype ovule with “spikes” (arrowheads) with intensity more than 3
times the average signal. (B) Autocorrelation curve of intensity trace shown in figure 3.2A. Images (C) to (E) show
representative autocorrelation curves fitted with a model taking into account triplet state kinetics, three-dimensional
diffusion and two-dimensional diffusion. The residuals of the fit are shown below the autocorrelation curves. (C)
Autocorrelation curve and residuals of fit of SERK1-YFP in ovules. (D) Autocorrelation curve and residuals of fit of
SERK1-YFP ectopically expressed in Arabidopsis protoplasts. (E) Autocorrelation curve and residuals of fit of YFPCAAX in protoplasts. Note the increased residuals for the SERK1-YFP in ovules FCS measurements compared to the
other measurements.

An extensive study on flickering dynamics of two yellow shifted GFP mutants is presented by
Schwille Figure
and 2co-workers (2000). The blinking component could also contribute to the SERK1YFP autocorrelation curves.
Autocorrelation curves were globally fit and the 95% confidence interval of
these fits was determined. The values retrieved were plotted to compare the lateral
diffusion coefficient and to asses the variation in the measurements (Figure 3.3).
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Translational Diffusion (D) of SERK1-YFP in ovules and
SERK1-YFP and YFP- CAAX in protoplasts
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Figure 3.3: Histograms of globally
Figure fitted
3.3 curves of FCS measurements of SERK1-YFP ovules and SERK1-YFP
and CAAX-YFP in protoplasts.
Autocorrelation curves were globally fitted for the slow diffusing (τ2) component and the 95% confidence interval for
τ2 was calculated. The calculated diffusion coefficients were plotted in a histogram and the 95% confidence interval
is marked.

The lateral diffusion coefficient of the measurements in ovules was lower on average, but the confidence
intervals are large compared to the protoplasts due to the low SNR of the autocorrelation curves.
The lateral diffusion coefficient of the slow correlating component in single autocorrelation curves
(non-globally) was determined. The average diffusion coefficients with standard deviations
are shown in Table 3.1.
Table 3.1; Diffusion coefficients SERK1-YFP and YFP-CAAX

D (μm2/s)
SERK1-YFP ovules

2.5 ± 0.9

SERK1-YFP protoplast

3.6 ± 0.9

CAAX-YFP protoplast

3.4 ± 0.7

To verify the significance of the difference in diffusion coefficients between plants and
protoplasts, the relative frequency distribution of the lateral diffusion coefficient was plotted in
a histogram (Figure 3.4) (Ruchira et al., 2004). Again the trend of a reduced lateral diffusion
coefficient of SERK1-YFP in ovules compared to SERK1-YFP and YFP-CAAX in protoplasts
is visible. Analysis of the data with an unpaired student-T test showed that the mean lateral
diffusion coefficient of SERK1-YFP in ovules was significantly lower than the SERK1-YFP (P
< 0.0001) and YFP-CAAX (P = 0.0004) lateral diffusion coefficients in protoplasts.
In conclusion, the SERK1 diffusion constant can be determined in planta in stage
2-I to 2-IV ovules. When SERK1 lateral diffusion in planta is compared with lateral diffusion
of SERK1 in protoplasts or with the membrane marker YFP-CAAX, SERK1 diffusion is
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Distributions of diffusion coefficients of SERK1-YFP in ovules and
SERK1-YFP and YFP- CAAX in protoplasts
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Figure 3.4: Relative frequency distribution of diffusion times of SERK1-YFP in planta and SERK1-YFP and
YFP-CAAX in protoplasts.
Figure 3.4
The fraction of the diffusion times falling into bins of 0.5 μm2/s was determined and compared between the different
measurements.

significantly slower in planta compared to protoplasts. The slower diffusion of SERK1-YFP
in planta suggests that SERK1 diffusion is reduced by interaction with other proteins or with
other cellular components in plants and that this interaction is disturbed in protoplasts.
Determination of the mobile fractions of SERK1 in planta and in protoplasts
The pre-bleach necessary to obtain a stable fluorescence intensity trace before the
FCS measurements suggested that a large fraction of the SERK1-YFP protein was not very
mobile in planta. Therefore fluorescence recovery after photobleaching (FRAP) experiments
were performed on ovules expressing SERK1-YFP and compared to measurements in
protoplasts transfected with SERK1-YFP. To asses if other LRR-RLKs also have a large
immobile fraction, the recovery of BRI1-GFP fluorescence in roots and root protoplasts and
of Arabidopsis mesophyll protoplasts transiently expressing BRI1-YFP was investigated. The
comparison of protoplasts transiently transfected with BRI1-YFP with protoplasts generated
from plants stably expressing BRI1-GFP, provides information about the influence of the
transfection procedure. In protoplasts, recovery of SERK1-YFP or BRI1-YFP fluorescence
was complete within 4 seconds, while only a limited recovery was observed in SERK1-YFP
expressing ovules or BRI1-GFP expressing roots neither within this time nor after 500 s. In
Table 3.2 the mobile fractions of the various samples with standard deviations are shown.
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Table 3.2; Mobile fractions of SERK1 and BRI1 determined with FRAP

SERK1 - YFP ovules
SERK1 - YFP transiently expressed in protoplasts
BRI1 - GFP roots
BRI1 - GFP root protoplasts
BRI1 - YFP transiently expressed in protoplasts

Mobile fraction (%)
28 ± 5
73 ± 10
10 ± 10
43 ± 7
62 ± 17

There was a high variability in the mobile fraction within all samples. Even with
this high variability the mobile fractions of both SERK1 and BRI1 were higher in protoplasts
compared to plant tissue. The mobile fraction of BRI1 in root protoplasts was lower than in
transfected protoplasts, although it is still higher than in intact roots.
To summarize, a large fraction of the SERK1 receptor molecules is immobile in
ovules compared to protoplasts. Similar results were obtained for BRI1 in mesophyll and
root protoplasts, suggesting that the immobility of these two RLKs could reflect the natural
situation for other LRR-RLKs also.
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Discussion
SERK1 receptor diffusion in plants determined by FCS.
The possibility of using FCS on a membrane localized fluorescently labelled protein
was investigated in planta by determining SERK1-YFP diffusion in plants. SERK1-YFP
expression in these plants was controlled by the SERK1 promoter. These data were compared
with SERK1-YFP transiently expressed in protoplasts. It was possible to apply FCS to
investigate SERK1 diffusion in planta in stage 2-I to 2-IV ovules. Due to a large immobile
fraction of the receptor in planta and low remaining fluorescence intensity, correlating and noncorrelating autofluorescence influenced the measurements and subsequent quality of the curve
fits. A diffusion coefficient of 2.5 ± 0.9 μm2/s was determined, which was significantly slower
than the diffusion times for SERK1-YFP (3.6 ± 0.9 μm2/s) and YFP-CAAX (3.4 ± 0.7 μm2/s)
in protoplasts. The FRAP measurements indicated that only a fraction of the SERK1 and BRI1
receptor molecules is mobile in plant tissue (28 and 10 % respectively), whereas in transfected
protoplasts the larger fraction of the receptors is mobile (73 and 68 % respectively).
It is possible that the reduced diffusion coefficient and the smaller fraction of mobile
receptor in plants have a similar cause. One explanation could be a direct interaction of the
receptors with the cell wall, but other cellular disturbances due to protoplasting the cells
can not be excluded. Regeneration of the primary cell wall of Arabidopsis protoplasts starts
within one hour after protoplast isolation and appears completed after 3 hours (Kwon et al.,
2003). As the transfected protoplasts were incubated overnight without cell wall hydrolysing
enzymes before they were analysed, a fully regenerated primary cell wall can be expected.
Thus, either the reduced mobility in planta is not the result of an interaction of the SERK1
or BRI1 receptors with the primary cell wall or is due to interaction with components of the
cell wall that are not regenerated yet at the time of measuring. In plants, receptors of the
family of WALL ASSOCIATED KINASES (WAKs) are covalently linked to carbohydrates
in the cell wall. Only harsh treatment with DTT and SDS can release this covalent linkage
(He et al., 1996; Anderson et al., 2001). There are no indications that a covalent linkage exists
between SERK receptor kinases and the extracellular matrix, as a course for immobility of the
RLK. The root protoplasts stably expressing BRI1-GFP were studied directly after removal
of the cell wall and no regenerated cell wall is to be expected at the time of measuring. As
the mobile fraction found for BRI1-GFP in root protoplasts (43%) is in between the values
found in intact tissue (10%) and transfected protoplasts (68%), the fraction of mobile receptors
apparently does not correlate with the absence or presence of a cell wall. Interaction with
the cell wall therefore does not appear to be the cause of the small BRI1 mobile fraction in
intact plant tissue. Unfortunately, a similar comparison could not be made for SERK1 due to
high autofluorescence of protoplasts derived from SERK1-YFP expressing ovules. For the
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epidermal growth factor (EGF) receptor an immobile population with high affinity for EGF
and a mobile population with a low affinity for EGF could be distinguished. The observation
that the immobile population shows the highest affinity towards EGF would suggest that lateral
diffusion of the EGF receptor is not required for signalling (Rees et al., 1984). Diffusion of
EGF and several other membrane localized proteins seems independent of the intracellular
domain. Either lateral interaction with other proteins or interaction with the animal cell
extracellular matrix could be determinants of lateral mobility of membrane localized proteins
(Jacobson et al., 1987). Other possibilities are the accumulation of receptor molecules in lipid
rafts or interaction with components of the cytoskeleton. The exact function of the mobile and
immobile fractions of SERK1 and which state reflects active signalling of SERK1 needs to be
further investigated.
Both the lower SNR and changes in the refractive index in tissue due to the cell
wall and the plasma membrane cause an increase in the variation between measurements and
would increase the standard deviation. However, it would not directly influence the measured
diffusion coefficient. A decreased membrane viscosity due to the enlargement of a cell after
protoplasting might give a reduction in the lateral diffusion coefficient. The possible influence
of protoplasting plant material on receptor mobility emphasizes that the protoplasts system
does not completely reflect the natural situation.
The slow diffusion coefficients found for SERK1-YFP in planta and SERK1-YFP
and YFP-CAAX in protoplasts are in the range of values for free lateral diffusion of a receptor
in membranes (1 – 10 μm2/s) (Meissner and Haberlein, 2003; Bacia et al., 2006). Due to the
high viscosity of a lipid bilayer, the contribution of the intracellular domain of the receptor and
potential downstream partners in the cytoplasm to the diffusion coefficient is negligible (Bacia
et al., 2006). A tenfold increase in receptor cluster radius, corresponding to approximately an
100-fold increase in cluster mass reduces the plasma membrane diffusion only by one-third
(Bacia et al., 2006). It is thus very unlikely that the reduced diffusion in planta compared to
protoplasts (2.5 ± 0.9 μm2/s and 3.6 ± 0.9 μm2/s) would be due to receptor oligomerization,
because an oligomer of approximately one-hundred SERK1 like receptors would be needed
to achieve such a difference, assuming the receptor is present as a monomer in protoplasts.
So, most likely other factors than protein complex formation cause the reduced diffusion in
planta.
The FFS techniques, PCH and FCCS, were recently succesfully applied in protoplasts
to determine the oligomerization status of SERK1 and BRI1 (Hink et al., submitted). These
results confirmed and extended earlier observations (Shah et al., 2001; Russinova et al.,2004;
Wang et al 2005) and showed that 13% of the SERK1 receptor molecules and 22% of the BRI1
receptor molecules are present in a dimerized state. In addition, the oligomerization status
of BRI1 was independent of the presence of BRs (Hink et al., submitted). Further research
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is needed to investigate if PCH and FCCS are suitable methods to study protein-protein
interactions in intact plant tissue.
In conclusion, SERK1 and BRI1 are present in an immobile and mobile state.
Cellular alterations caused by the protoplasting procedure other than the removal of the cell
wall seem to be the cause of increased mobility of the receptor molecules in protoplasts. The
fraction of mobile SERK1 has a diffusion coefficient in the range of free receptor diffusion
in the plasma membrane. For reasons unknown, SERK1 lateral diffusion is slower in ovules
compared to transfected protoplasts. Our experiments show, that with certain restrictions FCS
can be applied in planta to determine the lateral diffusion coefficient of a fluorescently labelled
membrane localized receptor.
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The SERK1 gene is expressed in procambium
and immature vascular cells
Mark Kwaaitaal and Sacco de Vries

Abstract
The SERK1 gene is expressed in the procambium of the vascular bundles in roots,
hypocotyls and inflorescence stems. In younger parts of roots and hypocotyls, SERK1 expression
was less restricted and was also observed in protoxylem cells, immature metaxylem cells and
phloem companion cells. In roots, SERK1 expression was first detected in root vascular stem
cells and was notably absent from the QC. In general the SERK1 protein level as visualized by
expression of a SERK1-YFP fusion protein closely followed the pattern of gene expression.
In hypocotyls, prolonged application of 2,4-D resulted in extensive unorganized proliferation
of SERK1 expressing cells originating from the procambium and pericycle. In roots, 2,4-D
treatment results in an increase in SERK1 transcription that results in a moderate increase in the
amount of SERK1-YFP fusion protein. The restricted vascular pattern of SERK1 expression in
roots remains unaffected after 2,4-D treatment.
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Introduction
In plants, somatic embryos can develop from a single competent cell (Nomura
and Komamine, 1985; Toonen et al., 1994), but the origin of these competent cells remains
uncertain. In general, competent cells arise from explants cultured in media supplemented
with strong synthetic auxins such as 2,4-dichlorophenoxyacetic acid (2,4-D) (Mordhorst et al.,
1997; Mordhorst et al., 1998). 2,4-D may have several roles in this process, acting as an auxin
directly or modifying intracellular IAA metabolism and/or as a “stressor” (Feher et al., 2002;
Feher et al., 2003). Other plant hormones, such as cytokinin and abscisic acid and several nonhormonal, stress inducing factors can also induce formation of cells finally capable of somatic
embryogenesis (reviewed by Feher et al., 2003). Once somatic embryos have been formed,
they employ the same developmental mechanisms as zygotic embryos (Mordhorst et al., 1997;
Mordhorst et al., 2002).
Two groups of genes involved in the acquisition of embryogenic competence in
Arabidopsis have been identified. Negative regulators show an increased embryogenic
competence upon mutation. Examples are primordia timing (pt), clavata (clv) 1 and 3
(Mordhorst et al., 1998) and pickle (pkl) (Ogas et al., 1997; Ogas et al., 1999; Dean Rider
et al., 2003). Positive regulators show an increased embryogenic competence after ectopic
expression. Examples are BABY BOOM (BBM) (Boutilier et al., 2002), WUSCHEL (WUS)
(Zuo et al., 2002) and LEAFY COTYLEDON1 and 2 (LEC1 and 2) (Lotan et al., 1998; Stone
et al., 2001; Gaj et al., 2005). These positive regulators show formation of somatic embryos or
embryo-like structures originating from different organ and cell types without the application
of external hormones.
The acquisition of embryogenic competence is marked by an increase in expression
of the LRR receptor-like kinase SOMATIC EMBRYOGENESIS RECEPTOR KINASE 1
(SERK1) gene in Arabidopsis (Hecht et al., 2001), and its orthologs in carrot (Schmidt et
al., 1997), Dactylis (Somleva et al., 2003), sunflower (Thomas et al., 2004) and rice (Hu et
al., 2005). When ectopically expressed, SERK1 increases embryogenic competence in culture
(Hecht et al., 2001). Ectopic expression of the MADS-box transcription factor AGAMOUSLIKE15 (AGL15) also results in increased embryogenic competence in tissue culture. AGL15
is expressed in early stage zygotic embryos and is relocalized from the cytoplasm to the
nucleus at the onset of embryonic development (Perry et al., 1996; Perry et al., 1999). Ectopic
expression of AGL15 resulted in an increase in SERK1 expression (Harding et al., 2003).
Recently, we showed that AGL15 and SERK1 are found together in protein complexes that
include components of the brassinosteroid signalling pathway such as BRASSINOSTEROIDINSENSITIVE 1 (BRI1) and its co-receptor BRI1-ASSOCIATED RECEPTOR KINASE1
(BAK1)/SERK3 (Karlova et al., 2006). These results suggest that SERK1 may be involved in
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brassinolide signalling (Chapter 5 of this thesis) as well as in the acquisition of embryogenic
competence. In plants, SERK1 and its closest homolog SERK2 together regulate specification
of the tapetal cell layer in anthers (Albrecht et al., 2005; Colcombet et al., 2005). The SERK1
protein is found during megasporogenesis, in developing anthers, in ovules from stage 1II in ovule development onwards and in all cells of the embryo sac (Albrecht et al., 2005;
Colcombet et al., 2005; Kwaaitaal et al., 2005). In seedlings, the SERK1 protein is found in
the vascular bundles of roots, stems, leaves and lateral roots (Hecht et al., 2001; Kwaaitaal
et al., 2005). Collectively these observations suggest that SERK1 mediated signalling is part
of multiple developmental processes, most likely involving brassinosteroids (Chapter 4) and
certainly including embryogenic cell formation.
In Medicago, both auxin and cytokinin are needed to obtain competent cells. The
observed increase in MtSERK1 expression in response to auxin and cytokinin was however not
restricted to cells that acquired embryogenic competence, suggesting a more general function
(Nolan et al., 2003). In Arabidopsis SERK1 expression increases in response to auxin at the
ad-axial side of cotyledons, the shoot apical meristem and the vascular tissue of seedlings
(Hecht et al., 2001). In Daucus carota explants the vascular tissue is the origin of competent
cells. After auxin treatment, cell proliferation is initiated in provascular cells (Guzzo et al.,
1994). Procambial or provascular cells are vascular stem cells that originate from the root and
shoot apical meristem and generate xylem and phloem precursor cells that in turn differentiate
into xylem and phloem, the two basic elements of the plant vascular tissue (Fukuda, 2004).
In Dactylis glomerata L., cells giving rise to somatic embryos originate close to the vascular
bundles of leaf explants and a subset of these cells express SERK1 (Somleva et al., 2003).
Here we focus on Arabidopsis SERK1 expression as observed in vascular tissue of
the primary root, stem and hypocotyl. The results show that SERK1 is expressed in cells of the
immature xylem and the procambium. Later in vascular tissue development SERK1 becomes
restricted to procambial cells in root, stem and hypocotyl. As embryogenic competence in
Arabidopsis explants is usually initiated by exposure to 2,4-D, we also investigated the effect
of 2,4-D on SERK1 transcription and protein localization in the vascular bundles of hypocotyls
and roots. The results show that prolonged 2,4-D exposure results in proliferation of mainly
procambium cells, and to a lesser extent pericycle cells that already expressed SERK1 and
continue to express SERK1, which suggested that competent cells in Arabidopsis tissue culture
are mainly derived from SERK1 expressing procambial cells in planta.
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Materials and Methods
Plant lines and growth conditions
Seeds were surface sterilized and transferred to half-strength MS medium pH 5.8
(Murashige and Skoog., 1962; Duchefa Biochemie, Haarlem, the Netherlands) agar plates
containing 1 % (w/v) sucrose pH 5.8. After two days at 4 0C, the plates were transferred to a
growth chamber under fluorescent light at 22 0C with a 16 hr light 8 hr dark cycle. After one
week, seedlings were transferred to soil and grown to maturity under the same conditions.
The SERK1 promoter – GUS (pSERK1::GUS) line was previously described by Hecht et al
(2001), the SERK1 promoter – SERK1 –YFP (pSERK1::SERK1::YFP) line by Kwaaitaal et
al (2005) and the DR5 auxin responsive element – GFP (DR5-GFP) line by (Benkova et al.,
2003).
Gus staining
The samples were immersed in 1mg/ml X-Gluc (5-bromo-4-chloro-3-indolyl-β-Dglucuronic acid; Duchefa Biochemie, Haarlem, the Netherlands), 0.1 % (v/v) Triton X100, 10
mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide in 100 mM Naphosphate pH 7.2 and placed for 30 min under vacuum. Seedlings were incubated overnight
at 37 0C. Stem sections just above the first cauline leaf, below the second cauline leaf and
from the base of the stem of 4-week-old plants were cut to a suitable size before immersion
and incubated at 37 0C for 2 days. Seedlings were mounted in 8:1:2 chloral hydrate-glycerolwater and imaged with Nikon Optiphot-2 microscope with Normarski optics (Tokyo, Japan).
Photographs were taken with a Nikon Coolpix 990 digital camera. Alternatively, seedlings
were embedded and sectioned as described below.
Plastic embedding and sectioning
For root and hypocotyl sectioning, seedlings were first imbedded in 1% (w/v) agarose
in 100 mM Na-phosphate solution pH 7.2 and cut to the right size with a razor blade. Samples
were vacuum-infiltrated for 15 min in 5% (w/v) glutaraldehyde in 100 mM phosphate pH 7.2
and fixed overnight at 40C. The material was washed once with 100 mM phosphate buffer
pH 7.2 and twice with water for 15 min at root temperature. The samples were dehydrated
through an ethanol range (10/30/50/70/96/100% (v/v)). Next, the samples were infiltrated
with Technovit 7100 (Hereaus Kulzer, Wehrheim, Germany) in the following range: 3:1, 1:1
and 1:3 ethanol:Technovit, for 45 min each. Finally, the samples were incubated overnight
in pure Technovit at room temperature. The samples were positioned in a mould for plastic
embedding. The Technovit solutions were prepared and the plastic polymerization was done
according to manufacturer’s protocol. With a microtome (Biocut, Reickert and Jung, Leica,
66

