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Introduction

Introduction- Studies on plant development by mo-
saic analysis

1. An overview of plant development
Plants cannot change their spatial position, although various types of organ movement 
exist (reviewed by Hart, 1990; Esmon, 2005). The place of germination is where they 
have to spend their entire life, sometimes, thousands of years (e.g., http://www.rmtrr.
org/oldlist.htm) and endure any unfavorable condition. This limitation has forced plants 
to evolve a number of unique mechanisms that enable them to cope with biotic or abi-
otic environmental stresses such as drought, flooding, changes in nutrient availability, 
pathogen attacks and other extreme changes in their surroundings. Many examples of 
phenotypic flexibility exist such as seasonal responses of both plants and animals, where 
environmental conditions change within the lifetime of an individual and the transfor-
mation is reversible (e.g., Prestrud, 1991 and reviewed by Piersma & Drent, 2003). An-
other conspicuous adaptation of plants is phenotypic plasticity at the morphological lev-
el, namely, the expression of variability in the morphology of individuals with identical 
genotype (Bradshaw, 1965). 

1.1 Phenotypic flexibility: Seed dormancy and germination 
In animals, the transition from embryogenesis to adulthood, i.e., birth or hatching, is 
mostly determined by genetic mechanisms and can only be slightly refined by external 
cues. In plants, the breaking of dormancy and seed germination are entirely reliant on 
environmental cues such as light, temperature and water availability (reviewed by Finch-
Savage & Leubner-Metzger, 2006). The young seedling emerges only when (near-) favor-
able conditions are present. The perception of external signal to initiate germination as 
an obligatory prerequisite is an innate feature of all plants. Although environmental cues 
such as temperature do influence development in animals (e.g., Howe, 1967), they usu-
ally have a secondary role in adjusting already predetermined developmental decisions. 
For instance, Gutterman & Gendlera (2005) showed that dry seeds of the desert plant 
Mesembryanthemum nodiflorum were still vital 32 years after storage in room condi-
tions and retained annual rhythm with a significantly higher germination rate in the right 
season. This example is an extreme case of plants growing in conditions that are both 
radical and unpredictable. I.e., there is hardly a way to predict water availability as a 
consequence of arid seasons leading to long dry periods. This forces plants to develop 
inducing mechanisms that use a narrow environmental window for germination. Since 
the environment is probably the only significant variable determining the occurrence of 
germination, the divergent environmental cues that are perceived by seeds prior to ger-
mination, should all be considered as examples for (physiological) plasticity. This demon-
strates a high degree of connection between the environment and plant behavior.

1.2 Morphogenesis and development
The second fundamental difference between animals and plants is the period of mor-
phogenesis. While animals reach their final body shape by the end of embryogenesis 
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and only seldom, form new structures and organs at later stages, plants keep producing 
(and losing) organs post embryonically, throughout their entire life cycle. Morphologi-
cally, the ability of plants to generate organs of different shape and size and discard sub-
stantial body parts is one of the most remarkable examples for their phenotypic plastic-
ity. Since phenotypic plasticity in plants likely evolved as means for achieving similar 
adaptive benefits to those animals gain by different types of behavior, it is sometimes 
referred to as a non-cognitive behavior (Novopolsky, 2002). Several features, on the or-
ganismal, cellular and molecular level, underlie the high degree of adaptability found in 
plants. First, plants have a modular nature and their growth proceeds through reitera-
tion of morphological subunits (Arber, 1950; White, 1979) via meristematic allocation 
of cells forming new organs (for detailed description see section 2 of this chapter). Fur-
thermore, each subunit is represented by multiple repeats and retains a high level of 
functional independence (Watson & Casper, 1984), that is to say, can be modified and 
sacrificed with no severe loss of fitness. One example for organ independence and the 
modular nature of plants is the regeneration capacity of individual parts, for example 
demonstrated by growing entire plants from excised roots of Melia azedarach (Vila et al., 
2005). The second feature that contributes to the plasticity of plants is the meristematic 
nature of their growth. New organs emerge from the shoot and root meristems (SAM 
and RM, respectively), which consist of dividing cells whose terminal differentiation is 
repressed. These are located at the tips of the growth axes and contain stem cell niches 
that contribute to the formation of new tissues and organs (Nägeli, 1858; Bäurle & Laux, 
2003). Stem cell niches were initially described in animals (Schofield, 1978; Williams et 
al., 1992) but there is no parallel example in the animal kingdom for specified structures 
that continuously generates new organs
At the cellular level, several differences that distinguish plants from animals can be at-
tributed to their fitness as sessile organisms. The most apparent one is the existence of 
cell walls (Popper et al., 2011) that constitute a layer of defense and contribute to me-
chanical strength. Plant cells are surrounded by a rigid extracellular matrix and cannot 
change their position in respect to their neighboring cells. This matrix constrains their 
growth and proliferation, which must, therefore be coordinated. While the inability to 
shuffle cells around during the formation of the body plan restricts the morphogenetic 
potential of plants, it has been suggested that the lack of cell motility is advantageous 
as it contributes to resistance to cancer by preventing spreading of metastases while the 
synchronized proliferation puts another constraint on the occurrence of a mutated, sin-
gle hyper-proliferating cell as a source for aberrant tissue (Doonan & Sablowski, 2010). 
Plant cell organelles, such as plastids and vacuoles, have not been reported to be of 
relevance to phenotypic placticity and will not be discussed further here.
Molecular comparison of plants and animals reveals no fundamental difference in the 
function and structure of DNA, proteins, RNA and gene regulation. However, it has been 
suggested that the utilization of different genes within gene families has a role in pheno-
typic plasticity (Smith, 1990). Once gene duplication occurs, selection pressure on tran-
scriptional regulation of one copy is relaxed since the other copy can maintain the origi-
nal regulation. The outcome can be a similar protein with a different expression pattern 
that is utilized in the same pathway but in response to different stimuli. For example, 
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Phytochromes are photoreceptor proteins with multiple and diverse roles in the percep-
tion of light signals. In Arabidopsis, the PHY family encoding phytochromes, consists of 
five members. These are involved in gravitropism, plant architecture, shade avoidance 
response and flowering time, demonstrating how single gene duplication resulted in a 
gene family that mediates a broad array of responses (Franklin & Qwail, 2010). Although 
differential expression of genes is well known among animal gene families, developmen-
tal pathways are less responsive to environmental changes. However, these differences 
between plants and other eukaryotes are likely a matter of degree, and therefore cannot 
give a full molecular explanation for the phenotypic plasticity observed in plants.