SERK1 in the procambium
Rijswijk, the Netherlands) 7 μm sections were cut and dried on slides. Sections were stained in
0.05 % (w/v) Ruthenium Red in water for 10 min, dried and imaged using a Zeiss Axioplan 2
microscope (Zeiss, Jena, Germany).
Agar embedding and sectioning
Plant tissue was embedded in 1.5 % (w/v) agarose in 50 mM Na-phosphate a pH 7.2
and 2 to 3 mm sections were cut manually with a razor blade, placed in a drop of 50 mM Naphosphate at pH 7.2 on a cover slip and imaged directly as described below.
Treatment of seedlings with 2,4-dichlorophenoxyacetic acid (2,4-D) or 1-N-naphthylphthalamic
acid (NPA)
Seedlings were germinated and grown on a plate according to the conditions
described above, but the plates were oriented vertically. Four days after germination (DAG)
the seedlings were transferred to plates containing 0.1 or 5 μM 2,4-D (SIGMA) or 10 or 50
μM NPA (Duchefa Biochemie, Haarlem, the Netherlands). Seedlings expressing the described
reporter constructs were followed and harvested at different time points for GUS staining,
fluorescence microscopy or sectioning and subsequent microscopy.
Fluorescence Microscopy
Seedlings or plants expressing fluorescent reporter constructs were imaged with a
confocal laser scanning microscope (Zeiss Confocor 2-LSM 510 combination setup, Jena,
Germany). A 40X Plan-Neofluar oil immersion objective was used with a numerical aperture
of 1.3 was used. CFP excited with 458-nm argon laser line controlled by an acousto-opticaltunable filter (AOTF). The excitation and emission light was separated by a dichroic beam
splitter (HFT 458/514). The CFP fluorescence was filtered through a 475 nm - 525 nm band
pass filter. GFP was excited with the 488 argon laser line controlled by the AOTF and excitation
and emission light were separated through a HTF488 beam splitter. The GFP fluorescence
was filtered through a 505 - 550 nm bandpass filter. YFP was excited with the 514 nm argon
laser line controlled by the AOTF and excitation and emission light were separated through
a HTF458/514 beam splitter. The YFP fluorescence was filtered through a 530 – 600 nm
bandpass filter. Chlorophyll and red auto fluorescence were detected using a NFT635 filter
combined with a 650 nm longpass filter. For comparison of treatments, microscope settings
were kept the same for all samples.
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Results
SERK1 is expressed in the procambial cells of the vascular bundle in all organs studied
Previously we have focussed on the expression of SERK1 in the reproductive tissues
and also discovered that SERK1 is expressed in the vascular bundles of seedlings (Albrecht et
al., 2005; Kwaaitaal et al., 2005). Because the provascular tissue is an origin of cells competent
to become embryogenic (Guzzo et al., 1994; Schmidt et al., 1997; Somleva et al., 2000;
Raghavan, 2004) we investigated SERK1 expression as observed in the vascular bundle in more
detail. This will help us to determine the possible relationship between SERK1 as a marker
for single competent cells in culture and the vascular localization of SERK1. Arabidopsis
plants expressing either a SERK1 promoter – GUS fusion (pSERK1::GUS) (Hecht et al.,
2001) construct or a SERK1 promoter SERK1 cDNA - Yellow Fluorescent Protein cDNA
Figure 1
(YFP) (pSERK1::SERK1::YFP) construct (Kwaaitaal et al., 2005) were used to investigate the
vascular localization of SERK1 in seedlings and inflorescence stems.
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Figure 4.1: SERK1 expression in primary root tips.
(A) Longitudinal view of a GUS stained primary root of a pSERK1::GUS expressing seedling. Arrowhead indicates
the QC. (B), (D) and (E) mark positions of sections shown in (B), (D) and (E). (B) GUS and ruthenium red stained
7 μm cross section through pSERK1::GUS expressing root tip at 120-150 μm from QC. (C) The same as section
4.1marked according to Mahonen et al (2000). The arrowheads mark the xylem plate.
shown in B, but with Figure
cell types
(D) GUS and ruthenium red stained 7 μm cross sections through pSERK1::GUS expressing root tip at 50-60 μm from
QC. Arrowheads mark the phloem initials. (E) GUS and ruthenium red stained 7 μm cross sections through pSERK1::
GUS expressing root tip at 10 – 15 μM from the QC. Arrowhead marks single cell with GUS staining. (F) Longitudinal
view of a pSERK1::SERK1::YFP expressing primary root. Arrowhead indicates the QC and red arrow marks cells
with increased SERK1-YFP fluorescence. (G) and (H) YFP fluorescence in hand-cut section of pSERK1::SERK1::
YFP expressing root tip at (G) 60 μm from QC and (H) ~250 μm from the QC. mx = metaxylem, pc = procambium,
px = protoxylem. Scale bar = 20 μm
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Figure 4.1A shows a longitudinal view of the primary root of an Arabidopsis seedling
expressing pSERK1::GUS. GUS staining was observed in the vascular bundle, commencing
directly proximal to the QC in cells referred to as stem cells (Xu et al., 2006) or vascular
initials (Kwaaitaal et al., 2005). Figures 4.1B to 4.1E show transverse sections through the
root tip of a pSERK1::GUS expressing plant at the positions marked in Figure 4.1A. Figure
4.1B shows a section at 250 μm from the tip. To help assign the SERK1-expressing cells in
Figure 4.1B, the different cell types in the same section as shown in this figure are assigned
according to Mahonen et al (2000) and are colour-coded (Figure 4.1C). The xylem plate is
marked by two arrowheads. GUS staining was observed in the procambium, protoxylem,
metaphloem and phloem companion cells and was also discernable in metaxylem cells. About
60 μm from the quiescent centre (Figure 4.1D), most cells of the immature vascular bundle
show GUS staining. GUS staining seemed higher in the metaxylem and was not observed
in the protophloem initial cells (arrowheads). Immediately proximal to the QC, one of the
vascular stem cells showed GUS staining (Figure 4.1E, arrowhead). The SERK1 protein
was first visible in the vascular stem cells. YFP fluorescence was higher in the first vascular
descendants (Figure 4.1F, arrow) of the stem cells and became reduced in more mature parts of
the vascular bundle (Figure 4.1F). In cross-sections at ~250 μm from the QC in the pSERK1::
SERK1::YFP line, low YFP fluorescence was detected in the complete vascular bundle except
for the protophloem (arrowheads) (Figure 4.1G). The dashed red line marks the xylem plate.
Some yellow autofluorescence was also observed in the metaxylem in cross sections through
wildtype roots, suggesting that most of the YFP signal in the root metaxylem of the pSERK1::
SERK1::YFP line is caused by autofluorescence (data not shown). In cross-sections through
the immature vascular bundle of the pSERK1::SERK1::YFP line, ~60 µm proximal to the
QC, the YFP fluorescence increased and was found in membranes of the metaxylem (mx),
protoxylem (px) and procambium (pc) (Figure 4.4H). The YFP fluorescence seemed higher in
the metaxylem (mx) and appeared absent from the protophloem initial cells (arrowheads).
To summarize, SERK1 expression in roots is initially seen in stem cells of the root vasculature
and most cells of the immature vascular bundle. Later SERK1 expression becomes restricted
to the procambium, protoxylem and phloem companion cells. The SERK1 protein localization
pattern closely followed the gene expression pattern.
We next investigated SERK1 expression in the hypocotyl vasculature. Figure
4.2A shows GUS staining in a cross section about 70 μm below the apical meristem of a
hypocotyl from a 4-day-old seedling containing the pSERK1::GUS construct. Cell and
tissue types were assigned according to Busse and Evert (1999a, 1999b). The phloem sieve
elements are marked with a black arrowhead and the xylem plate by a dashed red line.
SERK1 expression was confined to the procambium cells (Figure 4.2A). In a younger part
of the hypocotyl at 50 μm from the apical meristem (Figure 4.2B) SERK1 procambium
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expression increased, was higher and remained visible in the adjacent vascular cells of the
metaxylem (mx) and phloem (arrowheads) and the pericycle (p). A hand-cut section through
the hypocotyl of seedlings containing the pSERK1::SERK1::YFP construct showed a pattern
Figure 4.2
similar to the GUS staining; YFP fluorescence was observed in the procambium cells (pc).
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Figure 4.2: SERK1 expression in the hypocotyl.
(A) and (B) GUS and ruthenium red stained 7 μm cross sections through a pSERK1::GUS expressing hypocotyl at (A)
70 μm from the apical meristem and (B) 50 μm from the apical meristem. (C) YFP and red chlorophyll fluorescence
in hand-cut sections through a pSERK1::SERK1::YFP expressing hypocotyl about 60 μm below the apical meristem.
(D) YFP fluorescence in a hand-cut section through the hypocotyl of a wildtype plant. Dashed red line marks the
xylem plate. e = endodermis, p = pericycle, pc = procambium, mx = metaxylem and arrowheads mark the phloem
sieve elements. Scale bar = 20 μm.

Figure 4.2D shows the yellow autofluorescence in a comparable section of a wildtype
hypocotyl. Autofluorescence was visible in the metaxylem and in a few procambial cells. The
YFP signal in the wild-type sections suggests that the remaining signal in the metaxylem seen
in Figure 4.2C is caused by autofluorescence. So, in the hypocotyl SERK1 expression appears
to be more restricted to the procambium and also here the protein localization follows the gene
expression pattern closely.
We next looked into SERK1 expression at different positions of the inflorescence
stem, representing a range of developmental stages of the inflorescence stem vascular tissue.
Sections were made of GUS stained and plastic-embedded inflorescence stems of 4-week-old
Arabidopsis plants containing the pSERK1::GUS fusion construct. Figure 4.3A shows a section
through the vascular bundle at the base of the stem. The protoxylem (px), the metaxylem (mx),
procambium (pc) and phloem (ph) tissues can be distinguished. Procambium cells (pc) are
seen here as an arch of two to three cell layers between the xylem and phloem. Individual cells
in the procambium seem to have an increased SERK1 expression based on the GUS staining
intensity (red arrow). A section through the stem just below the second cauline leaf showed
a similar pattern (Figure 4.3B). Also here a limited amount of cells within the procambial
layer showed GUS staining (red arrow). Sections just above the first cauline leaf showed
GUS staining in all procambial cells and in the immature metaxylem cells (Figure 4.3C).
Figures 4.3D to F show hand-cut sections through the stems of 4-week-old Arabidopsis plants
containing the pSERK1::SERK1::YFP construct. The red fluorescence in all images originates
from chlorophyll. Figure 4.3D shows a section through a vascular bundle at the base of the stem.
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Figure 4.3: SERK1 expression in the inflorescence stem.
(A) to (C) GUS and ruthenium red stained 7 μm cross sections through the inflorescence stem of a 4-week-old
pSERK1::GUS expressing plant. (A) Base of the stem. (B) Just below the second cauline leaf. (C) Just above the first
cauline leaf. Red arrows mark cells with GUS staining. (D) to (F) YFP fluorescence in hand cut sections of stems
from a pSERK1::SERK1::YFP expressing plant. (D) Base of the stem. (E) Just below the second cauline leaf. (F) Just
above the first cauline leaf. Yellow arrows mark cells with YFP fluorescence. px = protoxylem, mx = metaxylem, imx
= immature metaxylem, pc = procambium, ph = phloem. Scale bar = 50 μm

Similar to the GUS expression data (Figure 4.3A), only a subset of procambium cells
shows YFP fluorescence (yellow arrow). Figure 4.3E shows a section just below the second
cauline leaf. The brightest YFP fluorescence is seen in only a subset of the procambium cells
(pc) (yellow arrow). Yellow fluorescence was also observed in some phloem and phloem
companion cells (ph). Figure 4.3F shows a section just above the first cauline leaf of the
pSERK1::SERK1::YFP line where yellow fluorescence is strongest in all procambial cells
(pc) and immature metaxylem cells (imx), but also visible in cells in the interfascicular region
(if). Autofluorescence in wildtype plants was restricted mainly to mature xylem elements (data
not shown). In inflorescence stems, the SERK1 protein localization pattern closely follows
the gene expression pattern. To summarize, SERK1 appears to be expressed in procambium
cells in the vasculature in all organs investigated. In roots, SERK1 expression commences in
all stem cells of the vascular tissue and continues in the first descendants of these stem cells.
In roots, hypocotyls and inflorescence stems metaxylem cells in the immature vascular bundle
also express SERK1.
Prolonged exposure to 2,4-D induces the proliferation of SERK1 expressing cells
Given the proposed role of SERK1 in somatic embryogenesis and the presence of
SERK1 in the procambium, we next investigated the response of the SERK1 gene under
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conditions that allow formation of embryogenic cells. Embryogenic cell formation in
Arabidopsis explant tissue requires a prolonged incubation with 2,4-dichlorophenoxyacetic
acid (2,4-D) (Mordhorst et al., 1997). pSERK1::GUS expressing seedlings were transferred
4 DAG to plates containing 5 μm 2,4-D and were embedded and sectioned 2, 7 and 10
days after transfer. Representative sections are shown taken about 70 µm below the apical
meristem. Cell and tissue types were assigned according to Busse and Evert (1999a and
1999b). Figure 4.4A shows a section of a non-treated hypocotyl after 2 days. The xylem plate
is marked by a dashed line. Procambium cells (pc) flanking the xylem seem to have more
GUS staining (small arrow). After 2 days of 2,4-D treatment there is a clear increase in the
number of pericycle cells (compare bracket in Figure 4.4A with bracket in Figure 4.4D) that
also begin to express SERK1 (Figure 4.4D). A slight increase in GUS staining was observed
in the endodermal cell layer (e). Figure 4.4B shows a non-treated hypocotyl after 7 days. The
vascular bundle is enlarged, due to an increase in the number of cells in all vascular tissues
(e.g. xylem (dashed line), phloem (arrowhead), pericycle (p) and procambium (pc)). The
Figure
procambium cells (pc) flanking the mature xylem
seem4.4
to have more GUS staining than the
adjacent cells (small arrows). At 7 days of 2,4-D treatment (Figure 4.4E) the first procambium
cells (pc) begin to proliferate, while the number of pericycle cells (p) outside the phloem
poles (arrowhead) increased (compare bracket in Figure 4.4B with bracket in Figure 4.4E).
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Figure 4.4: Proliferation and SERK1 expression in seedlings after prolonged 2,4-D treatment.
(A) to (C), 7 μm cross sections through the hypocotyl of GUS and ruthenium red stained pSERK1::GUS expressing
seedlings about 70 µm from the apical meristem. (A) non-treated seedling after 2 days (6 DAG)). (B) after 7 days (11
DAG) and (C) after 10 days (14 DAG). (D) to (F), hand-cut sections from seedlings transferred to plates containing
5 μM 2,4-D 4 DAG, (D) after 2 days of treatment (6 DAG), (E) after 7 days of treatment (11 DAG), (F) after 10 days
of treatment (14 DAG). Dashed arrows mark proliferating cells with SERK1 expression. Arrow marks cells without
SERK1 expression. Arrowheads mark phloem. Small arrows mark SERK1 expressing procambium. Brackets mark
pericycle cell layers and the dashed red line marks the xylem plate. pc = procambium, e = endodermis, p = pericycle
Scale bar = 50 μm.
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The GUS staining is more even throughout the vascular bundle. The endodermis (e) is flattened
due to the enlargement of the vascular bundle. No expression of SERK1 in the endodermis
(e) or tissue layers other then the vascular bundle was observed after 7 days of incubation
with 2,4-D. Figure 4.4C, shows a non-treated hypocotyl after 10 days. The SERK1 expression
pattern was similar to that shown in Figure 4.4B, procambium cells flanking to the mature
xylem seemed to have more GUS staining (small arrows) compared to the surrounding tissues.
After 10 days of 2,4-D treatment (Figure 4.4F), a disorganized mass of cells (dashed arrows)
is visible in the centre of the vascular bundle expressing SERK1. This mass of cells appears
to have originated from the procambium cells rather then from the pericycle, because cells
similar to the enlarged pericycle cells (bracket in Figure 4.4F) observed after 2 (bracket in
Figure 4.4D) and 7 days (bracket in Figure 4.4E) of treatment with 2,4-D were still present and
surrounding the mass of cells in the centre. The vascular bundle is completely disorganized
due to the massive proliferation of cells from a procambial origin. Even after this prolonged
incubation cortical and epidermal cells do not express SERK1 (arrow in Figure 4.4F).
In roots, 2,4-D induces SERK1 expression only in procambium cells
We next investigated the response of SERK1 to 2,4-D in roots. In roots, the different
vascular cell types can be more easily recognized, so observed changes in SERK1 expression
in response to 2,4-D can be better assigned to specific cell types. Figure 4.5A shows GFP
fluorescence in the root tip of the DR5 element – GFP marker line (Benkova et al., 2003). An
auxin maximum, visualized by high GFP fluorescence, is present in the QC (red arrowhead),
the columella initial cells and the mature columella cells. A two-day incubation of the same line
with 0.1 μM 2,4-D strongly increased the GFP fluorescence in all root tissues (Figure 4.5B).
Higher concentrations (0.5 and 2 μM) of 2,4-D gave a similar response (data not shown).
These results confirm that the application of 2,4-D results in an elevated auxin response in all
root tissues. Figure 4.5C shows GUS staining in a non-treated root containing the pSERK1::
GUS construct and the root shown in Figure 4.5D was treated for 2 days with 0.1 µM 2,4-D.
Higher concentrations of 2,4-D gave a similar response (data not shown). SERK1 expression
gradually increased, but remained localized to cells in the vascular bundle. Figure 4.5E
shows a control root of a line containing a pSERK1::SERK1::YFP construct. Figure 4.5 I
shows SERK1-YFP fluorescence after 2 days of incubation with 0.1 µM 2,4-D. SERK1-YFP
fluorescence increased slightly and the region with increased SERK1-YFP fluorescence was
longer and wider compared to non-treated roots. In addition, the incubation of roots with 2,4-D
resulted in an increase in autofluorescence in the epidermis (arrowhead in Figure 4.5F). Higher
concentrations of 2,4-D showed a similar response (data not shown). In response to the 2,4-D
treatment SERK1 transcription was clearly increased, but only resulted in a slight increase of
SERK1-YFP protein. No induction of SERK1 was seen in cells outside the vascular tissue.
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Figure 4.5: SERK1 gene expression and protein level in roots after 2,4-D treatment.
(A) and (B) GFP fluorescence in primary root tips of DR5-element::GFP expressing seedlings. (A) non-treated (B) 2
days of treatment with 0.1 μM 2,4-D. (C) Primary root tip of pSERK1::GUS expressing and GUS stained seedling.
(D) Primary root tip of pSERK1::GUS expressing seedling treated with 0.1 μM 2,4-D for 2 days and GUS stained. (E)
YFP fluorescence in primary root tips of pSERK1::SERK1::YFP expressing seedling. (F) YFP fluorescence in primary
root tips of pSERK1::SERK1::YFP expressing seedling after 2 days of treatment with 0.1 μM. 2,4-D. Arrowhead
marks 2,4-D induced autofluorescence in the epidermis. (G) and (H) YFP fluorescence in hand-cut sections ~60 μm
from the QC of pSERK1::SERK1::YFP expressing seedlings. (G) non-treated (H) treated for 2 days with 0.1 μM
2,4-D. The dashed red line marks the xylem plate and the arrowheads in (G) and (H) mark the phloem poles. Scale
bar = 20 μm

To determine which cells actually showed a change in SERK-YFP protein cross sections were
made about 60 μm from the QC. The red dashed line marks the xylem plate and the phloem
poles are marked with red arrowheads. Figure 4.5G shows a section through a non-treated
seedling. Figure 4.5H shows a section of a seedling treated with 0.1 μM 2,4-D for two days.
YFP fluorescence is elevated in all procambium cells, while the amount of cells present at this
stage was similar to non-treated seedlings. Taken together, these observations suggest that the
observed limited increase in SERK1-YFP protein after 2,4-D treatment is due to an increase in
transcription of the SERK1 gene in procambium cells and not due to increased proliferation of
cells expressing SERK1. A comparable results was obtained after treatment of roots containing
the pSERK1::GUS and pSERK1::SERK::YFP constructs with NPA (data not shown).
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Discussion
Earlier observations suggested that the Arabidopsis SERK1 gene is expressed in
sporophytic tissues, during lateral root outgrowth and in the vascular bundles (Hecht et al.,
2001; Kwaaitaal et al., 2005). Here we have shown that the SERK1 gene is expressed in the
procambium of the vascular bundles in roots, hypocotyls and inflorescence stems. In younger
parts of roots and hypocotyls, SERK1 expression was less restricted and was also observed in
protoxylem cells, immature metaxylem cells and phloem companion cells. In roots, SERK1
expression was first detected in root vascular stem cells and was notably absent from the QC.
In hypocotyls, prolonged application of 2,4-D resulted in extensive unorganized proliferation
of SERK1 expressing cells originating from the procambium and pericycle. In roots, 2,4-D
treatment results in an increase in SERK1 transcription that results in a moderate increase in the
amount of SERK1-YFP fusion protein. The restricted vascular pattern of SERK1 expression in
roots remains unaffected after 2,4-D treatment.
SERK1 as a marker of transit amplifying cells?
To help answer this question it is essential to determine the identity of the SERK1
expressing cells in planta. Because the SERK1 gene was originally identified as a marker for
embryogenically competent single cells in tissue culture (Schmidt et al., 1997) an important
remaining question is whether this competence was newly acquired or already present in the
organized explant tissue. Procambium is regarded as a primary meristematic tissue with the
task to provide xylem and phloem cells (Steeves and Sussex 1989; Mahonen et al., 2000).
Procambium cells fulfil the criteria for being stems cells since they have the capacity for
long-term self renewal and being able to differentiate into one or more specialized cell types
(Alison et al., 2002; Rippon and Bishop, 2004). Procambium cells can therefore be regarded
as pluripotent stem cells (Mahonen et al., 2006). Both plant and animal stem cell pools are
maintained in niches by signals from surrounding cells. Stem cell divisions are intrinsically
asymmetric, due to the ability to generate one cell that remains a stem cell and another that exits
the niche and differentiates to become a Transit Amplifying (TA) cell. The main task of TA cells
is to increase the population of cells originating from a single stem cell division. These cells
have a limited proliferative capacity and a limited differentiation potential (Stahl and Simon,
2005; Singh and Bhalla, 2006). The first TA cells maintain many of the characteristics of the
stem cells and gradually lose these properties with continued division and differentiation. The
progressive differentiation of the TA cells will coincide with activation of genes marking the
differentiated state (Potten and Loeffler, 1990). When we superimpose this TA cell model on
plant vasculature, the immature vascular cells proximal to the root stem cells can be regarded
as TA cells (Stahl and Simon, 2005). SERK1 is expressed in most immature vascular cells and
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upon maturation of the organ become confined to the procambium. We therefore propose that
SERK1 expression marks the vascular TA population.
In Arabidopsis, the SAM and the cotyledon axils of embryos are reported as origins
of somatic embryos (Mordhorst et al., 1998; Mordhorst et al., 2002), while SERK1 gene
expression was reported to be increased by 2,4-D in both the SAM and at the base of the
cotyledons (Hecht et al., 2001). However, neither the meristem itself nor the stem cells present
in the meristem appear to be required because mutants lacking a functional SAM like shoot
meristemless (stm), wuschel (wus) and zwille/pinhead (zll/pnh) did not show a reduction in
embryogenic competence (Mordhorst et al. 2002). In a cytological study where Arabidopsis
embryos were followed in time in the presence of 2,4-D, it was found that the shoot apical
meristem and the hypocotyl did not participate in somatic embryogenesis as long as cells in
the cotyledons were actively dividing. Instead, cell divisions were initiated in procambial cells
eventually leading to the formation of somatic embryos on the cotyledons (Raghavan, 2004).
Also in carrot (Guzzo et al., 1994; Guzzo et al., 1995) and in Dactylis glomerata L. cells close
to the vascular bundles of leaves are thought to be the origin of somatic embryos (Somleva et
al., 2000). So, apparently the property to form embryogenic cells in tissue culture is restricted
to the vascular stem cell or TA cell population and is not shared with the stem cells in the apical
meristem.
In carrot tissue culture, DcSERK marks single competent cells and somatic embryos
only develop from DcSERK expressing cells (Schmidt et al., 1997). However, not all SERKexpressing cells develop into embryos. Medicago SERK1 is induced by 2,4-D in both
embryogenic and non-embryogenic lines (Nolan et al., 2003), which also indicates that not
all SERK expressing cells are competent to initiate somatic embryogenesis. Most likely other
factors present in a subpopulation of the SERK1 expressing cells are needed to fully specify
embryogenic competence.
SERK1 expression remains tissue specific in the presence of 2,4-D
Prior to the initiation of proliferation we observed in both root and hypocotyl that
2,4-D treatment induces SERK1 transcription and SERK1 protein levels only in the vascular
bundles. In the hypocotyl, 2,4-D resulted in an increase in cell size and limited proliferation
of the hypocotyl pericycle. This is similar to what was observed in carrot hypocotyl explants,
where as a response to 2,4-D epidermis and cortical parenchyma cells increase in size, while
provascular cells increase in size and divide (Guzzo et al., 1994; Guzzo et al., 1995). In cultures
prepared from carrot hypocotyl explants, the population of “enlarged cells” originating from
the provascular tissue, are the ones that have become competent for embryogenesis and express
the SERK1 gene (Schmidt et al., 1997). Competent enlarged cells undergo an asymmetric
division, which is considered the earliest event in both zygotic and somatic embryogenesis.
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From this a-symmetric division small, isodiametric cells are generated that proliferate into
so-called pro-embryonic masses that in turn generate somatic embryos after removal of 2,4-D
(Guzzo et al., 1994). One unanswered question in these complex and sequential events in the
pathway to somatic embryos is whether exogenous application of 2,4-D acts via modification
of endogenous IAA or that competent cell formation is a direct response to 2,4-D. Due to
the scarcity of markers available it is difficult to distinguish between these possibilities
during the actual formation of competent cells. However, in root tissues with their precise
developmental history it was possible to determine whether SERK1 expression responded
directly to changes in endogenous auxin. The results clearly showed that in the presence of
2,4-D SERK1 transcription is not initiated in cells other than the vascular cells, suggesting
that SERK1 expression remains under tight tissue-specific control. If this control persists in
tissue culture, we propose that the single SERK-expressing embryogenic carrot cells represent
a small population of cells retaining (in part) their procambium fate. As often noted in tissue
culture experiments, only after prolonged exposure of explant tissue to 2,4-D somatic embryos
were formed while shorter incubations result in only root and shoot formation. In our study,
2,4-D treatment initiated divisions in the pericycle already after 2 days, while incubation of
seedlings longer then 7 days resulted in proliferation of SERK1 expressing procambium cells.
In carrot, a similar period of incubation with 2,4-D is needed to obtain competent cells (Guzzo
et al., 1995) that express DcSERK (Schmidt et al., 1997). These experiments suggest that
induction of SERK gene expression by exogenous growth regulators such as 2,4-D is not
regulated via modulation of endogenous IAA levels
In summary, we propose that SERK1 is expressed in the procambium and the TA cell
population. Upon treatment with 2,4-D some of these TA or procambium cells are released
and revert to a totipotent state in the absence of their normal “vascular” cues. In this scenario,
SERK1 expression marks a pluripotent cell population residing in plant vascular tissues.
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Abstract
A new T-DNA insertion in the Somatic Embryogenesis Receptor-like Kinase (SERK)1
gene, designated serk1-3, exhibits typical brassinosteroid (BR)-related phenotypes such as
reduced stature, serrated and smaller leaves, shorter petioles, shorter hypocotyls and roots less
sensitive to BRs. SERK1 is a member of a small family of 5 related receptor kinases belonging
to group XII designated SERK1 to 5. Combining serk1-1 or serk1-3 with the serk3-1 allele,
the BR related phenotypes become more pronounced and the double mutant roots have further
increased insensitivity to BRs. Combining serk3-1 with either serk2-2, serk4-1 or serk5-1 did
not increase the BR insensitivity of serk3-1 roots. Similar to the previously described alleles
serk1-1 and serk1-2, the serk1-3 serk2-2 double mutant is completely male sterile due to a
failure in tapetum specification. Overexpression of SERK1-YFP partially complemented the
weak allele bri1-301. These results suggest that of the Arabidopsis SERK family, only SERK1
and SERK3 redundantly mediate BR signalling.
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Introduction
The Arabidopsis genome contains over 400 transmembrane receptor-like kinases
(RLKs) (Shiu and Bleecker, 2001), much more than the 43 in C. elegans, 25 in Drosophila and
70 in humans (reviewed by Becraft, 2002). Plant RLKs consist of an extracellular domain, a
single transmembrane-spanning domain and a cytosolic kinase domain that resembles those
of receptor serine/threonine kinases (RSKs) of the transforming growth factor β (TGFβ)
family in metazoa. Although structurally related to animal receptors of the receptor tyrosine
kinases (RTK) and RSK classes, phylogenetic analysis indicates that plant RLKs have evolved
independently (Shiu and Bleecker, 2003). Functional studies also revealed differences between
downstream signalling components of plant and animal receptors (reviewed by Tichtinsky et
al., 2003). However, plant RLKs appear to use regulatory mechanisms that have many features
in common with animal receptors. For example their inclusion in membrane-associated
complexes, heterodimerization, transphosphorylation, the existence of inhibitors and
phosphatases that regulate receptor activity, and endocytosis (reviewed by Cock et al., 2002;
Johnson and Ingram, 2005). The LRR-RLK, BRASSINOSTROID INSENSITIVE1 (BRI1)
was reported to be a dual ligand receptor in tomato and to function in both brassinosteroid (BR)
and systemin perception (reviewed by Szekeres, 2003) Recent studies have shown that heterooligomerization occurs in SERK (Russinova et al., 2004; Albrecht et al., 2005), CLAVATA
(Trotochaud et al., 1999), ERECTA (Shpak et al., 2003; Shpak et al., 2004), ARABIDOPSIS
CRINKLY4 (ACR4) (Gifford et al., 2005) and BRI1 (Russinova et al., 2004; Wang et al.,
2005; Karlova et al., 2006) receptors. Most of these oligomers represent small families of
structurally related RLKs that function in hormonal responses (BRI1), cell differentiation
(CLAVATA1, ACR4), plant growth and development (ERECTA), self-incompatibility,
symbiont and pathogen recognition (reviewed by Torii, 2004). It is generally accepted that
structurally related RLKs function in similar signalling pathways. This has been confirmed
by genetic analysis of the single and double mutant combinations of the ERECTA, BRI1 and
SERK RLK families (Caño-Delgado et al., 2004; Shpak et al., 2004; Albrecht et al., 2005).
Reports that show functional overlap between different plant RLK signalling pathways are
scarce. Genetic analysis of clv1 dominant-negative alleles has suggested that multiple RLKs
regulate meristem and organ development in Arabidopsis (Dievart et al., 2003). ERECTA was
implicated in resistance to bacterial wilt suggesting a cross talk between pathogen resistance
and developmental pathways (Godiard et al., 2003).
The Arabidopsis SOMATIC EMBRYOGENESIS RECEPTOR KINASE (SERK)
family consists of five LRR-RLKs (Hecht et al., 2001) containing 5 LRRs in their extracellular
domains and displaying similarity to the previously described protein that marked embryogenic
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competence in cultures, DcSERK(Schmidt et al., 1997). Functional information for only three
members of this family is known. SERK1 is implicated in signalling during embryogenic cell
formation as overexpression of SERK1 resulted in enhanced formation of embryogenic cells
in response to auxin (Hecht et al., 2001). We and others have recently shown that SERK1 and
SERK2 proteins are functionally redundant during male sporogenesis and essential for the
tapetum specification and development during male sporogenesis in Arabidopsis (Albrecht et
al., 2005; Colcombet et al., 2005). SERK3 function was implicated in brassinosteroid (BR)
signalling as the protein was identified as a BRASSINOSTEROID INSENSITIVE 1 (BRI1)associated kinase 1 (BAK1) through interactions in a yeast-two hybrid screen (Nam and Li,
2002) and in a genetic screen for suppressors of a weak bri1 phenotype (Li et al., 2002). It
has also been shown that the BR receptor, BRI1 forms heterodimers with BAK1/SERK3 in
living cells (Russinova et al., 2004) and that the interaction is dependent on the presence
of BRs (Wang et al., 2005). As BAK1/SERK3 is not required for the binding of the BRs to
BRI1 (Kinoshita et al., 2005), it was proposed that BAK1/SERK3 is important for downstream
signalling events (Wang et al., 2005). BAK1 was also implicated in modulating phototropic
responses as the previously identified photomorphogenesis mutant, elongated (elg) (Halliday
et al., 1996), was found to represent a gain-of-function allele of BAK1/SERK3 (Whippo and
Hangarter, 2005). Recently BRI1 and BAK1/SERK3 receptors were identified to be part of
the SERK1 receptor complex in Arabidopsis by MALDI-TOF/MS analysis. Although the
single mutants serk1-1 and serk1-2 gave no morphological phenotypes, they do enhance bri1
defects when combined with the weak bri1-119 mutation (Karlova et al., 2006). The serk1-1
mutation results in a truncated protein that misses the last 103 amino acids and is devoid of
autophosphorylation activity.
Here we report the identification and functional characterization of the serk1-3 allele. This
mutation results in a much shorter truncated protein that is missing almost the entire kinase
domain. In contrast to the serk1-1 allele, the serk1-3 mutation results in various morphological
defects and a reduced sensitivity towards brassinosteroids. Only serk1 but not serk2, serk4 or
serk5 mutant alleles enhance the BR insensitivity of serk3-1 mutant roots. This supports the
hypothesis that only SERK1 functions together with BRI1 and SERK3 in hetero-oligomeric
complexes in the BR signalling pathway (Karlova et al., 2006).
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Material and methods
Plant growth conditions
Arabidopsis thaliana plants (ecotype Columbia [Col-0]) were used as the wild-type. Seeds
were surface sterilized and germinated on ½ Murashige and Skoog (MS) medium (DUCHEFA)
supplemented with 1% sucrose. Plants were grown at 22oC under fluorescent light with 16-hlight/8-h-dark photoperiods. Transgenic seedlings were selected on ½ MS medium containing
either 50mg/L kanamycin, 15mg/L phosphinothricin or 11.25mg/L sulfadiazin. The serk1-3
allele (line 448E10) was obtained from the GABI-KAT collection at the Max-Planck Institute
(Rosso et al., 2003). The serk1-1, serk2-2 and serk3-1 alleles were previously described by
Albrecht et al. (2005) and Russinova et al. (2004) respectively. The serk3-2 allele (SALK_
116202) was obtained from the Signal Collection at the Salk Institute (Alonso et al., 2003).
The genotyping for single and double mutants was performed by PCR reactions using primer
combinations for the serk1-3 allele: GK_S1F (AGCAATTTTGTTTTGCAGAAAAGT)/
GK_LB1
(CCCATTTGGACGTGAATGTAGACAC)
and
GK_S1F/
S3
(AGAGATATTCTGGAGCGATGTGACCGATGG),
the
serk11
allele:
V3
(CGTGACAACAGCAGTCCGTGGCACCATCGG)/TgR1
(TGTTGCCGGTCTTGCGATGATTAT) and V3/KinR1 (TTTTTGCCATTCGTCCCATTTC),
the
serk2-2
allele:
F23M9_ZF
(GTGTACTTGGTTTCACGTAACG)/LB1
(GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC)
and
F23M9_ZF/GSP1
(CGGCTAGTAACTGGGCCGCATAGATCC), and for the serk3-1 allele: F17M5_ZF
(GCACTGAAAAACAGTTTAGC)/LBb1
(GCGTGGACCGCTTGCTGCAACT)
and
F17M5_ZF/S3E6R (GATGCAGGAAGGGGAGTCAACTTGGTG) to amplify the T-DNA
tagged and the wild-type alleles respectively. The serk4-1 (SALK nr 057955) and serk5-1
(SALK nr 0647275) alleles were obtained from the Signal Collection at the Salk Institute
(Alonso et al., 2003). The genotyping for single and double mutants was performed
by PCR reactions using the following primer combinations: for the serk4-1 allele, IF
(CTGAAGAAGACCCAGAGG)/sk4-R3
(GGAGTTGATATTCAAAAGTGCATGGG)
and IF/LBb1 (GCGTGGACCGCTTGCTGCAACT), for serk5-1 allele: IF-sk5R1
(GCTTAATGGAAGTGGAGAGA) and IF/LBb1 (GCGTGGACCGCTTGCTGCAACT) to
amplify the wild-type and the T-DNA tagged alleles respectively.
Seeds from the bri1-119 (ecotype Enkheim-2 [En-2]) were obtained from the Arabidopsis
Stock Center (CS399) and genotyped by PCR to amplify a product of 1.7kb using primers
BriF-2 (GCAGAAGCTTAATCTGGC)/BriKD1 (TCGCTAATCCGCAGTTTTGCGTGCTG)
followed by a restriction enzyme digest with Tsp45I. The bri1-119 allele contained no
restriction site whereas the BRI1 wild type gene generated two fragments of 1.4kb and 0.3kb
respectively. The bri1-301 allele was obtained form Jianming Li (University of Michigan,
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Ann Arbor, USA) and genotyped by PCR amplification of a product of 0.55kb using primers
Bri1-301_F (CATCGAAATCTTGTGCCTC)/Bri1-301_R (CCTTCATAAGCTCGGGGTC)
followed by a restriction enzyme digest with MboI. The bri1-301 mutant allele contained
no restriction site whereas the BRI1 wild-type allele generated two fragments of 0.16kb and
0.39kb respectively.
Expression Analyses
RNA isolation, cDNA synthesis and RT-PCR were performed as described by Hecht et
al. (2001). For the detection of the SERK1 transcript in the serk1-3 mutant and wild-type
background cDNA synthesis was performed using random hexamer and oligo(dT) primers
(Amersham Biosciences). PCR products were collected after 21, 23, 25 and 27 cycles for the
constitutively expressed cyclophilin gene, ROC5 and 28, 30, 32 34 cycles for the SERK1 gene.
The PCR reaction was performed using primer combinations ROC5-5/ROC5-3 to amplify
Roc5 and either V1/S2 or V2/S3 to amplify SERK1 (Hecht et al., 2001).
For the detection of the SERK1-YFP transcripts cDNA synthesis was performed
by using oligo(dT) primes and PCR amplification with primer combinations
V3/YFP_3cam
(5’-GAAGGTGGTCACGAGGGT-3’)
and
V3/KinR2
(5’AACGGCGTGCAAATTGTAAGTAGA-3’). PCR products were collected after 26, 28, 30
and 32 cycles. ATA7 transcripts were analyzed as described by Albrecht et al. (2005).
Hypocotyl and root-growth assays
Freshly harvested seeds were surface sterilized and placed on either ½ MS plates without
hormones or ½ MS plates containing different concentrations of brassinolide (BL) (Sigma) or
2µM brassinazole (Brz220, RIKEN, Japan). The plates were kept at 4oC for 2 days and then
placed at 22oC either in dark or grown under 16-h-light/8-h-dark photoperiods. The hypocotyl
length with and without brassinazole was measured after 5 days incubation in dark and the root
length with and without BRs was determined after 7 days growth in light. Every experiment
was performed in duplicate and repeated twice. The seedlings were photographed using a
digital camera and images processed with ImageJ software (Nikon, Japan). All data were
analyzed using Microsoft Excel software (Microsoft, USA).
Microscopy and histological analysis
For the anther structure study, inflorescences of the serk1-3 and serk1-3 serk2-2 mutants were
fixed in 5% w/v glutaraldehyde in 25mM sodium phosphate pH 7.4, dehydrated in ethanol
series to 95% v/v and embedded in Technovit 7100 (Hereaus Kulzer, Wehrheim, Germany)
according to the recommendations of the manufacturer. 7 µm sections were stained with
0.25% w/v of Toluidine Blue.
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Results
Isolation and characterization of the serk1-3 allele
We identified a third T-DNA tagged allele of the SERK1 gene, designated as serk1-3,
by screening the GABI Kölner Arabidopsis T-DNA (KAT) lines (Rosso et al., 2003). Sequence
analysis of the genomic DNA flanking the T-DNA insertion site revealed that the T-DNA
was inserted in exon 9, 2256 bp downstream of the translation start site of the SERK1 gene
(Figure 5.1A). This resulted in a truncated predicted protein containing the extracellular and
transmembrane domains and the first 47 amino acids of the kinase. To investigate whether
the serk1-3 allele is a null mutant we performed RT-PCR with RNA isolated from plants
homozygous for the T-DNA insertion and control wild-type. As indicated in Figure 5.1B,
using a primer combination that flanks the T-DNA did not result in product amplification for
the mutant material whereas using gene specific primers upstream of the T-DNA insertion
site showed product amplification comparable to the wild-type. As the largest part of the
kinase domain is missing, we conclude that the SERK1 truncated protein represents a lossof-function receptor. Plants containing the T-DNA insertion were examined for phenotypic
alterations. In comparison to wild-type Col-0 plants, the homozygous serk1-3 mutants are
light green, display smaller rosettes with small round leaves that are serrated at the base and
have shorter petioles (Figures 5.1C and 5.1D). At maturity, the inflorescence stem of the
homozygous serk1-3 mutant is approximately 50% of the wild-type length (Figure 5.1E). This
phenotype co-segregated with the T-DNA insertion. From the 74 analysed T2 plants, 17 were
sulfadiazin sensitive (SulS), corresponding to a Mendelian segregation of approximately 3:1.
Figure 5.1: Identification of the serk1-3 allele
(A) A schematic presentation of the T-DNA insertion in the exon 9 of the SERK1 gene. The position of the primers used
for RT-PCR analysis is indicated. LZ = leucine zipper, LRRs = leucine reach repeats, SPP = Pro-rich domain containing
the SPP motif, TM = transmembrane domain. (B) Semiquantitative RT-PCR analysis of the SERK1 expression levels
in homozygous serk1-3 and wild-type Col-0 plants. The constitutively expressed cyclophilin ROC5 gene (Chou and
Gasser, 1997) was used as control. “g” is the control for genomic contamination and is performed on non-reverse
transcribed total RNA. The number of cycles is indicated below each sample. (C) Phenotypic comparison between
a wild-type Col-0 plant and a homozygous serk1-3 mutant at a rosette stage. (D) Quantitative analysis of rosette
width, petioles length, leaf blade width and leaf blade length of serk1-3 and Col-0 wild-type plants presented in (C)
Error bars denote standard deviation. (E) Phenotypic comparison between a wild-type Col-0 plant and a homozygous
serk1-3 mutant at a mature stage. (F) [I and II] Comparison of the flower morphology between homozygous serk1-3
and a double serk1-3 serk2-2 mutant. serk1-3 flowers developed normally whereas the double serk1-3 serk2-2 mutant
flowers have shortened anther filaments. [III and IV] Anther development in the serk1-3 and double serk1-3serk2-2
mutants. Toluidine blue stained sections of one of the four lobes of an anther at stage 5 of development (Sanders et al.,
1999; Goldberg et al., 1993). serk1-3 anther has a wild-type morphology showing well organized four anther layers,
the epidermis, the endothecium, the middle layer, and the tapetum and the sporocytes developing in the middle of
the locule (III). serk1-3 serk2-2 double mutant anther shows an absence of the tapetal layer and an aberrant number
of microsporocytes. E = epidermis, En = endothecium, Ml = middle layer, Ms = microsporocytes, T = tapetal layer.
[V] Expression of the ATA7 gene, a tapetum specific marker, in the serk1-3 and serk1-3 serk2-2 mutants by semiquantitative RT-PCR.
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From the 57 SulR plants, 22 showed the phenotype and were homozygous for the T-DNA insertion in
the SERK1 gene resulting in a segregation mutant: heterozygous of 1:2 and indicating a single locus
insertion. The mutant was backcrossed to wild-type and the resulting F2 population was selected
on Sul and examined for segregation that was as expected, 3:1 (72 plant SulR:23 plants SulS).
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50 SulR plants were further genotyped by phenotype and PCR, resulting in 22 plants
homozygous for the T-DNA and showing the serk1-3 phenotype and 28 wild-type looking
and heterozygous plants, corresponding to a segregation of approximately 1:2. The presence
of a single T-DNA insertion in the serk1-3 mutant was confirmed by Southern blot analysis
using probes specific to the left and right brothers and the internal T-DNA (data not shown).
The pSERK1::SERK1::YFP construct (Albrecht et al., 2005) rescued the serk1-3 phenotype
(data not shown). Previous studies described two other knockout alleles of the SERK1 gene,
serk1-1 and serk1-2 (Albrecht et al., 2005; Colcombet et al., 2005). Although resulting in
non-functional kinases, those two mutant alleles did not show any morphological alterations
suggesting that the kinase-dead truncated SERK1-1 and SERK1-2 proteins still performed
some signalling activity. Indeed, combining either of those alleles with a serk2-2 null mutant
resulted in male sterile plants confirming that SERK1 functions together with SERK2 during
male gametophyte development. As reported for the serk1-1 and serk1-2 alleles, the serk1-3
mutant is fertile and does not shown any aberration during anther development (Figure 5.1F-I).
As expected, the serk1-3 serk2-2 double mutant (Figure 5.1F-II) displays defects identical to
the serk1-1 serk2-2 and serk1-2 serk2-2 double mutants (Albrecht et al., 2005; Colcombet et
al., 2005), including an increased number of microsporocytes, failure in tapetum specification
(Figure 5.1F-III and 5.1F-IV), no release of pollen from the anthers (data not shown), and lack
of expression of the tapetum-specific gene, ATA7 (Figure 5.1F-V). These results indicated that
serk1-3 uncovers defects identical to the previously described serk1-1 and serk1-2 alleles and
is a strong SERK1 mutant allele.