2. Cellular and molecular activity in meristems
Meristems are the ultimate source of new cells that serve as the progenitors for new 
organs and/or tissues and at the same time perpetuate themselves as such (Esau, 1953). 
In vascular plants, there are five types of meristems: the shoot apical meristem (SAM), 
axillary meristem (AM), root meristem (RM), lateral/secondary root meristem and cam-
bial meristem. In the shoot, both SAM and AM are similar in structure but different in 
their origin. Axillary meristems are formed in the axil of each leaf and remain dormant 
by an auxin-mediated inhibitory cue delivered from the SAM (Thimann and Skoog, 1933; 
Thimann et al., 1934). Each axillary meristem, can be triggered by environmental signals 
to establish a new branch that gives rise to the same aerial organs as the main stem, 
increasing phenotypic plasticity by reducing the need to rely on a single SAM. Roots 
are also modular in nature with new primordia that develop lateral roots from internal 
cells (Foard et al., 1965; Mallory et al., 1970). During the plant life cycle, apical and 
axillary meristems can change from vegetative growth (producing leaves) to reproduc-
tive growth (producing flowers). Reproductive meristems can form side branches with 
inflorescence meristems, which reiterate reproductive growth, and determinate floral 
meristems, each developing into a flower. The RM generates the new cells to extend all 
tissues that constitute the root, which includes progenitor cells for lateral roots.
It is interesting to note that many meristems possess a quiescent region consisting of 
one to several cells with very low mitotic activity. In animal systems the quiescent state 
of SCs is required for their long-term function (Fumio & Toshio, 2008). This issue will be 
further discussed in chapters four and five. 