Synergistic interactions of SERK1, SERK3 and BRI1 in BR responses.
Biochemical studies have identified the brassinosteroid receptor BRI1 and its coreceptor SERK3/BAK1 as a part of the SERK1 receptor complex. In addition, BRI1 and
SERK1 interact directly as demonstrated by Fluorescence Lifetime Imaging Microscopy
(FLIM) (Karlova et al., 2006). Although serk1-1 and serk1-2 alleles did not show any
BR-related phenotypes, genetic analysis showed that the serk1-1 allele modifies the weak
bri1-119 mutation (Karlova et al., 2006). bri1-119 contains a missense mutation in the
island domain of BRI1 and exhibits a weaker phenotype than bri1 null alleles. bri1-119
plants in the En-2 ecotype have small and compact rosettes, grow with a reduced stature
and are semi-fertile (Noguchi et al., 1999; Friedrichsen et al., 2000). The bri1-119 serk13 double mutant had smaller rosettes than the bri1-119 and bri1-119 serk1-1 plants, had
curled leaves and developed with severely reduced stature (Figure 5.2). We conclude that
the serk1-3 allele enhances the weak bri1-119 phenotype more than the serk1-1 allele.
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Figure  5.2. The serk1-3 mutation enhances the weak bri1-119 mutation
(A) Phenotypic comparison of 3-week-old bri1-119 and double bri1-119 serk1-1, bri1-119serk1-3, bri1-119 serk2-2 and
bri1-119 serk3-1 mutants. (B) Phenotypic comparison of the same 6-week-old plants. (C and D) Quantitative analysis
of the rosette width and inflorescent length of the mutants shown in (A) and (B) respectively. Each measurement
represents an average of 20 plants. Error bars denote standard deviation.

We next sought to investigate if SERK1 and SERK3 act together to mediate BR signalling
by combining serk1-3 and serk3-1 mutant alleles. Two serk3 mutant alleles in the Col-0
background, serk3-1 (SALK_034523;Russinova et al., 2004) and serk3-2 (SALK_116202),
both with single T-DNA insertions, were identified. Because the two lines shared identical
morphological characteristics we only used serk3-1 for further analysis. serk3-1 is a null allele
based on RT-PCR analysis (data not shown). In contrast to the previously described semidwarfed bak1-1 and bak1-2 knockouts in the WS background (Li et al., 2002; Nam and Li,
2002), the serk3-1 knockout plants in the Col-0 ecotype have a wild-type morphology at rosette
stage (Figure 5.3A) and do not show dwarfism at maturity (data not shown). Interestingly,
when observed at a rosette stage, the double serk1-3 serk3-1 mutant displays a weak bri1like phenotype with small and round leaves and a compact rosette similar to that of bri1301 (Figure 5.3A). It was also previously reported that the WS bak1-1 and bak1-2 alleles
have shorter hypocotyls than the wild-type when grown in dark (Li et al., 2002; Nam and
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Li, 2002). We observed the same phenotype for the serk3-1 allele in Col-0 (χ2, p≤4.294e-11;
Figure 5.3B). When grown in the dark, serk1-3 seedlings display no de-etiolated phenotype
(data not shown) similar to what was previously reported for the bak1 and the weak bri1301 mutant alleles (Nam and Li, 2002). However, the dark-grown serk1-3 hypocotyls were
significantly shorter than those of the corresponding wild-type plants (χ2, p≤1.17127e-15).
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Figure 5.3: Phenotypic analyses of the serk1-3 serk3-1 double mutant

Figurecomparison
5.2
(A) Phenotypic
of homozygous serk1-3 and serk3-1 single mutants; double serk1-3 serk3-1 and weak
bri1-301 mutants; and a wild-type Col-0 plant at a rosette stage. (B) Quantitative analysis of the hypocotyl length
of serk1-1, serk1-3, serk2-2, serk3-1, double serk1-1 serk3-1, serk1-3 serk3-1, serk3-1 serk2-2, bri1-301 and Col0 wild type plants grown in dark for 5 days. Each measurement represents an average of hypocotyl lengths of 20
seedlings. Error bars denote standard deviation. (C) Quantitative analysis of the root length of serk1-1, serk1-3,
serk2-2, serk3-1, double serk1-1 serk3-1, serk1-3 serk3-1, serk3-1 serk2-2, bri1-301 and Col-0 wild type plants
grown in light for 7 days. The root growth is analysed as in (B). (D) Root growth measurements of seedlings
grown on media containing different BL concentrations. Each measurement is calculated as a percentage of the
root elongation of the controls grown on medium containing the same volume of 80% (v/v) ethanol used to dilute
brassinolide. (E) Comparison of the root morphology of serk1-3 serk3-1 double mutant when grown on different
concentrations of BL.
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As a reference we determined the hypocotyl length of the weak bri1 allele, bri1-301 (Nam
and Li, 2002) that showed a similar reduction in hypocotyl length as serk1-3 (Figure 5.3B).
The hypocotyls of the double serk1-3 serk3-1 mutant seedlings were significantly shorter
(approximately 50% and 40%) than the respective serk1-3 and serk3-1 mutants (Figure 5.3B).
When tested in parallel, the previously characterized serk1-1 and serk2-2 alleles showed
normal hypocotyl growth in dark. In contrast to serk2-2 allele, in double mutant combinations
the serk1-1 allele slightly modified the hypocotyl lengths of serk3-1 mutant (Figure 5.3B).
When grown in the light on medium without hormones, the serk1-3, serk1-1 and serk2-2
seedlings showed roots of similar length as the wild-type Col-0 plants. The serk3-1 and bri1301 alleles exhibit 68% and 82% the length of the wild-type roots respectively (Figure 5.3C).
The shorter root length of the bak1-1 and bri1-301 mutants was previously reported (Nam and
Li, 2002).The roots of the double serk1-1 serk3-1 and serk1-3 serk3-1 mutants were 70% and
50% of both the wild-type and the serk1-3 mutant roots and around 90% and 80% of the serk31 mutant roots respectively (Figure 5.3C). These observations suggest that serk1-3 is indeed a
stronger allele than serk1-1.
As serk1-3 is a semi-dwarf plant and modified the weak bri1-119 allele, we next
investigated if the serk1-3 knockout allele displays BR-related phenotypes as described for
bri1 and serk3/bak1 mutants (Clouse et al., 1996; Kauschmann et al., 1996; Li et al., 2002;
Nam and Li, 2002). We performed a root inhibition growth assay to test whether the serk1-3
mutant has a reduced BR sensitivity and whether this mutation affects the BR insensitivity
of the serk3-1 mutant. We determined the root length of seedlings grown in the presence of
different concentrations of brassinolide in the light and presented the data as a percentage of
the length of the mock-inoculated control seedlings (Figure 5.3D). In parallel the root length
of the bri1-301 and serk3-1 mutants was determined under the same conditions. The doseresponse curves are shown in Figure 5.3D. The curves for both the serk1-3 and the serk3-1
mutants are right-shifted when compared to the wild-type Col-0 seedlings, indicating a reduced
BR sensitivity at low (2.5 to 10 nM) concentrations of brassinolide (BL). The double mutant
combination serk1-3 serk3-1 showed a reduced BR sensitivity even at high BL concentrations
(100 nM), close to the BL response of the bri1 mutant bri1-301 (Figure 5.3D). The morphology
of the roots of the double serk1-3 serk3-1 mutant appeared to be unaffected by the presence of
100nM of BL (Figure 5.3E). The serk1-1 allele shows no increased BR insensitivity (data not
shown), but when combined with serk3-1 clearly enhances the BR insensitivity of the serk3-1
allele but only at BL concentrations below 10 nM (Figure 5.3D).
These data confirm our previous findings that SERK1 and SERK3 function together in BR
signalling (Karlova et al. 2006) and also suggest that serk1-3 is a more severe allele than the
previously described serk1-1 allele (Albrecht et al., 2005).
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SERK2, SERK4 and SERK5 are not synergistic with SERK3 in root BR responses.
Because SERK1 and SERK2 are redundant for the anther phenotype, we asked
whether the serk2-2 mutant also enhances the BL insensitivity of the serk3-1 mutant. Like
serk1-3, the serk2-2 mutation leads to a predicted protein lacking the complete kinase domain
(Albrecht et al., 2005). In contrast to the serk1-3 serk3-1 double mutant, no increased BR
insensitivity was observed in serk2-2 serk3-1 roots (see Figure 5.3D).
To determine whether the remaining two SERK members, SERK4 and SERK5, are acting in
synergy with SERK3 in BR responses we tested the BR sensitivity of the serk4-1 and serk5-1
alleles in a root growth inhibition assay. Single serk4 and serk5 mutants do not exhibit any
morphological phenotypes (data not shown) and they are sensitive to BR (data not shown). The
T-DNA insertion in the serk4-1 allele (SALK nr 057955) leads to a predicted truncated protein
missing the last 192 amino acids, coding for the end of the kinase domain and the C-terminal
tail. Although this mutation is comparable to that reported for the serk1-1 allele (Albrecht et
al., 2005), no increase in BR insensitivity was observed in the serk3-1 serk4-1 double mutant
(Figure 5.3D). The mutation of the serk5-1 allele (SALK nr 0647275) results in a predicted
truncated protein missing the last 250 amino acids, representing the entire kinase domain. As
observed for the serk2-1 and serk4-1 alleles, no increase in BR insensitivity could be detected
in the serk3-1 serk5-1 mutant combination (Figure 5.3D).
To summarize, these data suggest that from the 5 closely related SERK family members, only
SERK1 and SERK3 are participating in BR signalling.
Overexpression of SERK1 leads to BRI1/DWF4/BAK1 overexpression phenotypes in wild-type
plants and rescues a weak bri1 allele.
To further support the role of SERK1 in BR signalling we screened pSERK1::SERK1::
YFP plants for overexpression of SERK1. RT-PCR analysis using SERK1 specific primer and
one primer designed on the YFP sequence was carried out to identify lines with higher levels
of SERK1-YFP transgene. Several transgenic lines that showed elevated SERK1 transcripts
(Figure 5.4A) were identified. Careful examination of the T3 plants deriving from the transgenic
line with highest SERK1 expression level, line 20.2.1, revealed that they were phenotypically
similar to the transgenic plants overexpressing either DWF4, BRI1 or BAK1 genes (Choe et
al., 2001; Wang et al., 2001; Nam and Li, 2002), displaying narrower and longer leaves with
petioles longer than the wild-type plants (Figure 5.4B). It was previously shown that BRI1 and
BAK1 overexpression also led to an enhanced BR sensitivity as measured by the resistance to
brassinazole (Brz), a specific BR biosynthesis inhibitor (Wang et al., 2001). To test whether
SERK1 overexpression had a similar effect on BR sensitivity we germinated seeds from the
three transgenic lines that showed different levels of SERK1 overexpression, lines 26.2.3, 20.2.1
and 26.2.1 in the presence of 2μM Brz together with BRI1-GFP and wild-type (Figure 5.4C).
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Figure 5.4: SERK1 overexpression leads to a BRI1-overexpression phenotype and rescues the weak allele of
bri1.
Figure 5.3
(A) Semiquantitative RT-PCR analysis of the SERK1-YFP expression levels in different transgenic lines. The
constitutively expressed cyclophilin, ROC5, gene (Chou and Gasser, 1997) was used as control. “g” is the control for
genomic contamination and is performed on non-reverse transcribed total RNA. The number of cycles is indicated
below each sample. (B) Comparison between the Col-0 wild-type and the SERK1 overexpression line, 20.2.1. (C and
D) Overexpression of either SERK1 or BRI1 results in an increased resistance to BR inhibitor, brassinazole when
seedlings are grown in dark. Error bars denote standard deviation. (E) Overexpression of the SERK1 gene suppresses
the weak bri1-301 mutation. (F) Semiquantitative RT-PCR analysis of the SERK1-YFP expression levels in bri1-301
SERK1-YFP rescued line when compared with bri1-301 mutant. The constitutively expressed cyclophilin, ROC5,
gene (Chou and Gasser, 1997) was used as control. “g” is the control for genomic contamination and is performed on
non-reverse transcribed total RNA. The number of cycles is indicated below each sample.

As determined by the length of the hypocotyl of the seedlings grown in dark in the presence
of Brz (Figure 5.4D) the strongest SERK1 expressing line 20.2.1 showed highest resistance
to Brz. The BRI1 overexpression had stronger effect in terms of Brz resistance whereas the
SERK1 overexpression line displays an intermediate Brz resistance as measured by the reduced
inhibition of the hypocotyl growth in dark (Figure 5.4D). In addition, when crossed into the
bri1-301 allele, SERK1 overexpression restored the shape of the rosette leaves (Figure 5.4E).
The presence of higher SERK1 transcript levels in the rescued bri1-301 pSERK1::SERK1YFP line was confirmed by RT-PCR (Figure 5.4F).
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Discussion
We characterized a third T-DNA insertion knockout mutant of SERK1, serk1-3.
In contrast to the previously described serk1-1 and serk1-2 alleles (Albrecht et al., 2005;
Colcombet et al., 2005), the serk1-3 mutant showed several morphological alterations. serk13 plants were dwarfed with smaller compact rosettes, had light greener, smaller and serrated
leaves and showed a reduced apical dominance. The difference between the three SERK1
alleles can be explained in terms of protein structure. Whereas in serk1-1 and serk1-2 mutants
the SERK1 protein is lacking a small part of the kinase domain and the C-terminal tail, in
the serk1-3 allele most of the intracellular kinase domain of the receptor is absent. It was
previously shown that the serk1-1 allele encodes a non-functional kinase as the same deletion
prevents autophosphorylation of the protein in in vitro kinase assays (Albrecht et al., 2005).
However, serk1-1 and serk1-2 plants have a normal morphology suggesting that SERK1
might be redundant as in total 5 close SERK1 homologues were identified (Hecht et al., 2001).
Indeed, SERK1 was shown to be redundant with its closest homolog, SERK2, but only during
tapetal cell specification during male sporogenesis (Albrecht et al., 2005; Colcombet et al.,
2005; this work). Apparently, in the serk1-1 and serk1-2 alleles some signalling through the
truncated and kinase inactive SERK1 receptor is taking place, preventing the formation of
a phenotype as described here for serk1-3. A number of inactive kinases, so-called ‘dead’,
that carry a kinase domain but lack an enzymatic activity have been described in animals
(reviewed by Kroiher et al., 2001). Examples in plants include STRUBBELIG (SUB), an
LRR-RLK that carries a catalytically inactive kinase domain (Chevalier et al., 2005), and
ARABIDOPSIS CRINKLY 4 (ACR4) in which a structural kinase domain but not kinase
activity was required for complementation of the acr4 mutation (Gifford et al., 2005). The
atypical LRR-RLKs in Arabidopsis, CRR1 and CRR2 have a deletion of the activation loop
(Gifford et al., 2003). Although little is known about how such atypical kinases function,
interactions with other kinase-active receptors or intracellular kinases as shown in animals
might be necessary for signalling (Kroiher et al., 2001). Interestingly, ACR4 kinase was
capable of phosphorylating the kinase domain of CRR2 in vitro (Cao et al., 2005). Since recent
MALDI-TOF/MS analysis showed that SERK1 could operate in a heteromeric complex also
containing the BRI1, BAK1/SERK3 receptors (Karlova et al., 2006), one explanation for
the stronger phenotype of the serk1-3 allele could be that structural elements of the kinase
domain are missing. Another possibility is that serk1-3 is a dominant negative allele due to
the truncated SERK1 receptor. This is unlikely because the pSERK1::SERK1::YFP construct
complements the serk1-3 phenotype and the serk1-3 allele behaves as a recessive mutation in
all crosses performed. We therefore conclude that the serk1-3 allele is a stronger allele when
compared to the previously described ones (Albrecht et al., 2005; Colcombet et al., 2005). By
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using Fluorescent Lifetime Imaging Microscopy we previously showed that in living cells
SERK1 and BRI1 but not SERK3/BAK1 can form homodimers (Russinova et al., 2004). BRI1
homodimerization was also demonstrated biochemically in plants (Wang et al., 2005). SERK1,
BRI1 and SERK3/BAK1 were also able to form heterodimers with each other suggesting that
hetero oligomerization between those receptors is important for their function. The existence
of a heterotetrameric BR receptor complex similar to the structure of the TGFβ receptors was
proposed by Wang et al (2005) and this idea was further supported by the MALDI-TOF/MS
data of Karlova et al (2006).
The results obtained in this work suggest that of the Arabidopsis SERK family, only
SERK1 and SERK3 participate in BRI1-mediated BR signalling in Arabidopsis roots and
hypocotyls. Surprisingly, SERK2 appears not to be involved in BR signalling, notwithstanding
an expression pattern that is indistinguishable from SERK1 and the observation that both
receptors are fully exchangeable in tapetum specification (Albrecht et al., 2005; Colcombet
et al., 2005). The SERK3 gene is not involved in tapetum formation (Albrecht and de Vries,
unpublished observations), suggesting that different cellular responses can be transduced by
the SERK1 receptor. Whether this is achieved by combining with different main receptors
such as SERK2 and EXS/EMS1 in anthers as suggested by Albrecht et al (2005) and with
SERK3 and BRI1 in other parts of the plant (Karlova et al., 2006) remains to be determined.
In animal TGFβ signalling, relatively few members of each receptor family can
stimulate different cellular responses because the binding of different ligands causes heterooligomerization between different receptor combinations (Yarden and Sliwkowski, 2001;
Di Guglielmo et al., 2003; Gonzallez-Gaitan, 2003). Whether this also holds true for plant
receptors remains to be established. In general the number of plant LRR-RLKs appears to
exceed by far the number of signalling molecules so far identified and therefore the perception
systems would not have to depend on hetero-oligomerization as a means to enhance diversity.
Surprisingly, there is now increasing ample evidence that single receptors such as ERECTA
operate in widely different pathways that range from development to pathogenesis (Godiard et
al., 2003; Masle et al., 2005; Shpak et al., 2005). It is likely that such diverse functions of plant
receptors, including SERK1 can be achieved through establishment of different functional
hetero-oligomeric complexes.
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Chapter 6:
SERK1 and SERK3 have opposing roles in
vascular procambium maintenance in the
inflorescence stem.
Mark Kwaaitaal, Eugenia Russinova and Sacco de Vries