2.1 Shoot meristems (AMs and SAMs)
2.1.1 Morphology (based on Steeves & Sussex, 1989 and Esau, 1953)
Angiosperm shoot apices can be roughly divided into two main zones: the tunica and 
the corpus. The tunica is usually made of one to five layers of cells that typically divide 
anticlinally, overlaying the corpus region in which cells divide in all directions. There are 
species in which the number of tunica layers varies in the same plant, presumably, dur-
ing development (Gifford & Carson, 1971) as well as documented cases where the num-
ber fluctuates seasonally (Hara, 1962) or in response to leaf initiation on the margins of 
the SAM. In the gymnosperm Ginkgo biloba, the structural pattern of the shoot apex has 
a radial organization of cells that center around a group of vacuolated and infrequently 
dividing cells, the central mother cells. This structure is overlaid by the surface layer 
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designated as the apical initial group. The central structure is surrounded by smaller cells 
with condensed cytoplasmic content and underlain by files of cells that seem to divide 
in right angle to the shoot axis. This pattern of cytohistological zonation has been found 
with some modifications to be typical to gymnosperms. In cycads such as Mycrocycas, 
the overall structure of the SAM is very similar to that of ginkgos with a characteristic 
central region in which cells divide infrequently and a peripheral zone with higher mitot-
ic activity (Foster, 1943). Several conifers that have been described show a similar tunica 
layer and central zone with enlarged cells. In lower vascular plants, the emerging picture 
of the shoot apex is rather different. In ferns (Imaichi, 1977; Osmunda cinnaminea) and 
horsetails (Golub & Wetmore, 1948; Equisetum) that were examined, a single, usually 
enlarged initial sits at the top of the apical meristem and functions as a single source 
of cells to a surrounding cell layer by performing anticlinal divisions. The derivatives of 
the apical cell divide both anticlinally to provide cells to the peripheral zone of the meri-
stem while asymmetric periclinal divisions provide small cells to the inner meristematic 
core. A similar meristem organization was found in the brown algae Fucus, with a single 
apical cell that rarely divides, surrounded by mitotically active cells (Moss, 1967). The 
importance of an intact central region containing one or several cells was demonstrated 
by puncturing experiments. Destruction of these cells in Lupinus albus, Vicia faba and 
potato was followed by regeneration of a new apex in the periphery of the original apex 
(Pilkington, 1929; Sussex, 1964). Similar experiments in ferns resulted in regeneration of 
two to four new apices (Wardlaw, 1949). Despite the variance in the shape of different 
meristems from different plant division, a common theme characterized them all: a cen-
tral cell or group of cells with slow division rate surrounded by cells with higher mitotic 
activity that function as the source of cells to new organs on the meristem margins. The 
significance of this unique structure will be further discussed in chapters four and five, 
as mentioned above. Following Foster’s partition of the shoot apex in Ginkgo accord-
ing to cytohistological characteristics, and the recognition that a similar description can 
be applied to other gymnosperms, it became clear that a zonation-based description 
gives better basis when it comes to explain angiosperms SAMs in terms of function and 
gene expression. The picture from classical cytological and cytochemical experiments 
(Nougarède, 1967) together with analysis of nuclear characteristics and DNA content 
(Steeves et al., 1969) is that the shoot apex, during vegetative growth, consists of two 
main regions. The inner part comprises a group of large, infrequently dividing cells with 
low RNA content and slower metabolic activity. Surrounding the central zone (CZ), in the 
peripheral zone (PZ), cells are smaller, show higher number of mitotic figures and display 
increased metabolic activity; these cells ultimately establish the primordia that will de-
velop into lateral organs on the flanks of the meristem. Underneath the CZ is the rib zone 
(RZ) that contains cells that will be incorporated into the stem core. After the onset of 
flowering, the CZ loses most of its quiescent characteristics as its cells are incorporated 
into the inner whorl.

2.1.2 Molecular mechanisms in shoot meristems
The molecular mechanism underlying the maintenance of the SAM in Arabidopsis in-
volves extracellular signaling between the basal part of the CZ (hereinafter, organizing 
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center [OC]) and its apical part consisting of a few centrally located cells in layers I and 
II (L1-2). CLAVATA1 (CLV1) and CLV2 encode a receptor-like kinase (RLK) and a receptor-
like protein, respectively. Both are expressed in the OC and contain an extra cellular do-
main that consists of a leucine reach repeat and a transmembrane region but only CLV1 
has an intracellular serine/threonine domain (Clarck et al., 1997; Jeong et al., 1999). 
CLV3 belongs to the CLAVATA3/ENDOSPERM SURROUNDING REGION (CLE) peptide fam-
ily encoding a 96 amino-acid polypeptide and is mainly expressed in L1-2 (Fletcher et 
al, 1999). There is strong evidence that post transcriptionally, CLV3 is cleaved into a 13 
amino-acid peptide (CLV3p) followed by L-arabinosilation (Ohyama et al, 2009) which is 
essential for its binding to CLV1 (Ogawa et al., 2008). However, there is yet no direct evi-
dence for physical interaction of the whole CLV1-3 complex in wt SAMs. Genetic analysis 
suggested that CLV1-3 acts in the same pathway to limit the cell population in the OC 
(Clarck et al, 1995; Kayes & Clarck, 1998). In turn, WUSCHEL (WUS), a homeodonain 
transcription factor (Mayer et al., 1998; Laux et al., 1996) expressed in the L3 of the OC 
positively regulates CLV3 transcription, forming a feedback loop which is required to 
maintain the balance between a limited number of SCs and premature differentiation of 
the SAM (Schoof et al., 2000; Brand et al, 2000). Recent work has shown that CLV3p me-
diates the internalization of CLV1 from the plasma membrane, preferentially to the lytic 
vacuole (Nimchuk et al., 2011) offering a signaling mechanism that challenges a previous 
study arguing that sequestering of CLV3 from the WUS domain by binding to CLV1 allows 
WUS expression and OC maintenance (Lenhard & Laux, 2003). This study (Nimchuk et 
al., 2011) also suggests, that CLV2 is not necessary for stabilization of CLV1 as was shown 
before (Jeong et al., 1999), however, the methods used in the two studies, quantitative 
versus GFP visualization might give different results. The restricted transcription domain 
of WUS in a small group of L3 cells, together with the fact that it regulates CLV3 outside 
its expression domain indicates that this part of the feedback loop also relies on intercel-
lular signaling. Indeed, a recent study demonstrated that the WUS protein moves from 
the OC to LI and LII to bind CLV3 regulatory elements and activate transcription (Yadav 
et al., 2011).
Several other genes have been shown to participate in the maintenance of the SAM. For 
example, SHOOTMERISTEMLESS (STM) is a Class I knotted1-like homeobox (KNOX) tran-
scription factor, the Arabidopsis ortholog of the maize KNOTTED1. It is required for keep-
ing the indeterminate fate of the stem cell population in the SAM but acts independently 
of WUS (Lenhard et al., 2002) and CLV3 (Long & Barton, 1998). While WUS specifies a 
subset of central, slowly dividing cell population, STM suppresses differentiation in the 
meristem dome, allowing several rounds of amplification of the cells that are about to 
incorporate into lateral primordia and ultimately differentiate. 
The apical meristem is surrounded by organ primordia at various developmental stages. 
Experiments where apices were isolated from their surrounding by precise excisions 
demonstrated that at least six leaf initials are required for an explanted apex to develop 
into a whole plant (Shabde & Murashige, 1977). The requirement for attached primordia 
could be substituted by supplementing isolated apices with kinetin (a type of cytokinin) 
and IAA (auxin). This results suggest that the young primordia formed on the margins of 
the SAM are necessary for its proper function and that this interaction is regulated by 
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secretion of auxin and cytokinin. Indeed, a recent study showed that WUS transcription 
is positively regulated by cytokinin in CLV dependent and independent pathways (Gor-
don et al., 2009). In turn, WUS represses the expression of several cytokinin regulators 
from the type-A ARABIDOPSIS RESPONSE REGULATOR (ARR) gene family (Leibfried et 
al., 2005). These observations propose a feedback loop mechanism between cytokinin 
and the WUS/CLV pathway. A second regulator of morphogenesis in the shoot apex is 
the plant hormone, auxin (reviewed by Vernoux et al., 2011). Accumulation of auxin in 
the periphery of the SAM is required for separation, outgrowth and positioning (phyl-
lotaxis) of incipient primordia. Inhibition of polar auxing transport by NPA results in pin 
like stems, lacking leaf primordia whereas application of the natural auxin, indole-3-ace-
tic acid (IAA) to these apices restored primordia inception (Reinhardt et al., 2000). The 
morphological and molecular description of the shoot apex given above, reveals a dy-
namic organ system that needs to retain structural stability within a highly limited space; 
changes in gene expression between adjacent cells and therefore the communication 
between the cells is crucial for achieving the complicated task of the SAM: keeping an 
indeterminate and undifferentiated structure and at the same time continuously supply-
ing new cells to the lateral organs formed on its flanks. 

2.2 Root meristems
The root meristem (RM) differs from the SAM in several developmental and morpho-
logical aspects. First, the stem cell pool (stem cell niche) is located sub-terminally rather 
than in the terminal pole as the SAM. In other words, the stem cells are not located in 
the distal most region of the longitudinal growth axes but a few layers inwards. The 
distal cells encompass several columella layers (with the exception of some Podoste-
maceae species with a reduced root cap [Suzuki at al., 2002; Rutishauser, 1997]) that 
first encounter resistance from the soil when the root grows, therefore this tissue has 
evolved to protect the meristem. This control of cell division versus cell differentiation in 
the columella is discussed in chapters three, four and five. The second distinction is that 
there are no lateral organs formed in the immediate vicinity of the RM, although with 
extant exceptions in some genera of vascular plants from the Lycopodiophyta division 
(e.g., Selaginella, Lycopodium and Isoëtes) where a true dichotomous origin of new roots 
occurs with one RM splitting into two (Sifton, 1944). 