Abstract
The SERK1 LRR-receptor like kinase, originally isolated as a marker for the acquisition
of embryogenic competence, was recently shown to be involved in anther development and
brassinosteroid signalling. In both cases, SERK1 acts redundantly with close relatives (SERK2
and SERK3 (BAK1), respectively), and single serk1 mutants did not show phenotypes. Here
we describe a new allele, serk1-3, which interferes with vascular tissue development in the
inflorescence stem. A detailed cytological analysis revealed that the vascular defects in serk1-3
can be ascribed to altered procambium activity. In addition, serk1-3 mutant vasculature shows
defects related to those in mutants with reduced BR signalling, indicating that SERK1 acts at
the intersection of different signalling pathways in vascular development. Interestingly, the
serk3-1 mutation partially reverses the serk1-3 phenotype, suggesting that SERK1 and SERK3
have opposing roles in the procambium during vascular development.
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Introduction
The main cell types in the vascular tissue are phloem and xylem that transport
water and solutes. Both develop from the primary meristematic procambium tissue that is
established during embryogenesis. After embryogenesis, procambial initial cells are formed
from the root and shoot meristems and in turn give rise to the vascular tissue. Later in
development, a secondary meristematic tissue is formed, the cambium that initiates secondary
vascular thickening (Steeves and Sussex 1989; Mahonen et al., 2000). The Arabidopsis root
and hypocotyl show a diarch arrangement of xylem and phloem, with two phloem and two
protoxylem poles (Dolan et al., 1993). In the inflorescence stem, typically 5 to 8 vascular
bundles are organized in a radial pattern, separated by interfascicular fibers. Each vascular
bundle is arranged in a collateral pattern, with phloem on the outside and xylem on the inside
(Turner and Sieburth, 2002).
Significant progress has been made in the areas of hormone signalling and the
transcriptional control of vascular tissue development. The principal factor determining
vascular structure and continuity is auxin. Polar auxin transport (PAT) induces the formation
of procambial cells and exogenously applied auxin can replace the function of the apical
meristem in the induction of procambial cell formation (Sachs, 1981)(reviewed by (Aloni,
1987)). Polar auxin transport is facilitated by the family of PIN proteins (Galweiler et al.,
1998; Palme and Galweiler, 1999; Friml et al., 2002; Friml et al., 2002). The PIN1 auxin efflux
carrier localizes to cambial cells and the basal side of parenchymous xylem cells, consistent
with a role in apical-basal auxin transport (Galweiler et al., 1998). Recently, it has been shown
that the PIN proteins are sufficient to catalyze the export of auxin from plant, mammalian and
yeast cells (Petrasek et al., 2006). Analysis of the PAT deficient mutant pin1 and inhibition
of PAT showed that auxin transport promotes vascular continuity and limits vascular
differentiation (Galweiler et al., 1998; Mattsson et al., 1999). Cytokinin has an essential role
in the maintenance of the procambium. The WOL/CRE1/AtHK4 histidine receptor kinase
functions as a cytokinin receptor (Mahonen et al., 2000) and is part of the CRE1 family of
receptors, which all act as positive regulators of cytokinin signalling in an overlapping but
different fashion (Nishimura et al., 2004). CRE1 triple mutants and the wol mutant show a
reduction in the number of procambium strands in the embryo and the vascular system of
emerging roots is only composed of protoxylem (Mahonen et al., 2000). Induction of the
cytokinin depleting enzyme in roots, CYTOKININ OXIDASE 1, results in the same phenotype,
suggesting that indeed cytokinin maintains procambial cell identity and inhibits protoxylem
formation (Mahonen et al., 2006). The HD-ZIPIII family of transcription factors includes five
members: HB-8, HB-9/PHAVOLUTA, HB-14/PHABULOSA, HB-15 and IFL1/REV, which
are key transcriptional regulators of vascular tissue development (Talbert et al., 1995; Zhong
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and Ye, 1999; Baima et al., 2001; McConnell et al., 2001; Kim et al., 2005). HB-8 (Baima
et al., 1995) and HB-15 (Ohashi-Ito and Fukuda, 2003) are expressed in the procambium of
the inflorescence stem and have opposite roles in regulating xylem and interfascicular fiber
formation. The other members, Interfascicular Fiber Less 1/REVOLUTA (IFL1/REV) (Zhong
and Ye, 1999) and HB9 and HB14 respectively regulate interfascicular fiber formation (Zhong
and Ye, 1999) and ad- or ab-axial leaf fate and leaf vascular tissue development (McConnell
et al., 2001). Brassinosteroids (BRs) promote the differentiation of procambium cells towards
xylem and are essential for the final stage of tracheary element differentiation (Iwasaki and
Shibaoka, 1991; Yamamoto et al., 1997) Procambium cells in Zinnia tissue culture produce
and secrete BRs (Yamamoto et al., 2001). The secreted BRs bind to the extracellular domain
of three membrane localized LRR-receptor-like kinases (RLK’s), the ubiquitously expressed
BRASSINOSTEROID INSENSITIVE 1 (BRI1) RLK (Kinoshita et al., 2005) and the vascular
expressed BRI1 LIKE (BRL) 1 and BRI1 LIKE (BRL) 3 RLK’s (Caño-Delgado et al., 2004).
BRI1 , BRL1 and BRL3 function redundantly in vascular development. bri1 and brl1 mutants
show a reduction in xylem tissue and an increase in phloem tissue. The bri1 brl1 double and
bri1 brl1 brl3 triple mutants enhance the vascular defects of a weak bri1 allele (Caño-Delgado
et al., 2004). Inhibition of BR synthesis with brassinozole also results in reduced xylem
formation and an increase in phloem formation (Nagata et al., 2001). BRI1 interacts with the
ubiquitously expressed SOMATIC EMBRYOGENESIS RECEPTOR KINASE 3(SERK3)/
BRI1 ASSOCIATED KINASE 3 (BAK1) (Li et al., 2002; Nam and Li, 2002; Russinova et al.,
2004; Karlova et al., 2006) in a ligand dependent manner (Wang et al., 2005). In addition, BRI1
is present in a protein complex, which includes SOMATIC EMBRYOGENESIS RECEPTOR
KINASE1 (SERK1). Both SERK1 and SERK3 enhance a weak BRI1 mutant phenotype
(Karlova et al., 2006) and serk1 serk3 double mutants show a strongly reduced sensitivity
to BRs (Chapter 5). SERK1 and its closest homolog SERK2 redundantly regulate tapetum
formation in anther development. serk1 serk2 double mutants are male sterile and do not form
the tapetum layer in anthers (Albrecht et al., 2005; Colcombet et al., 2005).
Originally, SERK1 was isolated as a marker for single cells competent to initiate
somatic embryogenesis in carrot culture (Schmidt et al., 1997). Also in Arabidopsis (Hecht et
al., 2001) and several other plant species the acquisition of embryogenic competence coincides
with an increase in SERK1 expression (Somleva et al., 2003; Thomas et al., 2004; Hu et
al., 2005). Overexpression of SERK1 in Arabidopsis resulted in an increased embryogenic
competence (Hecht et al., 2001). Recently we showed that the serk1-3 T-DNA insertion
mutant, a strong allele lacking almost the complete kinase domain, has a severe reduction in
embryogenic competence (Chapter 7 of this thesis).
In Arabidopsis, SERK1 is expressed during ovule and anther development,
embryogenesis and later in vascular tissue development (Hecht et al., 2001; Kwaaitaal et
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al., 2005). In the vascular bundles of roots, hypocotyls and inflorescence stems, SERK1 is
expressed in the procambium and metaxylem (Chapter 4 of this thesis).
In this work it is shown that the serk1-3 allele leads to inflorescence stem vascular
defects resulting in less defined patterns of interfascicular fiber, xylem and phloem formation.
In particular the phloem poles became disjointed and spread into the interfascicular regions,
the vascular bundles are broadened, the phloem cap cells are enlarged and tracheary element
formation is disturbed. In addition, more vascular proliferation and differentiation was visible
at the base of the stem of mature plants. These defects point towards an altered (pro)cambium
activity. The serk1-3 vascular phenotype is partly reversed in a serk1-3 serk3-1 double mutant
background and the amounts of vascular tissue reduced compared to wild-type, indicating that
SERK1 and SERK3 together regulate vascular tissue development.
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Materials and Methods
Plant lines and growth conditions
Seeds were surface sterilized and transferred to half-strength MS medium pH 5.8
(Murashige and Skoog., 1962; Duchefa Biochemie, Haarlem, the Netherlands) agar plates
containing 1 % (w/v) sucrose pH 5.8. After two days at 4 0C, the plates were transferred to a
growth chamber under fluorescent light at 22 0C with a 16 hr light 8 hr dark cycle. After one
week, seedlings were transferred to soil and grown to maturity under the same conditions.
The SERK1 promoter – GUS line was previously described by Hecht et al (2001). The HB8
promoter – GUS line was previously described by Baima et al (1995). The serk1-3, serk1-3
serk2-2 and serk1-3 serk3-1 single and double mutants were previously described in Chapter
3 of this thesis. The serk1-1, serk2-2, serk1-1 serk2-2, serk1-2 serk2-2 single and double
mutants were previously described by Albrecht et al (2005) and the serk3-1 single mutant
by Russinova et al (2004). The serk1-3 serk2-2 serk3-1 triple mutant was genotyped by PCR
genotyping as described in Chapter 5 of this thesis. The bri1-301 allele was obtained form
J. Li (University of Michigan, Ann Arbor, USA) and genotyped by PCR amplification of a
product of 0.55kb using primers Bri1-301_F (CATCGAAATCTTGTGCCTC)/Bri1-301_R
(CCTTCATAAGCTCGGGGTC) followed by a restriction enzyme digest with MboI. The bri1301 mutant allele contained no restriction site whereas the BRI1 wild-type allele generated
two fragments of 0.16kb and 0.39kb respectively. The pSERK1::GUS line was crossed with
the serk1-3 mutant and the offspring was selected for kanamycin resistance (pSERK1::GUS
construct), for sulfadiazine resistance and for the serk1-3 mutant phenotype (serk1-3 mutant
allele). The pHB8::GUS (Baima et al., 1995) line was crossed with the serk1-3 mutant and
the offspring was selected for kanamycin resistance (HB8::GUS construct), for sulfadiazine
resistance and for the serk1-3 mutant phenotype (serk1-3 mutant allele).
Determination of shoot apical meristem size
Seeds were surface sterilized and transferred to sterile 190 ml pots (Greiner Bio-one,
Alphen aan de Rijn, NL) containing 20 ml half strength MS medium (Murashige and Skoog.,
1962; Duchefa Biochemie, Haarlem, the Netherlands) containing 1 % (w/v) sucrose and 0.1%
(w/v) agarose pH 5.8. After two days at 4 0C, the pots were transferred to a growth chamber
under fluorescent light at 22 0C with a 16 hr light 8 hr dark cycle and continuous shaking
(100 rpm). After six days, the seedlings were transferred to a drop of clearing solution (8:1:2
chloralhydrate-glycerol-water) on a microscope slide. The cotyledons and roots were removed;
the seedlings were covered with a cover slip and incubated overnight at room temperature. The
cleared seedlings were imaged with a Nikon Optiphot-2 microscope with Normarski optics
(Tokyo, Japan). Photographs were taken with a Nikon Coolpix 990 digital camera. The SAM
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area was measured using Image Pro Plus (Media Cybernetics, Inc., Silver Spring, USA) by
determining the amount of pixels in the area between de primordia flanking the SAM and
covering the dome of the SAM.
Aniline blue staining.
Portions of the stem just above the first cauline leaf, just above the second cauline
leaf, just above the third cauline leaf and about 1 cm from the base of the stem of 4-weekold plants were cut to a suitable size and embedded in 1.5 % (w/v) agarose in 50 mM Naphosphate buffer at pH 7.2. Two to three millimetre sections were cut manually with a razor
blade, transferred directly to 0.1% Aniline (Methyl) Blue (SIGMA) in 50 mM Na-phosphate
pH 7.2 and incubated for 2 minutes at room temperature. The sections were washed for 2
minutes in 50 mM Na-phosphate pH 7.2 and placed in a drop of 50 mM Na-phosphate pH 7.2
on a microscope slide. The sections were imaged using the Zeiss Axioplan 2 microscope (Jena,
Germany) using filterset 2 (488002-0000) with excitation at 365 nm, a beamsplitter at 396 nm
and a 420 nm long pass emission filter. Xylem and interfascicular fiber cells emit a bright blue
fluorescence when stained with aniline blue and viewed under UV light. Aniline blue bound to
callose deposited on the sieve plates of the phloem tissue emits a distinct yellow fluorescence
when viewed under UV light
Gus staining
Stem sections just above the first cauline leaf, below the second cauline leaf and from
the base of the stem of 4-week-old plants were cut to a suitable size before immersion. The
samples were immersed in 1mg/ml X-Gluc (5-bromo-4-chloro-3-indolyl-β-D-glucuronic acid;
Duchefa Biochemie, Haarlem, the Netherlands), 0.1 % (v/v) Triton X100, 10 mM EDTA, 0.5
mM potassium ferricyanide, 0.5 mM potassium ferrocyanide in 100 mM Na-phosphate pH
7.2 and placed for 30 minutes under vacuum and incubated at 37 0C for 2 days. The stems
fragments were embedded in plastic and sectioned.
Plastic embedding and sectioning
For root and hypocotyl sectioning, seedlings were first imbedded in 1% (w/v) agarose
in 100 mM Na-phosphate solution pH 7.2 and cut to the right size with a razor blade. Samples
were vacuum infiltrated for 15 minutes in 5% (w/v) glutaraldehyde in 100 mM phosphate pH
7.2 and were fixed overnight at 40C. The material was washed once with 100 mM phosphate
buffer pH 7.2 and twice with water for 15 minutes at room temperature. The samples were
dehydrated through an ethanol series of 10/30/50/70/96/100% (v/v). Next, the samples were
infiltrated with Technovit 7100 (Hereaus Kulzer, Wehrheim, Germany) in a series of 3:1,
1:1 and 1:3 ethanol: Technovit for 45 minutes each and finally in pure Technovit at room
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temperature. The samples were positioned in a mould for plastic embedding. The Technovit
solutions were prepared and the plastic polymerization was done according to manufacturer’s
protocol. With a microtome (Biocut, Reickert and Jung, Leica, Rijswijk, the Netherlands) 7
μm sections were cut and dried on slides. Sections were stained with 0.05 % (w/v) Ruthenium
Red (FLUKA) in water for 10 minutes or with 0.1% (w/v) Toluidine Blue (MERCK) for 1
minute, dried again and imaged using a Zeiss Axioplan 2 microscope (Zeiss, Jena, Germany).
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Results
SERK1 controls vascular tissue organization.
The serk1-3 mutant plants have a reduced stature with multiple inflorescence stems
that are about half the length of wild-type stems, indicative of a disturbed apical dominance.
To help clarify the observed phenotypes serk1-3 shoot apical meristem and root, hypocotyl
and inflorescence stem vascular morphology were compared with wild-type. Figures 6.1A and
6.1B show representative Nomarski images of the apical region of a 6-day-old wild-type (A)
and serk1-3 (B) seedling. The amount of pixels of the marked areas were determined and gave
an average size of 28419 ± 12824 pixels for wild-type and 25851 ± 6440 pixels for serk1-3.
Apparently, there is no significant difference between the shoot apical meristem size of serk13 mutant and wild-type seedlings. No differences were observed between wild-type (Figure
6.1C) and serk1-3 mutant hypocotyl sections (Figure 6.1D) or wild-type (Figure 6.1E) and
serk1-3 mutant (Figure 6.1F) root sections. These results suggest that the observed reduced
stature of the adult plants was not yet apparent at seedling stage. To compare the various
developmental stages of the inflorescence stem, hand-cut sections were made at several
positions of the stems of 4-week-old plants. Position 1 was located just above the first cauline
leaf, position 2 above the second cauline leaf, position 3 above the third cauline leaf and
position 4 about 1 cm from the base of the inflorescence stem. Figure 6.2A shows aniline blue
stained hand-cut section at the base of the inflorescence stem of a 4-week-old wild-type plant.
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Figure 6.1: The serk1-3 mutant has a wild-type SAM size
and a normal hypocotyl and root vascular morphology.
(A) and (B) Apical region of 6-day-old Col-O (A) and serk13 mutant (B) seedling; measured SAM region is marked with
dashed line. (C) and (D) Sections through hypocotyl of Col-O
(C) and serk1-3 mutant (D). Arrowheads mark phloem. (E) and
(F) Sections through Col-O (E) and serk1-3 (F) mutant roots.
Arrowhead marks phloem and arrows mark protoxylem.
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The vascular tissue in Arabidopsis inflorescence stems is organized in a radial pattern, where
vascular bundles (vb) are interspaced by interfascicular parenchyma (if). Normally, between 5
and 8 vascular bundles are present. The metaxylem (mx), oriented towards the centre, and the
phloem (ph) at the outside of the vascular bundle, are formed from the meristematic procambium
cells separating these two tissues (Turner and Sieburth, 2002). Figure 6.2B shows a detail of
one of the wildtype vascular bundles stained with aniline blue. The yellow fluorescence of the
aniline blue marking the phloem (ph) was clustered in a crescent region. The mature xylem
elements are recognizable by the bright blue fluorescence. Figure 6.2C shows comparable
section at the base of the inflorescence stem of a 4-week-old serk1-3 mutant plant. In serk1-3,
the phloem tissue marked by the yellow fluorescence was not present in a defined area, but
appeared to be scattered ((ph) and arrows in Figure 6.2D). The vascular bundles appeared to
be enlarged at the expense of the interfascicular fiber region until an almost continuous region
of xylem and phloem was formed. Figure 6.2D shows a higher magnification of a serk13 vascular bundle. The separated small clusters of phloem sieve elements (ph, red arrows)
and the enlargement of the vascular bundles are clearly visible. Figure 6.2E shows a section
through the base of a plastic embedded 4-week-old wild-type plant. The radial pattern of
vascular bundles (vb) interspaced by interfascicular fibers (if) and the collateral arrangement
of phloem on the outside and xylem on the inside of the vascular bundle are clearly visible in
Figure 6.2F. The arrowhead marks the phloem or bundle cap. The phloem cap is the outermost
portion of the vascular bundle and is composed of sclerenchyma fiber cells and provides
protection to the phloem tissue and support for the plant. The procambium (pc) is present
as several layers of flattened cells between the xylem and phloem tissues. The metaxylem
(mx) flanks the procambium, and the protoxylem (px) is oriented towards the inside. Figure
6.2G shows a section at position 4 of the inflorescence stem of a 4-week-old serk1-3 mutant
plant. Interfascicular fibers and vascular bundles can still be distinguished. As observed in
the aniline blue stained sections, the vascular bundles appear expanded at the expense of the
interfascicular region, where several layers containing more and smaller interfascicular cells
are seen. Figure 6.2H shows a detail of a vascular bundle. At first sight, no phloem tissue
appears to be present and its place is taken by enlarged phloem/bundle cap cells (arrowhead).
A closer look at the sections revealed that small clusters of phloem cells (ph) were scattered
throughout the vascular bundle and outside the interfascicular fibers similar to what is more
clearly seen in the aniline blue stained section in Figure 6.2D. The putative procambium cells
(pc) seem enlarged and the metaxylem cells (arrow, mx) are smaller then in wild-type.
We next investigated sections from position 1 of the inflorescence stem, to determine
where the first discrepancies between serk1-3 and wild-type stems could be detected. Also at
this level in the inflorescence stems, the serk1-3 mutant (Figure 6.2J) vascular bundles (vb)
were expanded compared to wild-type (Figure 6.1I) at the expense of interfascicular fiber
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Figure 6.2: Inflorescence stem vascular defects in the serk1-3 mutant background
(A) and (B) aniline stained sections at position 4 of the inflorescence stem of a 4-week-old Col-0 plant. Yellow
fluorescence = callose in phloem sieve elements. Blue fluorescence = mature xylem. (A) full view of stem. (B) detail
of 1 vascular bundle. (C) and (D)Figure
sections6.2
from serk1-3 mutant line. (C) full view of stem. (D) detail of 1 vascular
bundle. (E) and (F) 7 μm sections of plastic embedded stem at position 4 of a 4-week-old Col-0 plant. (E) full view
of stem (F) detail of 1 vascular bundle. (G) and (H) 7 μm sections of plastic embedded stem at position 4 of a 4week-old serk1-3 mutant plant. (G) full view of stem (H) detail of 1 vascular bundle. Arrowhead in (F) and (H) marks
phloem cap cells. (I) and (J) 7 μm sections of plastic embedded inflorescence stems at position 1 of respectively a
4-week-old wild-type (I) and the serk1-3 mutant (J) plant. (K) and (L) aniline stained section at position 1 of the
inflorescence stem of respectively a 4-week-old Col-0 plant (K) and a serk1-3 mutant plant (L). (M) and (N). 7 μm
sections at position 4 of plastic embedded inflorescence stem of 6-week-old Col-0 plant. (M) full view (N) detail of
one vascular bundle. Red arrow indicates cambium cells. Arrowhead indicates tracheary element. (O) and (P) as for
(M) and (N) but for serk1-3 mutant. Red arrow indicates cambium cells. Arrowhead indicates metaxylem without
tracheary elements If = interfascicular region, vb = vascular bundle, imx = immature metaxylem, mx = metaxylem, pc
= procambium, phc = phloem cap and ph = phloem. Scale bar = 50 μm

region. Figure 6.2K shows a wt aniline blue stained section at position 1 and Figure 6.2L a
serk1-3 section at the same level. Similar to what was observed in the lower regions of the
inflorescence stem, clusters of yellow fluorescence marking the phloem sieve elements were
scattered in an arch at the outside of the vascular bundle. Figure 6.2M shows a section at
position 4 of a wild-type 6-week-old inflorescence stem. At this time secondary thickening of
the vascular tissue is initiated. A detail of one vascular bundle is shown in Figure 6.2N. Layers
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of procambium (pc) tissue separate the metaxylem (mx) and phloem (ph). The red arrow
marks the onset of secondary vascular thickening with the formation of cambium cells on the
outside of the interfascicular fibers. Extensive secondary vascular development is visible in
the interfascicular fiber region position 4 of the inflorescence stem of the serk1-3 (Figure 6.2O
and Figure 6.2P for detail). More interfascicular fibers were found to be present in the serk1-3
mutant background. The enlarged phloem/bundle cap (phc) cells are marked. Scattered phloem
clusters were visible. No large tracheary elements (te) could be distinguished in the serk1-3
mutant vascular bundles (compare red arrowhead in Figure 6.2N with red arrowhead in Figure
6.2P.) and instead only xylem parenchyma cells were seen. The flattened cells marked with the
red arrow are most likely cambium cells.
To summarize, in the serk1-3 mutant the ordered patterning of vascular bundles is
disturbed, as a nearly continuous ring of both phloem and xylem tissue around the whole stem
is formed. The increase in the vascular tissue appears to replace the area normally occupied by
the interfascicular cells. Thus, the interfascicular region in serk1-3 mutants is not completely
lost but significantly reduced. In the serk1-3 mutant there is clear evidence of secondary
differentiation of vascular tissue, visible as brightly stained yellow phloem cells in between,
and unconnected to, the vascular bundles, which exhibit a more normal pattern of development.
To a high extent this is due to the expansion of the established vascular bundle. However, an
initiation of additional differentiation in the interfascicular region immediately adjacent to the
pre-existing vascular bundle also takes place. Since the serk1-3 mutant shows enlarged cells at
the position of the procambium the defects may be caused by aberrant procambium activity.
Activity of the SERK1 and HB8 promoter in the serk1-3 mutant background
To investigate if the enlarged cells in the position of the procambium still had
procambium identity the serk1-3 mutant line was crossed with plants containing the SERK1
promoter – GUS construct (Hecht et al., 2001) or as procambium marker the HB8 promoter
– GUS construct (Baima et al., 1995). Inflorescence stems of wild-type and serk1-3 mutant
plants containing each of the constructs were stained for GUS activity and compared. Figure
6.3A shows a section of a wild-type plant containing the SERK1 promoter GUS construct
that is expressed in the immature metaxylem at position 1 in the inflorescence stem and
procambium (arrowhead). At position 4 of the inflorescence stem SERK1 transcription
appeared to be specific for the procambium (Figure 6.3B, arrowhead). In the serk1-3 mutant
background at position 1 SERK1 transcription was not restricted to the immature metaxylem
and procambium, but had spread into the interfascicular region and throughout the complete
vascular pole (Figure 6.3C). In serk1-3 stems, GUS staining also seemed higher in single
enlarged cells in the interfascicular region (arrowhead in Figure 6.3C). At position 4 of the
serk1-3 inflorescence stems SERK1 transcription was seen in cell clusters in between the
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phloem and xylem (pointing hand in Figure 6.3D), maturing xylem cells (short arrow in Fig
3D) and occasionally flattened cells outside the interfascicular fibers (arrowhead in Figure
6.3D). To confirm that the SERK1 expressing cells in serk1-3 indeed had procambium or
immature metaxylem identity plants expressing the HB8 promoter GUS (Baima et al., 1995)
construct were used. Figure 6.3E shows a GUS stained section of the HB8 promoter GUS
marker line at position 1 in a wild-type inflorescence stem, showing expression in immature
metaxylem, procambium (arrow) and single phloem cap cells (arrowhead). At the base of
the inflorescence stem HB8 was transcribed in the protoxylem (arrowhead in Figure 6.3F)
and procambium (arrow in Figure 6.3F). In the serk1-3 mutant, HB8 was transcribed in the
same region as in the wild-type stem at position 1 (Figure 6.3G). GUS staining was found in
cells at the inside of the phloem tissue (arrowhead) at the same location as in the wild-type
(arrow). In contrast to what was observed for pSERK1::GUS expression, no GUS staining was
observed in the interfascicular region. Figure 6.3H shows a GUS stained section at position
4 of the inflorescence stem of the serk1-3 mutant line containing the HB8 promoter – GUS
construct. GUS staining was found in the region between the phloem (ph) and metaxylem (mx)
and in the protoxylem (px). The serk1-3 vascular bundles are widened at the expense of the
interfascicular region. HB8 expression now follows the widening of the vascular bundles and
in contrast to wild-type GUS staining appears present in the interfascicular region flanking
the vascular bundles, where it was not present in the wild-type background. The expression
of HB8 in cells at the position of the procambium in the serk1-3 mutant background indicated
that these cells still had procambium, immature metaxylem or protoxylem identity.
To summarize, at position 1 the loss of SERK1 mediated signalling apparently
results in an increased lateral spreading of cells that retain the genetic program of which
SERK1 expression is part. However, these cells apparently no longer have procambium fate,
because no HB8 expression was found. At position 4 in the inflorescence stem, loss of SERK1
mediated signalling results in increased procambium activity leading to increased vascular
tissue formation. We therefore conclude that the wild-type activity of SERK1 in vascular
development indeed resides in the procambium, where it has a role in maintaining the balance
between procambium activity and vascular differentiation.
SERK1 and 3 function together in inflorescence stem vascular tissue development.
To investigate whether the closely related SERK2 and SERK3/BAK1 genes were also
involved in vascular development in inflorescence stems, several double mutant combinations
were analyzed. The serk1-1, serk1-2 and serk2-2 single mutants do not have any obvious
morphological phenotypes, while the serk1-1 serk2-2 and serk1-2 serk2-2 double mutants are
male sterile due to the absence of the tapetum layer (Albrecht et al., 2005). The vascular
tissue in the inflorescence stem of serk1-1 single and serk1-1 serk2-2 double mutants does
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Figure 6.3: Transcription of SERK1 and the procambium marker HB8 in inflorescence stem sections of wildtype and serk1-3 mutant plants.
The images show 7 μm sectionsFigure
through 6.3
GUS and ruthenium red stained inflorescence stems of 4-week-old plants.
(A) and (B) SERK1 promoter GUS line (A) at position 1. Arrowhead marks procambium and immature metaxylem
with GUS staining. And (B) at position 4. Arrowhead marks single cells with GUS staining in the procambium.
(C) and (D) as (A) and (B) but SERK1 promoter GUS construct is present in serk1-3 mutant background. (C) at
position 1 in the inflorescence stem. Arrowhead marks single cell in interfascicular region with GUS staining.
(D) at position 4 of the inflorescence stem. Arrowhead marks GUS stained cambium like cells. Hand-shaped
arrow marks GUS stained immature metaxylem cell. Small arrow marks GUS stained “procambium” cells. (E)
and (F) procambium marker HB8 promoter GUS line (E) at position 1. Arrowhead marks single phloem cap cell
with GUS staining. Arrow marks procambium and immature metaxylem with GUS staining (F) at position 4.
Arrowhead marks GUS stained protoxylem. Arrow marks GUS stained procambium. (G) and (H) as for (E) and
(F), but the HB8 promoter GUS construct is present in serk1-3 mutant background. (G) at position 1. Arrow marks
immature metaxylem/procambium with GUS staining. (H) at position 4 Arrowhead marks protoxylem with GUS
staining. Arrow marks procambium with GUS staining. If = interfascicular region, imx = immature metaxylem,
mx = metaxylem, px = protoxylem, pc = procambium, phc = phloem cap and ph = phloem. Scale bar = 50 μm
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not show any difference when compared to wild-type plants (data not shown). serk1-3 serk22 double mutants were male sterile due to the absence of a tapetum layer (Chapter 5 of this
thesis) and had a stature that was indistinguishable from the serk1-3 single mutants (data not
shown). Figure 6.4A shows an overview and Figure 6.4B an enlargement of vascular bundles
at the base of a serk1-3 serk2-2 double mutant inflorescence stem of a 4-week-old plant. The
phenotype was identical to that of the serk1-3 single mutant including extension of the vascular
bundles into the interfascicular regions and enlarged phloem cap cells (phc), suggesting that
SERK1 and SERK2 are not redundant in vascular development in inflorescence stems. In
contrast to the bak1/serk3 mutants in a WS background (Li et al., 2002; Nam and Li, 2002),
which have a smaller stature, the serk3-1 mutant plants in a Col-0 background have a wildtype stature, but still show a reduced sensitivity to BRs (Chapter 5 of this thesis). Sections at
position 4 of the inflorescence stem showed that the serk3-1 mutant has a wild-type appearance
(Figure 6.4C and a detail of one vascular bundle in 6.4D). Figure 6.4E shows a section through
the base of a serk1-3 serk3-1 double mutant plant and Figures 6.4F to 6.4H show details of
vascular bundles of this double mutant. In contrast to the serk1-3 single mutant, in serk1-3
serk3-1 the phloem is concentrated as in wild-type in a crescent shape outside the vascular
pole (arrowhead in Figures 4F to H). Moreover, the number of interfascicular fiber cells (if)
was similar to that in wild-type plants, but these cells were still disorganized. The differences
between vascular bundles of different plants and individual vascular bundles were quite large.
The amount of phloem tissue varied per vascular bundle, but was reduced compared to wildtype (Compare Figures 6.4F, G and H, arrowheads). Occasionally, enlarged phloem cap cells
were observed similar to the serk1-3 single mutant, (Figure 6.4H, phc). Also the morphology
of the metaxylem (mx) showed more variation between vascular poles and individual plants.
Often rows of small cells with secondary cell wall thickening were visible, possibly xylem
parenchyma or the onset of secondary vascular thickening. Sometimes no tracheary elements
were present (red arrow in Figures 6.4F and G). These results suggest that in the serk1-3
serk3-1 mutant background a partial reversal of the serk1-3 vascular phenotype occurred.
Subsequently we investigated whether a possible effect of the SERK2 mutation could be
uncovered in the presence of the mutated SERK1 and SERK3 alleles. Figures 6.4I and 6.4J
show sections at position 2 of the inflorescence stem of serk1-3 serk2-2 serk3-1 triple mutants.
Like in wild-type plants, the phloem (arrowhead) tissue is concentrated outside the vascular
bundle. However, the phloem tissue was not clearly reduced in the triple mutant background
when compared to wild-type. Several layers of small cells with secondary cell wall thickening
were present between the phloem and xylem, possibly reflecting uncontrolled development of
parenchymous tissue or the onset of secondary vascular thickening in the vascular bundles. No
enlarged phloem cap cells were observed in this triple mutant background. Figure 6.4K and 4L
show sections at position 4 of the inflorescence stem of the serk1-3 serk2-2 serk3-1 triple mutants.
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Figure 6.4: Inflorescence
stem vascular defects of serk1, 2 and 3 and bri1 single, double and triple mutants.
Figure 6.4
The images show toluidine stained 7 μm sections of plastic embedded inflorescence stems at position 4, unless noted
otherwise. (A) and (B) serk1-3 serk2-2 double mutant (A) full view of stem (B) detail of vascular bundle. (C) and
(D) serk3-1 mutant plant (C) full view and (D) detail of (C). (E) to (H) serk1-3 serk3-1 double mutant plants. (E)
full view and (F) to (H) details of various serk1-3 serk3-1 vascular bundles. Arrowhead marks phloem. (I) and (J)
serk1-3 serk2-2 serk3-1 triple mutant plant at position 2. (I) full view and (J) detail of (I). (K) and (L) serk1-3 serk2-2
serk3-1 triple mutant plant at position 4 (K) full view and (L) detail of (K). (M) total area of inflorescence stems of the
mutants in sections at position 4 in μm2. (N) and (O) bri1-301 mutant (N) full view and (O) detail of (N). (P) and (Q)
bri1-301 serk1-3 double mutant (P) full view and (Q) detail of (P). (R) and (S) 6-week-old bri1-116 mutant plant. (R)
full view and (S) a detail of (R). Arrowhead marks phloem. If = interfascicular region, vb = vascular bundle, imx =
immature metaxylem, mx = metaxylem, pc = procambium, phc = phloem cap and ph = phloem, te = tracheary element.
sx =secondary vascular growth xp = xylem parenchyma. Scale bar = 50 μm
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Multiple layers of small cells with secondary cell wall thickening were present in the vascular
bundle (sx =secondary xylem or xp = xylem parenchyma), which could be due to the onset of
secondary growth of the vascular bundle after formation of the cambium cells. The amount
of interfascicular fibers was reduced in the triple mutant background compared to the serk13 single mutant. No secondary vascular thickening was observed in the interfascicular fiber
region. This increased secondary growth or uncontrolled proliferation of parenchymous xylem
cells was not observed in wildtype, serk1-3 single or serk1-3 serk3-1 double mutant plants
at this stage in development. Both the serk1-3 serk3-1 double and serk1-3 serk2-2 serk3-1
triple mutants showed a similar reduction of about 35 % in inflorescence stem area (Figure
6.4M) when compared to wild-type, serk1-3 single or serk1-3 serk2-2 double mutants. The
reduced area seems to be due to a reduction in cell expansion in the entire cross section of
the inflorescence stem, when compared to wild-type. We conclude that the noted redundancy
between SERK1 and SERK2 in anther development was not obvious in vascular development
in inflorescence stems.
Next, the inflorescence stem vascular tissue of the weak bri1-301 mutant was
compared to that of the bri1-301serk1-3 double mutant. Although a reduction in xylem, an
increase in phloem tissue was reported for the stronger bri1-5 mutant (Caño-Delgado et al.,
2004); these effects were not observed in sections at the base of the inflorescence stem of the
bri1-301 mutant (Figure 6.4N and detail of vascular bundle in Figure 6.4O.) The amount of
procambium cell layers (pc) is slightly increased compared to wild-type plants (Figure 6.2B).
In the bri1-301 serk1-3 double mutant background, the characteristics of the serk1-3 mutant
phenotype are still obvious (Figure 6.4P and detail of vascular bundle in Figure 6.4Q). The
phloem cap cells (phc) are enlarged, the phloem (arrowhead) is not present in a crescent shape
but is scattered at the outside of the vascular pole, the metaxylem (mx) interfascicular fibers
(if) and procambium (pc) are disorganized and no tracheary elements appear present within
the metaxylem. The amount of interfascicular fiber cells (if) is reduced and the expansion of
the phloem (ph) towards the outside of the interfascicular fiber region is less pronounced in
the bri1-301 serk1-3 double mutant background when compared to the serk1-3 single mutant
background. For comparison, we included inflorescence stem sections of the strong bri1-116
allele (Figure 6.4R and detail in 4S). The diameter of bri1-116 stems is much smaller than
wild-type and any of the single, double or triple mutants described. All tissues appear present;
however they were much reduced and especially the xylem (px and mx) was disorganized. Like
reported by Caño-Delgado et al (2004) for bri1, bri1 brl1 or det2 mutants and like observed
in the serk1-3 mutant, the phloem cap cells (arrowhead) are enlarged. Other than the phloem
cap enlargement, there are no obvious similarities between the serk1-3 and the strong bri1-116
mutant vascular phenotypes.
To summarize, in the serk1-3 serk3-1 double mutant background, the vascular
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alterations in the serk1-3 mutant background are partially reversed. The reduction in xylem
and phloem tissues in the serk1-3 serk3-1 double mutant compared to wild-type and serk1-3
suggests that even less proliferation occurs compared to wild-type. This would indicate that
SERK1 and SERK3 collectively control vascular bundle organization, perhaps by regulating
the equilibrium between differentiation and proliferation of various vascular cell types. The
serk1-3 phenotype was modified only marginally by bri1-301 and only had the enlarged phloem
cap phenotype in common with the strong bri1-116 allele, suggesting that the serk1-3 vascular
phenotype can only in part be the result of a disturbed interaction with the BRI1 receptor.
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Discussion
SERK1 limits vascular differentiation and proliferation.
Here we report a cytological analysis of vascular tissue development in the
serk1-3 mutant that exhibits alterations in plant stature, leaf morphology and sensitivity
to brassinosteroids (Chapter 5 of this thesis). We focused on the defects in vascular tissue
development. In mature parts of the serk1-3 inflorescence stems the metaxylem and procambium
were disorganized, the formation of tracheary elements appears disturbed, the phloem cap
cells are enlarged, the phloem is scattered and spread into the interfascicular fiber region, the
vascular bundles are broadened at the expense of the interfascicular region and in the lower
part of the stem in mature plants an increased vascular proliferation and differentiation was
visible. Already close to the inflorescence apical meristem, several of the observed differences
between wild-type and the serk1-3 vasculature could be observed. No alterations in SAM size
were observed, so the vascular defects observed may also affect inflorescence stem length,
as the serk1-3 mutant plants are about 50 % the height of wild-type plants (Chapter 5 of this
thesis). The serk1-3 hypocotyl and root vascular tissue have a wild-type appearance, which
suggests that the serk1-3 mutant is disturbed only later in plant development. The serk1-3
mutant, containing the SERK1 promoter - GUS and HB8 promoter - GUS constructs, still
showed GUS staining at the position of the procambium and the immature metaxylem and in
addition in the protoxylem in the case of the HB8 promoter – GUS marker. GUS expression
of both markers follows the lateral expansion of the vascular bundles. Several aspects of the
inflorescence stem vascular defects have been reported in other mutants. The enlargement
of phloem cap cells is clearly in line with what is seen in bri1 and in bri1 brl1 and det2
mutants (Caño-Delgado et al., 2004). However the increase in phloem at the expense of
xylem in the vasculature of bri1, brl1 and brl3 double and triple mutant combinations is not
clearly seen in serk1-3. In Zinnia cultures, BRs were found essential for the final stage of
treachery element differentiation (Yamamoto et al., 1997) and BR levels drastically increase in
procambium like cells before morphogenesis of tracheary elements (Yamamoto et al., 2001).
The disturbed xylem formation and the occasional absence of tracheary elements could point
towards a disturbance in BR signalling in the serk1-3 mutant vascular bundles. However, this
disturbance in tracheary element formation was not reported for the bri1, brl1 and bril3 single
and double and triple mutants (Caño-Delgado et al., 2004), indicating that BRI1, BRL1 and
BRL3 function redundantly and SERK1 is essential for normal tracheary element formation.
The overproliferation and expansion of vascular tissues and increased vascular differentiation
is a phenomenon that is in part observed in other mutants: The continuous vascular ring
1(cov1) mutant shows a dramatic increase in vascular tissue development in the position of
the interfascicular region. An almost continuous ring of xylem and phloem is formed. The
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COV1 allele encodes for an integral membrane protein of unknown function that negatively
regulates vascular differentiation (Parker et al., 2003). The high cambial activity (hca) mutant
shows, next to other pleiotropic defects a continuous vascular ring of phloem and xylem which
was due to premature and numerous cambial divisions (Pineau et al., 2005). In contrast to
cov1 (Parker et al., 2003), hca shows an altered auxin response. In addition, the hca mutant
showed an increased sensitivity to cytokinin. HCA possibly regulates vascular cambium
sensitivity to auxin and cytokinin. Even though the vascular phenotypes of cov1 and hca are
similar, there were no indications that cov1 and hca are acting in the same pathway (Pineau
et al., 2005). Both HB-8 (Baima et al., 1995) and HB-15 (Ohashi-Ito and Fukuda, 2003) are
expressed in the procambium of the inflorescence stem. HB8 promotes the differentiation of
procambium and interfascicular cells towards respectively xylem and interfascicular fibers and
is induced by auxin (Baima et al., 2001), while HB15 negatively regulates xylem formation
(Kim et al., 2005). The hca mutant shows an upregulation of HB8 expression, indicative of
increased cambium activity. The serk1-3 phenotype we have described here clearly combines
the vascular bundle overproliferation seen in the cov1 and hca mutants with certain alterations
seen in the bri1, brl1 and brl3 single, double and triple mutants. hca (Pineau et al., 2005),
cov1 (Parker et al., 2003) and bri1 mutants (Li and Chory, 1997) , and HB8 overexpressing
plants (Baima et al., 2001) have a reduced stature indicating that the vascular phenotypes as
observed in the serk1-3 mutants reduce inflorescence stem length. Together these observations
may hint at a dual function of the SERK1 receptor as a negative regulator of procambium
proliferation as well as a regulator of differentiation of xylem and phloem. SERK1 might act at
the intersection of multiple pathways in vascular tissue development, including BR signalling
and procambium maintenance.
SERK1 functions in vascular tissue development together with SERK3
Previously we have observed that the serk3-1 mutation combined with serk1-3 results
in fully BR insensitive roots in the double mutant, suggesting that SERK1 and SERK3 act
redundantly in BR signalling (Chapter 5 of this thesis). The observed vasculature defects in
the double mutant only partially reflect this redundancy. In the serk1-3 serk3-1 double mutant,
the global organization of the inflorescence vasculature appears to revert back to wild-type
arrangement, suggesting an antagonistic activity between both receptors. The phloem is present
in a crescent shape at its normal position again and the enlargement of the vascular bundles is
reverted. The secondary vascular growth or the increase in xylem parenchyma, visible in the
serk1-3 serk3-1 double mutants and the occasional absence of tracheary elements, still point
towards a disturbed regulation of xylem development in the vascular bundles and interfascicular
fibers. Surprisingly, the observation that less xylem, phloem cells and interfascicular fibers
than even the wild-type stems are present, suggest a redundant function in (pro)cambium
113

Chapter 6
proliferation and differentiation of SERK1 and SERK3. In contrast to the serk1-3serk2-2 double
mutant combination, in the serk1-3 serk2-2 serk3-1 triple mutant background the serk2-2 allele
does modify the double mutant phenotype slightly. Next to the alterations visible in the serk1-3
serk3-1 double mutant, in the triple mutant increased secondary vascular growth or increased
formation of xylem parenchyma was observed in the vascular bundles. Because the serk2-2
allele only modifies the serk1-3 serk3-1 double mutant, SERK2 possibly acts downstream
of SERK1 and SERK3. Both SERK1 and SERK3 interact with BRI1 (Li et al., 2001; Nam
and Li, 2002; Russinova et al., 2004; Karlova et al., 2006), the serk1-3 serk3-1 mutant is BR
insensitive (Russinova., 2006, chapter 5) and part of the serk1-3 phenotypes could be related
to a disturbed BR signalling, which makes BRI1 a likely candidate as interacting partner in
vascular tissue development. In addition, BR and BR signalling play an essential role in the
differentiation of (pro) cambium towards xylem (Nagata et al., 2001; Yamamoto et al., 2001;
Caño-Delgado et al., 2004). However, the weak bri1-301 mutant only marginally modified the
serk1-3 mutant phenotype. Next to that the only similarity between the strong bri1-116 mutant
and the serk1-3 mutant phenotypes is an enlargement of the phloem cap cells. So, only part of
the observed serk1-3 phenotype is possibly due to a disturbed interaction with BRI1. The BRI1
homologs, BRL1 and BRL3, bind BRs, are localized to the vascular bundles and function
redundantly with BRI1 in vascular tissue development (Caño-Delgado et al., 2004). If the
observed serk1-3 phenotype is due to disturbed BR signalling, the redundancy with BRL1 and
BRL3 might be the cause of the only marginal modification of the serk1-3 mutant phenotype
by bri1-301. To see if there is a connection between BR signalling and the phenotypes observed
in the serk1 and serk3 single and double mutant combinations, the interaction between BRI1,
BRL1 or BRL3 and SERK1 and SERK3 needs to be investigated further.
We showed with the analysis of the strong serk1-3 mutant allele that SERK1 is a negative
regulator of inflorescence stem vascular tissue development. SERK1 appears to limit vascular
differentiation, (pro)cambium activity, lateral expansion of the vascular bundles and tracheary
element differentiation. SERK1 and SERK3 appear to have opposing roles in this process. In the
serk1-3 mutant, features of different vascular mutant phenotypes are combined. In the vascular
bundles, the alterations are possibly related to BR signalling and laterally to (pro)cambium
activity and differentiation, suggesting that SERK1 together with SERK3 functions at the
intersection of different pathways in vascular tissue development.
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SERK1 and Brassinosteroid signalling are
essential for somatic embryogenesis.
Mark Kwaaitaal and Sacco de Vries