2.2.1 Morphology (based on Steeves & Sussex, 1989; Esau, 1953 and Jiang & Feldman, 
2005)
In ferns, horsetails, some lower vascular plants as well as several mosses, a single apical 
cell functions as a source for all tissues in the root (Gunning et al., 1978; Bartoo, 1929; 
Chiang & Lu, 1972 and reviewed by Gifford, 1983). For example, in the water fern Azolla, 
the root is developed from a single conical cell, by a limited number of modular and 
precise cell divisions. Each oblique, asymmetric division is parallel to one of the walls 
of the apical cell, therefore, giving rise to four possible daughters. The distal most cell 
generates the root cap, while the other three daughters go through several longitudinal 
(formative) divisions that will establish the founding cells of all cell files, followed by a 
series of transverse divisions that will multiply the cell number in each file (Gunning 
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et al., 1978). The Azolla root represents an extreme example for developmental pro-
gramming of accurate division planes and mitotic activity of the central cell. In higher 
vascular plants, i.e., gymnosperms and angiosperms, a mid-longitudinal section through 
root meristems displays an arrangement of files, each with a separate lineage affiliation, 
that converge to one or several cells named the QC (quiescent center) which acquired 
its name due to low mitotic activity and reduced RNA content (Clowes, 1956a, b; Dolan 
et al., 1993). These innermost cells divide infrequently or not at all (Clowes, 1956a, b) 
and show mechanistic and genetic homology with the CZ of the shoot apex (discussed 
in section 2.4). Further experiments in various species such as Convolvulus have con-
firmed a general concept of a central QC with low mitotic activity (Phillips & Torrey, 
1971). The latter authors suggested a gradient of increasing cell cycle times with the 
inner QC holding the longest cycle period, surrounded by slowly dividing initials which 
in turn give rise to cells with a fast division rate. Live imaging of Arabidopsis root tips 
supports such changes in cell cycle timing (Campilho et al., 2006). In most species the 
root reaches determinate length and either stops growing or decelerates growth within 
four to five weeks after germination (Chapman et al., 2002). In Arabidopsis, root aging is 
preceded by decreased cell division in the meristem and loss of the early-age structure 
of the QC (Baum et al., 2002). The arrangement of cells in early developmental stages 
is well defined whereas changes in cell organization occurs as the root grows, leading 
to partial loss of the modular structure within the stem cell niche (Baum et al., 2002). 
As mentioned above, the QC is surrounded by initial cells that give rise to the various 
tissues in the root. In the proximal region of the meristem, there are usually five types 
of concentrically arranged files. The epidermis is the outer tissue, typically uniseriate 
(consists of a single layer); the cylindrical stele (vascular files) and its surrounding single 
layered pericycle are the inner most tissues; in most species the endodermis consists 
of a single layer and is characterized by Casparian strips (recognized by Caspary, 1865-
1866), it encloses the pericycle and circumscribed by the cortex. The protective tissue at 
the distal position is occupied by several layers of the root cap and the lateral root cap. 
In some species where the meristem is relatively small (e.g., Arabidopsis) it is simple to 
detect a single radial set of initials that function as founder cells for one or two tissues, 
with each cell as the progenitor of a single file. In species with wide meristems, such as 
maize, this kind of fine distinction is less clear. In the Arabidopsis QC, cell number and the 
overall shape changes in a dynamic process (Baum et al., 2002), together with changes 
in the arrangement of other cells in the RM. For example, in ~3 dpg young seedlings, the 
endodermis and cortex have a single shared stem cell that divides anticlinally (Dolan et 
al., 1993); its proximal daughter divides periclinally to establish two distinct lineages, the 
cortex and the endodermis. When the root ages, the cortex/endodermis stem cells di-
vide periclinally to generate two separated stem cells, one for the cortex and one for the 
endodermis (Paquette & Benfey, 2005). Moreover, about two weeks post germination, 
many of the endodermis cells, but not the stem cells, start to divide periclinally, progres-
sively forming a third ground tissue layer (Baum et al., 2002; Paquette & Benfey, 2005). 

2.2.2 Molecular mechanisms in root meristems
The majority of research dealing with the molecular mechanisms underlying root devel-

Untitled-1.indd   13 3/13/12   1:09 PM



Chapter 1

14

opment was performed on Arabidopsis. The ontological origin of the Arabidopsis root 
resides from two clonally, unrelated embryonic parts. While the QC and the columella 
originate from the upper suspensor cell, the hypophysis, the proximal tissues (vascula-
ture, ground tissue and epidermis) together with the lateral root cap develop from cells 
in the embryo proper (Scheres et al., 1994). The Arabidopsis root has two axes of sym-
metry/asymmetry: radial, and proximo-distal (longitudinal). In the radial, genetic mech-
anisms control patterning of various tissues. In the longitudinal axis, mostly different 
mechanisms regulate the transition from undifferentiated cells in the stem cell niche to 
fully differentiated cells in the mature root. WOX5 (WUSCHEL-RELATED HOMEOBOX5), a 
WUS homolog, is expressed in the QC as early as the first QC founder cell is established 
during embryogenesis (Haecker et al., 2004). It is required for the maintenance of the 
QC and for keeping the columella stem cells undifferentiated in a non-cell autonomous 
manner (Sarkar et al., 2007). Both WOX5 and WUS can replace each other in function, 
suggesting for a common mechanism regulating organizers of shoot and root meristems. 
However, the molecular mechanism through which WOX5 functions remains to be elu-
cidated and its requirement for maintaining the proximal stem cell population is not yet 
understood. A second pathway that is necessary for proper formation of the QC in early 
embryogenesis is mediated through AUXIN-RESPONSE FACTOR (ARF5)/MONOPTEROS 
(MP). First, the release of IAA12/BODENLOS (BDL) from MP, results in degradation of the 
former and activation of the latter. MP is then free to activate PIN1 and auxin efflux to 
the hypophysis where it is postulated to activate an unknown ARF needed for hypophy-
sis establishment (Weijers et al., 2006). Second, during the globular stage of embryogen-
esis, one of the transcriptional targets of MP, TMO7, moves from its site of translation 
in the provascular cells to the adjacent hypophysis and controls its proper development 
(Schlereth et al., 2010). A second target, TMO5, regulates QC formation from its site of 
transcription in the hypophysis adjacent provascular cells.
 
2.2.2.1 Tissue patterning
Non-cell autonomous action and movement of a transcription factor (TF) from its site of 
translation to a tissue where they are active is well demonstrated in the case of ground 
tissue development. SHORTROOT (SHR) TF moves from its site of translation in the stele 
to the endodermis (Nakajima et al., 2001) where it interacts with SCARECROW (SCR, Cui, 
2007). SCR in turn limits SHR further movement to the epidermis and sequesters it to 
the nucleus where they interact as a complex to activate downstream target genes such 
as MAGPIE (MGP) and NUTCRACKER (NUC). Using a yeast-two hybrid assay it was shown 
that the rice SHR and SCR proteins, which are expressed in the homologous tissues also 
interact with each other. Together with the observation that nearly all vascular plant ex-
amined so far have a single endodermis layer but a variable number of cortex layers, this 
finding supports an evolutionary conserved mechanism for endodermis specification in 
plants. There is evidence that a combinatorial interaction between subsets of SHR, SCR, 
MGP and NUC proteins regulate tissue boundaries and asymmetric cell division and that 
MGP and NUC feed forward on SCR and SHR activity by transcriptional regulation as 
well as protein interaction (Welch et al., 2007). Communication between tissues is also 
demonstrated by the action of the endodermal SHR/SCR complex for specifying xylem 
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differentiation. This complex activates the transcription of miRNA165a and miRNA166b 
that moves to the periphery of the stele, restricting PHB dependent xylem differentia-
tion (Carlsbecker et al., 2010). A third mechanism for pattern formation in the circumfer-
ence of the Arabidopsis root is revealed by the relationship between the cortex and the 
epidermis in determination of hair (H)- and non hair (N) cells in the latter. Hair cells are 
always formed in epidermis cells overlaying two cortex cells cleft (Dolan et al., 1994) and 
lately it was shown that the cortex-expressed JKD is required non-cell autonomously for 
epidermis cell specification (Hassan et al., 2010). However, no cortex-secreted peptide 
that regulates the patterning in the H position has been identified so far. The receptor-
like kinase, SCRAMBLED (SCM) lies upstream of the epidermis regulatory network (Kwak 
et al., 2005) but is unlikely to be the factor that conveys specificity on any of the positions 
(N and H) in the epidermis since its expression is not confined to any of them. Neverthe-
less, SCM negatively regulates WEREWOLF (WER) expression in the H position (Kwak & 
Schiefelbein, 2007) to determine the H position and to initiate a transcriptional feedback 
loop that includes WER, CAPRICE (CPC) and GLABRA2 (GL2) genes. WER expression in the 
N position positively regulates both CPC and GL2 to specify this cell type in a cell-auton-
omous manner. CPC, on the other hand negatively regulates its own expression as well 
as WER and GL2 by lateral inhibition in the H position (Lee & Schiefelbein, 2002). These 
mechanisms underline the importance of cross-tissue communication for establishing 
and maintaining pattern formation during root morphogenesis.