Abstract
SERK was originally isolated as a marker in Daucus Carota cell suspension cultures
for single cells competent to initiate somatic embryogenesis. The SERK gene has been
identified in several plant species, including Arabidopsis, where it also marks somatic cells
that acquired the competency to initiate somatic embryogenesis. Overexpression of SERK1
resulted in an increased embryogenic competence showing that SERK1 alone stimulates the
transition of cells towards an embryogenic state. Here we show that SERK1 is essential for
2,4-D induced somatic embryogenesis, while SERK2 and SERK3 do not seem to be involved.
The “strong” serk1-3 mutant allele almost completely loses the capability to initiate somatic
embryogenesis. Recently, SERK1 was demonstrated to be a co-receptor of BRI1 and is
involved in brassinosteroid signalling together with SERK3. The “strong” bri1-201 mutant
allele and the BR biosynthetic mutant det2, like serk1-3, are strongly impaired in the initiation
of somatic embryogenesis, suggesting that BR signalling, possibly mediated by SERK1, is
essential for somatic embryogenesis.
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Introduction
The LRR Receptor-Like Kinase SOMATIC EMBRYOGENESIS RECEPTOR
KINASE (SERK) was isolated a decade ago as a marker for single totipotent cells in Daucus
carota (carrot) culture. DcSERK expressing vegetative cells developed into somatic embryos
(Schmidt et al., 1997). In the meantime, homologs of the DcSERK were discovered in several
plant species, where the gene is also a marker for embryogenic potential (Somleva et al., 2000;
Hecht et al., 2001; Thomas et al., 2004; Hu et al., 2005; Santos et al., 2005; Shimada et al.,
2005). In Medicago (Nolan et al., 2003) and maize (Baudino et al., 2001), SERK is expressed
in both embryogenic and non-embryogenic callus. In Arabidopsis, ectopic expression of
SERK1 increased embryogenic competence in culture (Hecht et al., 2001), which reinforces
its role in somatic embryogenesis.
The SERK family of RLKs in Arabidopsis consists of 5 members, SERK1 to 5 (Hecht
et al., 2001). SERK1 and its closest homolog SERK2 redundantly regulate anther development
(Albrecht et al., 2005; Colcombet et al., 2005) and BRI1 ASSOCIATED KINASE 1 (BAK1)/
SERK3 mutants show a semi-dwarfed phenotype, a reduced sensitivity to brassinosteroids
(BRs) and function in BR signalling (Li et al., 2002; Nam and Li, 2002). BR’s have an
essential role in regulating plant growth and development and control processes such as cell
elongation, vascular differentiation, etiolation and reproductive development (Clouse and
Sasse, 1998). BRs bind to the extracellular domains of the ubiquitously expressed LRR-RLK
BRASSINOSTEROID INSENSITIVE 1 (BRI1) (Wang et al., 2001; Kinoshita et al., 2005)
and its homologs BRI1 Like 1 and 3, which both are localized to the vascular tissue (CañoDelgado et al., 2004). Both SERK1 and SERK3 interact biochemically and genetically with
BRI1 (Li et al., 2002; Nam and Li, 2002; Russinova et al., 2004; Karlova et al., 2006). In
addition, BAK1/SERK3 interacts with BRI1 in a BR dependent manner (Wang et al., 2005)
and a serk1 serk3 double mutant is completely insensitive to BRs (Chapter 5 of this thesis).
The role of SERK4 and SERK5 in plant development is still unknown.
Next to its expression in somatic embryos, during male and female gametophyte
development and lateral root outgrowth (Hecht et al., 2001; Kwaaitaal et al., 2005), SERK1 is
expressed in immature vascular tissues and the procambium (Chapter 4). The provascular tissue
is the frequently reported origin of competent cells (Guzzo et al., 1994; Schmidt et al., 1997;
Somleva et al., 2000; Raghavan, 2004). Combined with the knowledge that DcSERK marks
single totipotent cells in carrot culture (Schmidt et al., 1997), this suggests that a subpopulation
of the SERK1 expressing cells in the procambium represents a population of pluripotent plant
cells. 2,4-D treatment of seedlings results in proliferation of SERK1 expressing provascular
cells in the hypocotyl; suggesting that in an embryogenic culture most competent cells
derive from SERK1 expressing provascular cells (Chapter 4). The strong serk1-3 mutant has
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pleiotropic defects in plant development (Chapter 5 of this thesis), showing vascular alterations
suggesting an altered procambium activity. Surprisingly, SERK1 and SERK3 were found to
have opposing roles in regulating procambium activity (Chapter 6).
Here we investigated the role of SERK1, 2 and 3 in the initiation of somatic
embryogenesis. Because SERK1 and SERK3 function in BR signalling, we were also interested
to see if BR signalling in general influences embryogenic competence. The results show that
only the strong mutant allele serk1-3, a strong bri1 mutant allele and a BR biosynthetic mutant
have a striking reduction in 2,4-D induced embryogenic competence. This suggests that both
SERK1 and BR signalling are essential for the acquisition of embryogenic competence in
culture.
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Materials and Methods
Initiation and maintenance of embryogenic cultures
The embryogenic cultures were initiated and maintained using the seedling assay
developed for the amp1 mutant (Mordhorst et al., 1998). Seeds were surface sterilized and about
40 seeds were incubated in 20ml of liquid MS medium containing 2% (w/v) sucrose, 4.5µM 2,4dichlorophenoxyacetic acid (2,4-D) and 10mM 2-(N-morpholino)-ethanesulfonic acid (MES)
at pH 5.8. After two days at 4°C the cultures were transferred to a rotary shaker (100 rpm)
at 22°C in the light (3,000 lux, 16h light/8h dark photoperiod). After 2 weeks of culture, and
subsequently every week, the medium was replaced with fresh medium. After a total of 5 weeks
of culture, the percentage of calli containing green embryogenic clusters with a smooth surface
on the total amount of calli in the embryogenic culture was determined, this percentage was used
as a measure for the embryogenic competence of the culture. The smooth, green embryogenic
clusters were transferred to ½ MS agar plates supplemented with 1% sucrose and grown at 22°C
in the light as described before. The serk1-3 mutant allele (line 448E10) was obtained from the
GABI-Kat collection at the Max-Planck Institute (Rosso et al., 2003) and previously described
in Chapter 5 of this thesis. The pSERK1::SERK1::YFP overexpression line is also described in
Chapter 5 of this thesis. The serk1-1, serk2-2 and serk3-1 alleles were previously described by
Albrecht et al. (2005) and Russinova et al. (2004) respectively. The bri1-301 allele was obtained
form J. Li (University of Michigan, Ann Arbor, USA). The det2 mutant was previously described
by Chory et al (2001) and the bri1-201 mutant Bouquin et al (2001). The pSERK1::GUS line was
described by Hecht et al (2001). The serk1-3 mutant containing the pSERK1::GUS construct was
previously described in Chapter 6. The significance of the difference in the mean embryogenic
competence values compared to wild type was assessed using an unpaired student-T test; p values
lower than 0.05 were regarded as significant.
Gus staining
The pSERK1::GUS expressing calli from the embryogenic cultures were immersed in
ice-cold 90 % v/v aceton/water and incubated 15 minutes at -20 0C. Hereafter, the calli were washed
15 minutes at room temperature with GUS buffer (0.1 % (v/v) Triton X100, 10 mM EDTA, 0.5
mM potassium ferricyanide, 0.5 mM potassium ferrocyanide in 100 mM Na-phosphate pH 7.2).
Next, the samples were immersed in GUS staining solution (1mg/ml X-Gluc (5-bromo-4-chloro3-indolyl-β-D-glucuronic acid; Duchefa Biochemie, Haarlem, the Netherlands), 0.1 % (v/v) Triton
X100, 10 mM EDTA, 0.5 mM potassium ferricyanide, 0.5 mM potassium ferrocyanide in 100 mM
Na-phosphate pH 7.2), placed for 15 minutes under vacuum and incubated at 37 0C for about 2
hours. Next, the calli were washed once with 100 mM Na-phosphate pH 7.2 and water and imaged
using dark field optics.
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Results
SERK and BRI1 mutants showed reduced embryogenic competence in vitro
To determine the embryonic competence of different serk1 alleles somatic cultures
were initiated from seeds of homozygous serk1-3 (Chapter 5 of this thesis), serk1-1 (Albrecht
et al., 2005), serk3-1 (Russinova et al., 2004), bri1-201 (Bouquin et al., 2001) and bri1301 mutants. serk1-3 and bri1-201 are “strong” and serk1-1 and bri1-301 “weak” alleles of
the respective receptors. We also included the overexpression line pSERK1::SERK1::YFP
(Chapter 5 of this thesis), the serk2-2 mutant (Albrecht et al., 2005) and the original Col-0
wildtype backgrounds used to generate the mutants. A brassinosteroid biosynthetic mutant,
det2-1 (Chory et al., 1991), was included for comparison with the perception mutants.
For the strong bri1-201 allele heterozygous cultures had to be initiated. After a week of
culture, homozygous bri1-201 seedlings were discernable based on their smaller size and
anthocyanin accumulation and were subcultured separately. The cultures were grown for five
weeks and the number of calli with smooth, green embryogenic clusters was determined.
Figure 7.1A shows a wild-type culture after 5 weeks, in which calli with embryogenic
clusters can clearly be distinguished (arrowheads). In the cultures generated from
serk1-3 very few embryogenic clusters were found (Figure 7.1B). Figure 7.1C shows
calli derived form Col-0 with characteristic smooth green embryogenic clusters
(arrowhead) and Figure 7.1D shows serk1-3 calli lacking the green embryogenic clusters.
After 5 weeks, embryogenic structures were transferred to MS plates without 2,4-D.
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Figure 7.1: Somatic embryogenesis in Col-0 and
serk1-3 mutant.
(A) Col-0 embryogenic culture after 5 weeks.Arrowheads
mark smooth green embryogenic structures. (B) serk13 embryogenic culture after 5 weeks. (C) Detail of Col0 calli with smooth green embryogenic structures. An
arrowhead marks embryogenic structure. (D) Detail of
serk1-3 calli without embryogenic structures. (E) Col0 seedlings originating from embryogenic structures
on plate without hormones. (F) serk1-3 seedlings
originating from embryogenic structures on plate
without hormones.
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The wild-type somatic embryos developed further into seedlings (Figure 7.1E). Those few
serk1-3 embryogenic clusters that developed also formed seedlings (Figure 7.1F). The plants
originating from the serk1-3 embryogenic clusters were 100 % sulfadiazine resistant and
showed a reduced stature (data not shown), indicating that they were homozygous for the serk13 T-DNA insertion. Our results show that the serk1-3 mutant displays reduced embryogenic
competence.
However, after cells obtained embryogenic competence the embryogenesis
Figure 7.2
proceeds normally in the serk1-3 mutant. The GUS staining patterns of a wildtype and the
Wildtype

Figure 7.2:   SERK1 expression in Col-0 and serk1-3
calli.
Representative GUS stained calli of wildtype (top row) and
serk1-3 mutant (bottem row) calli containing the pSERK1::
GUS construct after 5 weeks of culture.

serk1-3

serk1-3 mutant line both containing the pSERK1::GUS construct (Hecht et al., 2001) were
compared in calli from 5-week-old embryogenic cultures. Representative calli are shown in
Figure 7.2. Like in wildtype, also in the serk1-3 mutant GUS staining was found in spots on
the surface of the calli. So, the regulatory pathways that lead SERK1 gene expression are not
effected by the serk1-3 allele. The embryogenic competence of all cultures was compared in
Table 7.1. All Col-0 backgrounds tested showed an equal embryogenic competence; about 30
% of the calli contained embryogenic structures. As reported by Hecht et al (2001), SERK1
Embryogenic competence in culture

Table 7.1:   Embryogenic competence of serk
and brassinosteroid mutants.
The percentages of calli with smooth green
embryogenic structures after 5 weeks of culture.
Error bars indicate standard error of mean.
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overexpression results in increased embryogenic competence, which was also observed in
the SERK1-YFP overexpressing line. This line showed a two-fold increase in embryogenic
competence compared to Col-0 (p=0.018). The “weak” serk1 and bri1 mutants, serk1-1 and
bri1-301, and also the serk2-2 mutant line all showed an embryogenic competence similar
to the wild-type. The “strong” serk1-3 mutant showed a 4-fold reduction in embryogenic
competence compared to wildtype (p≤0.0001); about 8 % of the calli showed embryogenic
structures. The “strong” BRI1 mutant bri1-201 and the brassinosteroid biosynthetic mutant,
det2-1, also showed a strong reduction in embryogenic competence compared to wild type
(p = 0.015 and p = 0.0024 respectively), and gave respectively 3 and 0 percent calli with
embryogenic structures. These results suggest that functional BR signalling is required for the
acquisition of 2,4-D induced embryogenic competence in Arabidopsis explants.
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Discussion
In this chapter we have shown that seedlings of the strong SERK1 allele serk1-3 are
impaired in the 2,4-D induced acquisition of embryogenic competence. The SERK1 promoter
showed a similar activity in both the wildtype and mutant background, suggesting that the
cells with the cell fate marked by SERK1 are formed, but due to the absence of SERK1, their
progressing into an embryonic state is blocked. Because SERK1 acts as a co-receptor of in
BRI1 mediated brassinosteroid signalling, similar to SERK3 (BAK1) (chapter 5) it was of
interest to determine how other mutants in the BR pathway behaved. The results show that
strong BRI1 perception mutants as well as a BR biosynthetic mutant both share the defect in
embryogenic competence with SERK1. Since neither “strong” SERK2 nor SERK3(BAK1)
mutants show any reduction in embryogenic competence this points to a specific role of the
SERK1 protein only, most likely when it is acting as a co-receptor of BRI1 rather then when
acting in combination with SERK2 or SERK3.
Induction of embryogenic competence in Arabidopsis by the use of prolonged
incubation in 2,4-D most likely involves procambial (Raghavan, 2004)(Chapter 4 of this
thesis) or vascular transit amplifying (TA) cells (Chapter 4 of this thesis) as the source of
competent cells. TA cells originate from the stem cell population and amplify the amount of
cells needed to generate the tissues. This limits the amount of cell divisions the stem cells have
to undergo. After continued division, TA cells increasingly lose their stem cell properties and
progress towards a differentiated cell fate (Potten and Loeffler, 1990; Stahl and Simon, 2005;
Singh and Bhalla, 2006). In Arabidopsis, SERK1 is expressed in the TA cell population and
the procambium. 2,4-D only increases SERK1 expression in these cell types in roots. The
provascular tissue reinitiates cell division as a response to 2,4-D application and is the prime
source of competent cells in several plant species (Guzzo et al., 1994; Somleva et al., 2000;
Raghavan, 2004) and these competent cells express SERK1 (Schmidt et al., 1997; Somleva
et al., 2000). In the hypocotyl, prolonged 2,4-D exposure results in proliferation of SERK1
expressing procambium cells and limited proliferation of SERK1 expressing pericycle cells,
suggesting that a embryogenic culture initiated from this material would mainly consist of
cells originating from these SERK1 expressing procambium cells (Chapter 4 of this thesis).
Since procambium and TA cells are pluripotent, an attractive hypothesis is that upon 2,4-D
treatment and subsequent proliferation of procambial and TA cells, some SERK1 expressing
cells make the transition into the totipotent state (Chapter 4 of this thesis). Apparently the
serk1-3, det2 and bri1-201 mutants are impaired in their ability to acquire full totipotency.
While the serk1-3 hypocotyls do not show morphological deviation from wild-type,
serk1-3 inflorescence stems do have phenotypic alterations (Chapter 6 of this thesis). These
alterations are interpreted as being the result of subtle changes in procambium activity. This
122

SERK1 and BR signalling are essential for somatic embryogenesis
subtle alteration results in increased vascular proliferation and differentiation, a discontinuous
phloem tissue and widening of the vascular bundles until an almost continues ring of xylem
and phloem is formed (Chapter 6 of this thesis). However since the serk1-3 mutant seedlings
tested in the induction assay did not show any morphological deviation at that stage it is not
possible to relate the observations of the impaired acquisition of embryogenic competence in
serk1-3 directly to any morphological change in the adult plant at present.
Reports on BRs influencing somatic embryogenesis are scarce. BRs were shown to
increase the efficiency of somatic embryogenesis in coconut palms (Azpeitia et al., 2003), in
conifers and rice (Pullman et al., 2003) and in microspore embryogenesis in certain Brassica
species (Ferrie et al., 2005). However in Arabidopsis seedlings, BR application inhibits 2,4-D
induced embryogenic competence (Albrecht personal communication).
In this chapter we showed here that both SERK1 and BRI1 mediated signalling are
essential for the acquisition of embryogenic competence. Recently we showed that SERK1,
together with SERK3 and BRI1 is involved in brassinosteroid signalling (Karlova et al., 2006;
Chapter 5 of this thesis). SERK3 seems not to be involved in somatic embryogenesis. We
speculate that BRI1 and SERK1 together are involved in the 2,4-D induced acquisition of the
embryogenic state in seedlings.
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Plants need to be flexible and adaptive in their everyday life. The flexibility of plants
in development and morphology is reflected by their ability to continuously generate new
organs starting from stem cell populations in shoots and roots. On top of this, plant cells
have been shown to retain the potential to regenerate complete plants from adult tissues.
Regeneration of plants is a property that can be present even in isolated single cells and is best
illustrated by the phenomenon of somatic embryogenesis, where a single somatic cell with
the right cues can re-initiate embryogenesis and grow into a new adult plant (Reinert, 1958;
Stewart et al., 1958). The somatic embryogenesis receptor-like kinase (SERK) marks single
cells in carrot culture that have acquired embryogenic competence (Schmidt et al., 1997).
In various other plant species SERK was found to mark cells that acquired an embryogenic
state (Somleva et al., 2000; Hecht et al., 2001; Thomas et al., 2004; Hu et al., 2005; Santos et
al., 2005). In Arabidopsis, SERK1 even increases embryogenic competence when ectopically
expressed (Hecht et al., 2001) and its ectopic expression enhances organ regeneration in rice
(Hu et al., 2005). This suggests that SERK1 not only marks, but also positively influences the
acquisition of embryogenic competence as well as plant regeneration.
In Chapters 2 and 4 a detailed description of SERK1 protein localization in plants and
SERK1 transcription and protein localization in the vascular tissue is provided. The SERK1
protein localization at plant level (Chapter 2) closely follows its previously described gene
expression pattern (Hecht et al., 2001) as and this also holds true at the cellular level in the
vascular bundles (Chapter 4). The expression pattern of SERK1 suggests that in plants its
function is related to reproduction and to vascular development, as was also postulated for
SERK1 function in Medicago, where SERK1 expression was not restricted to embryogenic
calli, but also found in non-embryogenic calli and to be inducible by 2,4-D and cytokinin
in both embryogenic and non-embryogenic lines (Nolan et al., 2003). As an alternative
hypothesis the authors stated that other unknown factors next to SERK1 are needed to acquire
embryogenic competency, which might be absent in the non-embryogenic line (Nolan et al.,
2003). The expression of Arabidopsis SERK1 in lateral root primordia suggests that SERK1
also functions in organogenesis in Arabidopsis, similar to what was observed in Helianthus
(Thomas et al., 2004), Medicago (Nolan et al., 2003) and Oryza (Hu et al., 2005). Recent
genetic and biochemical experiments suggest that in Arabidopsis SERK1 together with its
closest relative SERK2 is involved in establishing the tapetal cell layer in the anther (Albrecht
et al., 2005; Colcombet et al., 2005) and is involved in BRI1-mediated signalling (Karlova et
al., 2006; Chapter 5).
The SERK1 receptor localizes to the plasma membrane and in intracellular vesicles
both in Arabidopsis protoplasts (Shah et al., 2001) and in planta (Kwaaitaal et al., 2005; Chapter
2). As observed for BRI1 (Russinova et al., 2004), SERK1 undergoes continuous endocytosis
in planta (Kwaaitaal et al., 2005; Chapter 2). In protoplasts, BRI1 endocytosis is enhanced
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by the presence of SERK3, while BRI1 and SERK3 interact in endosomes and in restricted
areas in the plasma membrane (Russinova et al., 2004). A similar observation was made for
SERK1 with BRI1 (Karlova et al., 2006), suggesting that there is preferential endocytosis
of the heteromeric receptor complex. So far, no effect has been found of the presence of
brassinolide in endocytosis of the BRI1/SERK complexes (Kwaaitaal, Russinova and de Vries,
unpublished data). Ligand mediated endocytosis followed by proteasome-dependent receptor
degradation does occur in plants as has been demonstrated for the flagellin receptor kinase,
FLS2 that regulates resistance in Arabidopsis towards certain bacterial infections. (Robatzek
et al., 2006).
In Chapter 3, the determination of the diffusion coefficients of SERK1-YFP and of
the membrane marker YFP-CAAX as measured with fluorescence correlation spectroscopy
(FCS) in planta and in protoplasts is described. In addition, the determination of the SERK1
and BRI1-GFP or BRI1-YFP mobile fractions in planta and in protoplasts with fluorescence
recovery after photobleaching (FRAP) is described. It was found to be possible to apply FCS in
planta to determine the diffusion coefficient of plasma membrane localized SERK1-YFP. When
compared with SERK1-YFP in protoplasts the diffusion coefficient of SERK1-YFP in planta
was significantly lower. The values are in the range of free receptor diffusion coefficients in
the plasma membrane. It is unlikely that the difference between plant and protoplast diffusion
coefficients is caused by the existence of a larger protein complex in planta when compared to
protoplasts, because the diffusion coefficients found in plants would suggest a complex with a
size of ~100 SERK1 like receptors would exist in planta (calculated according to Bacia et al.,
2006). The immobile fractions of both SERK1 and BRI1 were much larger in planta compared
to protoplasts. The cause of the differences in diffusion coefficients and mobile fractions in
plants and protoplasts is unknown, but is most likely not caused by an interaction with the
cell wall. These observations do emphasize the importance of studying protein mobility and
protein-protein interactions in their normal environment at endogenous expression levels.
In the vascular bundles, SERK1 was expressed in immature vascular cells and
became restricted to the procambium in more mature areas of the vascular tissue. In roots,
SERK1 expression was first observed in the vascular stem cells and continued to be expressed
in the meristematic zone in the vascular transit amplifying (TA) cells (Stahl and Simon, 2005).
These cells are thought to amplify the stem cell population and to have a limited proliferative
ability, while becoming increasingly more differentiated with continued division to finally
loose stem cell properties (Potten and Loeffler, 1990; Stahl and Simon, 2005). The progressive
differentiation of the TA cells altogether is possibly linked to the reduction of SERK1
expression in the maturing vascular cells, with the exception of the procambium that maintains
a pluripotent stem cell fate (Mahonen et al., 2006). The continued expression of SERK1 in the
procambium in all tissues studied suggests that SERK1 expression marks those vascular cells
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that are keeping an identity close to that of the stem cell from which they originate. SERK1
expression remains restricted to proliferating cells originating from vascular procambium after
prolonged treatment with 2,4-D. With prolonged exposure of Dactylis leaves (Somleva et al.,
2000), Daucus hypocotyl explants (Guzzo et al., 1994) and Arabidopsis immature embryos
(Raghavan, 2004) to 2,4-D the provascular cells proliferate and are the origin of competent
cells. In Daucus, at the time point when cells from the proliferating vascular masses of cells
acquire embryogenic competence, SERK1 expression is found in single competent cells
(Schmidt et al., 1997). In combination these results make it tempting to speculate that SERK1
expression marks pluripotent stem cells in the vascular bundles, cells that upon treatment with
the right molecules such as strong auxins are able to acquire totipotency and are able to initiate
somatic embryogenesis.
In Chapter 5 it is shown that the strong serk1-3 mutant shows BR related phenotypes,
including a reduced stature, serrated and smaller leaves, shorter petioles, shorter hypocotyls
and roots that are less sensitive to BR. When the strong serk1-3 allele or the weaker serk1-1
allele (Albrecht et al., 2005) is combined with the serk3-1 mutant allele, the sensitivity to
BRs is further reduced. The serk2-2, serk4-1 or serk5-1 alleles do not further reduce the BR
insensitivity of the serk3-1 allele, suggesting that SERK1 and SERK3 are the only Arabidopsis
SERK family members that redundantly function in BR signalling. These observations confirm
and extend earlier observations of Karlova et al (2005), where it was shown that SERK1 and
SERK3 are present in a protein complex with BRI1. In addition, the serk1-1 mutant allele,
like a serk3 mutant allele, was shown to enhance a weak bri1 mutant phenotype. When either
the serk1-1 or serk1-2 (Albrecht et al., 2005; Colcombet et al., 2005) or the serk1-3 allele
(Chapter 5 of this thesis) are combined with serk2-2, the homozygous plants are male sterile.
This defect was due to the conversion of the tapetal cell layer into more microsporocytes. The
microsporocytes subsequently failed to develop further, most likely due to the absence of the
tapetum. SERK1 and SERK2 co-localize in most plant tissues (Albrecht et al., 2005).
In Chapter 6 it is shown that the serk1-3 allele has inflorescence stem vascular defects.
The phloem cap cells are enlarged, the vascular bundles are widened at the expense of the
interfascicular fibers until an almost continues ring of vascular tissue is formed. The tracheary
elements and procambium tissue are disorganized and the phloem tissue is not present in
a crescent shape on the outside of the vascular bundles, but has a scattered arrangement.
With increasing age and maturation of the stem, an increase in vascular differentiation and
proliferation was observed. No alterations were observed in seedlings in either the shoot apical
meristem or the vascular bundles, so the vascular defects are only apparent at later stages of
development. The observed alterations in vascular morphology are related in part to disturbed
BR signalling, because only increased phloem cap size and an altered procambium activity
were previously reported for BR signalling mutants (Caño-Delgado et al., 2004). In addition,
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the altered tracheary element formation could be caused by a disturbed BR signalling, because
BRs produced in the procambium are essential for the transit of procambium cells towards
xylem (Iwasaki and Shibaoka, 1991; Yamamoto et al., 1997; Yamamoto et al., 2001). The
widening of the vascular bundles, the formation of an almost continuous vascular ring and
increased proliferation of vascular tissue as observed in serk1-3 was previously observed in
other mutants (Baima et al., 2001; Parker et al., 2003; Pineau et al., 2005) with no described
role in BR signalling. While the combination of serk1-3 with the bri1-301 allele did not
clearly alter the serk1-3 phenotype, combining it with the serk3-1 allele partially reversed
the vascular phenotypes, suggesting that SERK1 and SERK3 have opposing roles in vascular
tissue development.
In Chapter 7 it is shown that the strong serk1-3 mutant allele has a reduction in
embryogenic capacity, suggesting that SERK1 signalling is essential for the acquisition of
embryogenic competence. In addition, experiments where the pSERK1::GUS reporter was
present in wildtype and serk1-3 mutant plants showed that SERK1 expression is unchanged in
the respective backgrounds. This indicates that the presence of the SERK1 protein is required
for formation of embryogenic cells. A strong bri1 mutant and a BR biosynthetic mutant also
showed a strong reduction in embryogenic competence, while serk2 and serk3 mutants did
not show any alteration in embryogenic competence. This suggests that SERK1 is the only
SERK family member that is involved in BR perception as well as in somatic embryogenesis
and provides evidence that the SERK1-BRI1 protein complex is essential for acquiring
embryogenic competence. The observation that SERK1 together with BRI1 is present in a
protein complex (Karlova et al., 2006) supports this speculation. However, it remains to be
demonstrated that a SERK1-BRI1 signalling complex is present in cells that are undergoing a
change towards embryogenic competence in culture.
BR perception and biosynthesis mutants show an increase in phloem differentiation
and a decrease in xylem differentiation, suggesting that BR signalling is involved in regulating
the equilibrium between these tissues, possibly by promoting xylem differentiation as a
response to BR perception. Alternatively it was proposed that BR’s regulate procambium
activity, which is supported by the observation that BRI1 overexpression results in increased
procambium proliferation and bri1 single and bri1 brl1 brl3 triple mutants had reduced
vascular bundles possibly due to reduced procambial divisions (Caño-Delgado et al., 2004;
Figure 6.4 R and 6.4S). The vascular alterations in the inflorescence stem of serk1-3 mutants
only in part resemble bri1 , bri1 brl1 and bri1 brl1 brl3 mutant phenotypes (Chapter 6).
However these vascular alterations also suggest an altered procambium activity in the serk1-3
mutant background. SERK1 and BRI1 therefore might function in maintaining the pluripotent
procambium stem cell population in inflorescence stem vascular tissues (Figure 8.1 1a). When
BRI1 is absent, the procambium stem cell pool may gradually deplete (Figure 8.1 1b). When
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SERK1 is absent the procambium stem cell population seems to become disorganized (Figure
8.1 1b). Alternatively, SERK1 and BRI1 control the transition of the pluripotent stem cells
to a TA cell fate (Figure 8.1 1c). In this scenario the pluripotent stem cell pool also gradually
Figure 8.1
depletes, due to precocious differentiation of the stem cells to TA cells (Figure 8.1 1d).
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Figure 8.1: Schematic representation of differentiation states of stem cells and their descendants.
The circles coloured in a range of grayscales represent cells with a varying degree of potency to develop into other
cells types. The darkest gray represents a cell with a totipotent stem cell fate and the stages towards white represent
a gradual loss in potency and stem cell properties, going from a pluripotent state to a transit amplifying (TA) cell fate
and finally a differentiated cell fate. The developmental paths of stem cells in wildtype and serk1-3 or bri1 mutants are
shown. Part (1) represents the stem cell population in the vascular bundles of inflorescence stems and (2) the stem cell
population in the vascular bundles of seedlings in an embryogenic culture. (a) to (f) mark the developmental positions
where SERK1 and BRI1 might act. (a) BRI1 and SERK1 function in maintaining the pluripotent stem cell population.
When either BRI1 or SERK1 is absent (b), the pluripotent stem cell pool gradually depletes. (c) BRI1 and SERK1
prevent precocious differentiation of stem cells into TA cells. In the absence of either BRI1 or SERK1 (d) stem cells
differentiate into TA cells and the stem cell pool is gradually lost. (e) In the presence of 2,4-D pluripotent stem cells
can revert back to a totipotent cell fate and initiate somatic embryogenesis. (f) In the absence of SERK1 or BRI1 no
totipotent cells are formed, suggestion that BR signalling and SERK1 are essential for the transition from a pluripotent
to a totipotent cell fate