2.2.2.2 Regulation of cell differentiation
Root cell differentiation is controlled in the longitudinal dimension, as cells increas-
ingly acquire more morphological and molecular characteristics of their terminal state. 
This proliferation-to-differentiation process is established in three directions. Proxi-
mally, ground tissue cells initiate from the cortex/endodermis or cortex and endoder-
mis (discussed above) slowly dividing stem cell(s), and as they disconnect from the QC, 
go through several cycles of division and migrate in the proximal direction until they 
start to elongate and vacuolate. Similar process occurs in the vascular tissue. Distally, 
the columella SCs divide once but in contrast to the ground tissue daughter cells, the 
columella daughter cells start differentiating without going through additional rounds 
of division. Nevertheless, differentiation is still a continuous process where highly dif-
ferentiated cells, ready to be detached from the root cap are found in the most distal 
position (reviewed by Barlow, 2002). Laterally, The epidermis/LRC (lateral root cap) ini-
tials perform periclinal divisions, setting up two daughter cells that will carry out several 
anticlinal divisions to form the epidermis and the LRC (Baum & Rost, 1996). Each of the 
daughter lineages will progressively acquire full differentiation as it moves away from 
the stem cell niche. Several genes and plant growth factors have been implicated in 
the differentiation process in the proximal meristem. In the RM, auxin promotes cell 
proliferation (and hence increasing meristem length) and cytokinin promotes cell ex-
pansion and differentiation (therefore, decreasing meristem length). Both play a ma-
jor role in determining meristem size. The crosstalk between auxin and cytokinin in the 
boundary of the meristem (transition zone [TZ]), where cells stop divining and start the 
differentiation process, is mediated by SHORT HYPOCOTYL2 (SHY2), a member of the 
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auxin repressor gene family, AUX/IAA (reviewed by Moubayidin et al., 2009). SHY2 is 
expressed in vascular cells at the TZ and acts to perceive and send auxin and cytokinin 
signals. In response to cytokinin, ARR1 binds the SHY2 promoter and activates its tran-
scription (Dello Ioio et al., 2008) resulting in negative regulation of the PIN proteins that 
facilitate auxin efflux. Conversely, auxin mediates SHY2 degradation, thus maintaining 
PIN activity. On the other hand, SHY2 positively controls cytokinin biosynthesis as the 
shy2 gain of function allele leads to up-regulation of cytokinin biosynthesis genes such 
as IPT5. Interestingly, this mechanism demonstrates again a non-cell autonomous regu-
lation of root meristem growth in which, a gene expressed in the vasculature imposes 
a developmental trajectory on outer tissues. In the distal meristem, auxin also plays a 
central role in the transition from cycling cells to differentiation, however, in columella 
daughter cells, rather than promoting cell division, it enhances differentiation (Ding & 
Friml, 2010). arf10;arf16 mutant and over-expression of miR160C (targets degradation 
of ARF10 and ARF16 mRNAs) genotypes exhibit over-proliferating and undifferentiated 
columella cells (Wang et al., 2005) suggesting that these proteins are required for dif-
ferentiation in the columella. Indeed, auxin mediated differentiation of columella cells is 
blocked in 35S::miR160C (Ding & Friml, 2010). In the LRC, two NAC domain TFs, FEZ and 
SOMBRERO (SMB) modulate the orientation of division plane in epidermis/LRC initials 
(Willemsen et al., 2008). Cell differentiation and maturation in the LRC is regulated by 
the class IIB NAC genes, SMB, BEARSKIN1 (BSK1) and BSK2. These genes act redundantly 
to induce lignin synthesis and secondary cell wall thickening (Bennett et al., 2010). Final-
ly, four PLETHORA (PLT) proteins, PLT1-PLT4, members of the AINTIGUMENTA-like sub-
class of the AP2/EREBP (Riechmann & Meyerowitz, 1998) are major root meristem TFs. A 
single mutation in any of the four PLT genes causes subtle defects in the organization of 
the stem cell niche, but collectively they are required for the formation and maintenance 
of the root and the stem cell niche, respectively (Aida et al., 2004; Galinha et al., 2007). 
plt1;plt2 double mutants have a reduced meristem size, differentiated columella SCs and 
premature root growth arrest (Aida et al., 2004) while plt1;plt2;plt3 triple mutants have 
no root at all. Accordingly, PLT2 over-expression produces roots in shoot aerial tissues 
(Aida et al., 2004; Galinha et al., 2007) and increases meristem size, strongly indicat-
ing that PLT2 is a specific root-meristem identity factor. Lately, mobile tyrosin sulfated 
peptides, ROOT MERISTEM GROWTH FACTORs (RGFs), were isolated as regulators of the 
root meristem (Matsuzaki et al., 2010). RGF1 is expressed in the QC and columella SCs 
(CSCs) but the protein is localized in a gradient fashion towards the proximal meristem, 
CSCs and epidermis/LRC SCs. PLT1 and PLT2 are positively regulated by and required for 
RGF activity at both transcriptional and posttranslational levels.