In Chapter 4 we showed that SERK1 expression in the procambium marks the
pluripotent stem cell population in the vascular bundles. We hypothesized that application of
the strong synthetic auxin, 2,4-D, results in a reversion of these pluripotent cells to a totipotent
stem cell fate (Figure 8.1 2e), where after embryogenesis is initiated. In contrast to the general
assumption that all plant cells are totipotent, our experiments suggest that only the pluripotent
stem cell population in the vascular bundles have the potency to revert to a totipotent cell fate.
The experiments described in chapter 7 show that the serk1-3 mutant, the bri1-201 and the
det2 BR biosynthetic mutant lost most of their competency to initiate somatic embryogenesis.
At seedling level, no vascular alterations were observed in the serk1-3 mutant (Chapter 6),
suggesting that procambium maintenance and development is un-affected. We hypothesize
that the loss in competence in the bri1, det2 and serk1 mutants reflect a disability to revert
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from a pluripotent to a totipotent stem cell fate, suggesting that SERK1, but also BRI1 and BR
signalling are essential for this step (Figure 8.1 1f).
Both the vascular alterations and the reduced competency of the studied mutants
appear to be caused by an alteration in the procambium. Due to the difference in developmental
stage of the material studied (seedlings and inflorescence stems of mature plants) and the
observation that no vascular alterations are visible in seedlings the phenotypes can not be
directly related. 		
One remaining concern is that the reduced embryogenic capacity, reduced stature and
altered vascular morphology has been detected in a single allele, serk1-3, only. Current work
is aimed to obtain additional SERK1 alleles that share these phenotypic alterations.
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Samenvatting
Tijdens hun leven kunnen planten niet vrij bewegen om naar water en voedsel
te zoeken, maar zitten vast aan de plek waar ze landen als zaad en waar ze ontkiemen en
opgroeien. Planten gaan om met deze situatie door flexibel te zijn in hun ontwikkeling en
in hun morfologie. Voortdurend worden nieuwe organen gevormd uit stamcel populaties in
de scheut en wortel, wat deze flexibiliteit illustreert. Verder kan een volledige nieuwe plant
geregenereerd worden van een stukje van een volwassen plant. Het is zelfs mogelijk om een
nieuwe plant te regenereren uit een enkele somatische cel en dit fenomeen wordt somatische
embryogenese genoemd (Reinert, 1958; Stewart et al., 1958). De expressie van “somatic
embryogenesis receptor-like kinase” (SERK) markeert deze enkele somatische cellen in een
wortel celsuspensie cultuur, die competent zijn geworden om somatische embryogenese te
starten (Schmidt et al., 1997). Ook in andere planten is gebleken dat SERK expressie dit type
cellen markeert (Somleva et al., 2000; Hecht et al., 2001; Thomas et al., 2004; Hu et al., 2005;
Santos et al., 2005). Overexpressie van SERK1 in de modelplant Arabidopsis (zandraket)
resulteerde in een toename in het aantal competente cellen, die somatische embryogenese
kunnen starten (Hecht et al., 2001) en had in rijst een efficiëntere orgaanregeneratie tot gevolg
(Hu et al., 2005). Dus SERK1 markeert niet alleen competente cellen, maar stimuleert zelfs de
vorming van deze competente cellen in Arabidopsis en de regeneratie van de plantenweefsels
in rijst.
Het onderzoek beschreven in dit proefschrift was erop gericht een beter beeld te
krijgen van de rol van SERK in somatische embryogenese en welke functies SERK tijdens de
ontwikkeling van de plant vervult.
In planten zijn net als in dieren populaties van stamcellen aanwezig. Vanuit de primaire
stamcel niches in het apicale en wortel meristeem wordt de volledige plant gevormd. Er wordt
vaak aangenomen dat in tegenstelling tot dieren, waar alleen de embryonale stamcellen totipotent
zijn, de meeste plantencellen totipotent blijven. In hoofdstuk 1 wordt een beschrijving geven
van de stamcellen in dieren. Daarnaast wordt besproken welke stamcellen in planten voldoen
aan de definitie voor stamcellen, gebaseerd op de kennis in dieren. Volgens deze definities
kunnen er in planten drie populaties van stamcellen onderscheiden worden. De genoemde
populaties in het apicale en wortel meristeem, maar ook het primaire vasculaire meristeem, het
procambium, voldoen aan de dierlijke stamcel definitie. Er wordt een beschrijving gegeven
van de moleculaire basis van de regulatie van deze stamcellen. Een duidelijke demonstratie
van totipotentie van plantencellen is het genoemde fenomeen somatische embryogenese. In
hoofdstuk 1 wordt een overzicht gegeven van dit proces en van de moleculaire basis voor de
vorming van competente cellen. Nadruk wordt gelegd op de rol van SERK1 in dit proces en op
recente vindingen betreffende SERK1 signalering in plantenontwikkeling.
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In hoofdstuk 2 en 4 wordt een beschrijving gegeven van de lokalisatie van het
SERK1 eiwit op plant en celniveau. In planten volgt het SERK1 eiwit nauw het gen expressie
patroon beschreven door Hecht et al (2001) en ook op celniveau in de vasculaire weefsels
komt SERK1 in dezelfde cellen tot expressie, als waar het eiwit te vinden is. De observatie
dat SERK1 niet alleen in embryogene cellen tot expressie komt, maar ook in andere weefsels
suggereert dat SERK1 een algemene rol vervult in plantenontwikkeling. Ook voor SERK1
in andere planten als rijst (Oryza) (Hu et al., 2005), zonnebloem (Helianthus) (Thomas et
al., 2004) en de vlinderbloemige plant Medicago (Nolan et al., 2003) werd een algemenere
rol naast embryogenese gesuggereerd. Recentelijk is aangetoond dat SERK1 in Arabidopsis
samen met de meest homologe receptor SERK2 een rol speelt in de aanleg van de tapetum
cellaag in de helmhokjes van de meeldraden (Albrecht et al., 2005; Colcombet et al., 2005) en
samen met BRASSINOSTEROID INSENSITIVE 1 (BRI1) functioneert in brassinosteroide
signalering (Karlova et al., 2006; Hoofdstuk 5). In hoofdstuk 2 laten we verder zien dat de
SERK1 receptor net als in protoplasten (Shah et al., 2002) aanwezig is in het plasmamembraan
en in intracellulaire vesicles. In wortels ondergaat SERK1 net als BRI1 (Russinova et al.,
2004) continue endocytose.
Technieken gebaseerd op fluorescentie fluctuatie spectroscopie (FFS) zijn uitermate
geschikt om bij lage eiwitconcentraties, zoals vaak in levend weefsel het geval is, diffusie
van fluorescent gelabelde moleculen en interacties tussen fluorescent gelabelde moleculen te
volgen. Zoals beschreven in hoofdstuk 3 hebben we met de FFS techniek fluorescentie correlatie
spectroscopie (FCS) gekeken naar de diffusie van SERK1 in planten. De gevonden diffusie
coëfficiënt van SERK1 in intact plantenmateriaal is vergeleken met de diffusie coëfficiënt van
SERK1 in protoplasten. Het bleek mogelijk om FCS toe te passen in planten om diffusie van
SERK1 te bekijken. De diffusie constante in planten bleek kleiner te zijn dan in protoplasten.
Verder bleek na het bestuderen van het herstel van de fluorescentie na fotobleken (FRAP) dat
een groot gedeelte van de receptor immobiel is in planten, in tegenstelling tot protoplasten.
Metingen aan BRI1 laten zien dat dit niet specifiek is voor SERK1, omdat ook deze receptor
grotendeels immobiel is in planten, maar niet in protoplasten. De oorzaak van de verschillen
in diffusie snelheid en mobile fracties tussen planten en protoplasten is onduidelijk, maar
wordt waarschijnlijk niet veroorzaakt door een interactie met de celwand. Deze verschillen
benadrukken de essentie van het bestuderen van eiwitten en eiwit interacties in hun natuurlijke
situatie.
In the vasculaire bundels komt SERK1 tot expressie in onvolledig gedifferentieerde
cellen en procambium cellen in de wortel, stengel en hypocotyl (hoofdstuk 4). In verscheidene
plantensoorten en ook in Arabidopsis is het vasculaire weefsel de basis voor cellen die
competent zijn om somatische embryogenese te starten (Guzzo et al., 1994; Schmidt et
al., 1997; Somleva et al., 2000; Raghavan, 2004). Procambium cellen worden gezien
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als pluripotente stamcellen(Mahonen et al., 2000). Weinig afbreekbare auxines worden
normaal gebruikt om somatische embryogenese op te wekken. Langdurige behandeling van
Arabidopsis zaailingen met de auxine en herbicide “2,4-dichlorophenoxyazijn zuur” (2,4-D)
zorgt ervoor dat vooral procambium en pericycle cellen gaan delen. Alleen deze cellen die
voortkomen uit de vasculaire bundels brengen SERK1 tot expressie. Deze vinding suggereert
dat in omstandigheden waarbij somatische embryogenese geïnduceerd wordt het de vasculaire
cellen zijn die SERK1 tot expressie brengen en die uiteindelijk de competente cellen in een
cultuur zullen vormen. Dus SERK1 markeert de celpopulatie in planten die het dichtste bij een
totipotent stadium is. Auxine zorgt ervoor dat deze cellen uiteindelijk het totipotente stadium
bereiken, waarna ze opnieuw embryogenese kunnen starten.
In hoofdstuk 5 wordt de fenotypische analyse van de serk1-3 mutant beschreven. Deze
mutant laat afwijkingen zijn die ook gevonden worden in brassinosteroide (BR) mutanten,
zoals een kleinere plant, kleinere en gevorkte bladeren, kortere epicotylen en hypocotylen en
wortels die minder gevoelig zijn voor brassinosteroiden. Wanneer het serk1-1 allel (Albrecht
et al., 2005) of het serk1-3 allel gecombineerd wordt met het serk3-1 allel resulteert dit in een
versterking van de BR gerelateerde fenotypes en de wortels worden nog ongevoeliger voor
BR’s. Wanneer het serk3-1 allel gecombineerd wordt met serk2-2, serk4-1 of serk5-1 mutanten,
is er geen toename in BR ongevoeligheid te zien. Verder complementeert overexpressie van
SERK1 een zwakke bri1 mutant. Van de SERK receptor familie lijken dus alleen SERK1 en
SERK3 een rol te spelen in BR signalering.
Buiten de fenotypes op plant niveau laat de serk1-3 mutant vasculaire defecten zien
in de stengel (hoofdstuk 6). De floëem kap cellen zijn vergroot en de vasculaire bundels zijn
verwijdt ten koste van de interfasciculaire zone, zodat een bijna continue ring van xyleem
en floëem gevormd wordt. De structuur van de tracheiden en het procambium zijn verstoord
en het floëem weefsel is in de mutant niet aanwezig in een halvemaanvormige zone, maar
is verspreid aanwezig aan de buitenzijde van de vasculaire pool. In oudere planten is een
toename in vasculaire proliferatie en differentiatie te zien. In zaailingen zijn in het scheut
apicaal meristeem en in het vasculaire weefsel van de hypocotyl en de wortel geen duidelijke
verschillen met wildtype planten te zien. De vasculaire defecten zijn dus pas zichtbaar in latere
stadia van de ontwikkeling. Deze defecten kunnen ten dele toegeschreven aan een veranderde
procambium activiteit, maar kunnen gedeeltelijk ook aan een verstoorde BR signalering
toegeschreven worden. De serk1-3 serk3-1 dubbelmutant laat verassend genoeg weer een
gedeeltelijk wildtype fenotype zien. Dit suggereert dat SERK1 en SERK3 in de ontwikkeling
van het vasculaire weefsel een tegengestelde rol hebben.
De serk1-3 mutant laat in een embryogene kweek een sterke reductie zien in embryogene
capaciteit tot opzichte van wildtype planten (hoofdstuk 7). SERK1 stimuleert dus niet alleen
de vorming van cellen die competent zijn geworden om somatische embryogenese te starten,
147

Samenvatting
maar is ook essentieel voor de vorming van dit type cellen. De weinige somatische embryos
die zich ontwikkelen in een serk1-3 mutante achtergrond ontwikkelen zich wel tot zaailingen,
dus alleen het verkijgen van de competente status lijkt verstoord, maar niet latere stappen in de
ontwikkeling. SERK1 expressie, gevolgd met een SERK1 promoter - GUS reporter construct,
laat zien dat het SERK1 expressie patroon niet anders is in een serk1-3 mutante achtergrond.
Schijnbaar is voor een cel het SERK1 eiwit nodig om competent te worden. Een sterke bri1
mutant en een BR biosynthese mutant laten ook sterke reductie in competentie zien. serk2-2 en
serk3-1 mutanten in embryogene kweek hebben een competentie vergelijkbaar met wildtype
planten. Deze observaties suggereren dat SERK1 als enige lid van de SERK familie betrokken
is bij somatische embryogenese en BR signalering. Eerder is aangetoond dat SERK1 en BRI1
in samen in een complex aanwezig zijn (Karlova et al .,2006). Mogelijk reguleert een SERK1
en BRI1 signaleringscomplex de acquisitie van een competente status.
Tot slot wordt aan het einde van het proefschrift in hoofdstuk 8 alle belangrijke
observaties besproken in dit proefschrift samengevat en bediscussieerd.
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daarvoor) en voor de sfeer in het kantoortje en daarbuiten. Cathy bedankt voor de scherpe
discussies, hulp en advies bij het onderzoek en alles wat je verder voor mij en de embryogroep
gedaan hebt. David
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en Rumyana I am sorry for the mess in the office, lab and beyond and the
occasional lending of materials, but thanks for being my neighbors it was gezellig with both
of you.
Iedereen van biochemie bedankt voor de wetenschappelijk en sociaal goede tijd rond
de koffie, tijdens de lunch en daarbuiten. In het bijzonder: Jan-Willem, Mark, Ruchira, Adrie
en Ton van de microscopie groep bedankt voor de hulp met de apparatuur en de microscopie
groep en persoonlijke discussies. Vief, het was een waar genoegen om samen met je het LQFDC
(Laboratory of quantitative food and drink consumption) aan te voeren en er een succesvol
initiatief van te maken. Dolf bedankt voor het kritisch doorlezen van een aantal van mijn
hoofdstukken. Boudewijn erg bedankt voor alle hulp met “the digital art” en de uiteindelijke
vormgeving van mijn proefschrift. Marieke bedankt je werk binnen mijn project voor je
afstudeervak. Al je werk en soms frustratie hebben geleid tot een belangrijke bijdrage aan het
derde hoofdstuk van dit proefschrift. Linus bedankt voor het zeer gedetailleerd doorlezen en
corrigeren van mijn proefschrift.
De mensen van voormalig Catchmabs bedankt voor een interessant, gezellig en
hectisch eerste jaar van mijn promotie.
All people of the PSL and Panstruga labs at the MPIZ in Cologne, thanks for the nice
new working place and the wonderful atmosphere. Especially, Ralph many thanks for giving
me the opportunity to start working within your group.
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De “Dungeons and Dragons” bende: Mark, Joost, Jasper, Sander, Margriet en
Wietse bedankt voor de gezellige avonden in de wereld der draken, tovenaars en trollen. Alle
huisgenootjes van Haarweg 267 van nu en vroeger bedankt voor de mooie tijd, het was leuk
en ik heb met plezier bij jullie morgen wonen. In het bijzonder Diane, Markus, Ebbo, Ingrid,
Dennis, Janienke en Evalinde als oud-huisgenootjes en nu maatjes bedankt.
Alle vrienden van de “moleculair Jugend”; Mark, Janneke, Wietse, Petra, Erik, Mandy,
Patrick, Cathy, Maarten, Peter, Mieke, Margreet, Remko, Tina, Jeroen en Bert bedankt voor
de gezellige tijd en noodzakelijke afleiding tijdens de promotie, daarvoor en in de toekomst.
In dezelfde reeks moet ik de mensen van de Vlaamse Reus bedanken voor alle goede avonden
die we daar vaak tot vroeg ik de nacht hebben doorgebracht.
Verder Oma Kwaaitaal en alle familie en vrienden in Made en omstreken bedankt.
Ik hoop dat ik op dit moment niemand ben vergeten, maar verder iedereen bedankt die ik niet
genoemd heb, maar van wie ik hun deel in mijn leven en mijn promotie wel zeer op prijs stel.
Mijn paranimfen Wendy en Mark bedankt voor jullie steun op deze laatste dag van
mijn AIO periode.
Sofia bedankt voor je vriendschap en steun het afgelopen jaar, je maakte mijn leven
het laatste jaar van mijn promotie een stuk zonniger.
Mijn ouders, Wendy en Antoin en Milou bedankt voor alles. Ik heb het laatste jaar
te weinig tijd met jullie doorgebracht. Ik hoop dat ik dat in de toekomst een beetje goed kan
maken.
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