2.3 Cell-cycle regulation by the RETINOBLASTOMA gene
All pathways described above work in the context of accurate cell cycle regulation. Pre-
cise control of S-phase entry is of utmost importance because at this stage the whole 
genome is duplicated. There is no known mechanism that permits cell-cycle reversal in 
the case of difficulties with DNA duplication; once the genome starts replication it must 
either complete the cell cycle (or endoreduplication) or arrest it. One of the most impor-
tant proteins that negatively regulates S-phase entry (Goodrich et al., 1991) and guards 
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the cell from premature commitment to division is the RETINOBLASTOMA (Rb) suscepti-
bility gene, the first identified tumor suppressor (Friend et al., 1986). The significance of 
Rb is strongly highlighted by the widespread distribution of its homologs in almost every 
branch of the eukaryotic phylogenetic tree (Hallmann, 2009), from unicellular organisms 
such as green algae (Umen & Goodenough, 2001) to complex multicellular organisms 
such as plant (Park et al., 2005) and animals. The first identified plant Rb from Zea mays 
(ZmRb, Grafi et al., 1996) has been shown not only to bear sequence homology with the 
human Rb but also to retain evolutionary structural and functional relevance (Grafi et al., 
1996). ZmRb interacts with the E7 oncoprotein encoded by the papilomavirus and this 
interaction is dependent on a conserved cystein residue in ZmRb pocket domain and on 
the LxCxE motif in the E7 protein (Grafi et al., 1996). Further experiments provided ad-
ditional evidence for the conservation of the Rb pathway in plants. First, ZmRb interacts 
with the wheat E2F, which positively promotes G1/S-phase transition and is negatively 
regulated by Rb (Ramírez-Parra et al., 1999). Second, tobacco Rb is phosphorylated by D-
type cyclin associated kinase (CDKs) during G1/S-phase, coinciding with the mechanisms 
for down-regulation of Rb in animals (Nakagami et al., 2002). The central role of the Rb 
pathway in cell proliferation and differentiation was later demonstrated in various stud-
ies (Park et al., 2005; Desvoyes et al., 2006; Borghi et al., 2007; Wildwater et al., 2005, 
Wachsman et al., 2011) emphasizing its importance in the processes. In addition to its 
crucial role in cell proliferation, Rb also serves as a key factor in the apoptosis pathway in 
animals (Guo et al., 2001; Fan & Steer, 1999; Zacksenhaus et al., 1996). It is well estab-
lished that expression of Rb can block apoptosis after a variety of stimuli such as TGF-b1 
(Fan & Steer, 1996), ionizing radiation (Haas-Kogen et al., 1995) and p53 (Haupt et al., 
1995). Rb does not only regulate apoptosis but also is subject to regulation by at least 
one apoptotic-pathway; in response to activation by tumor necrosis factor, Rb is cleaved 
in a conserved sequence at the c-terminus by a caspase dependent proteolytic path-
way (Tan et al., 1997; Janicke et al., 1996; Chen et al., 1997). It is still unclear whether 
increased apoptosis in rb null cells is a default outcome of unscheduled proliferation, 
either in the presence or absence of cellular stress. Alternatively, suppression of apop-
tosis may be a primary function of Rb, independent of its role in cell proliferation (Chau 
& Wang, 2003). 

2.4 Common and distinct themes in homeostasis of meristems 
Similarities between developmental systems can be the outcome of convergent evolu-
tion or a shared biological origin (homology). It seems that in plant meristems, common 
genetic programs that may have existed in ancestral meristems were kept after the di-
vergence of the SAM and the RM, but that other pathways were recruited later by each 
meristem for different needs. The features of organizer regions, surrounded by slowly di-
viding SCs together with the interchangeability of WOX5 and WUS, represent a common 
feature that may have been derived from an early meristem. A single WUS/WOX5 pro-
ortholog exists and displays SC promoting function (Nardman et al., 2009), indicating 
that organizer control mechanisms were present before the separation of the SAM and 
RM. However, the different roles and distributions of auxin and cytokinin suggest that 
their function in extant plants was either altered after the separation of the meristems 
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or that these hormomes were adopted for different functions. In the SAM, auxin ac-
cumulates in emerging primordia outside the CZ whereas cytokinin positively regulates 
the WUS domain. Conversely, in the RM, auxin accumulates in the QC (central) region 
and cytokinin promotes the transition toward differentiation. Genes from the family of 
AP2 domain transcription factors, the PLTs in the root and AP2 in the shoot (Würschum 
et al., 2006) are required to maintain meristems and prevent premature termination. 
Interestingly three members of the PLT clade, PLT3, PLT5 and PLT7 are involved in phyl-
lotaxis in the SAM (Prasad et al., 2011) and positioning of the lateral roots (Hofhuis et al., 
in preparation). Together, these observations, as well as others, suggest some common 
and basic features for the two meristem types, that may have been preserved. However, 
other mechanisms were adopted later by each meristem to acquire specific characteris-
tics that are necessary for specialized functions.

3. Mosaic analysis – cell and tissue specific genetic manipula-
tion
With the identification of many meristem regulatory genes, it became necessary to 
study their function in cellular contexts. Traditional approaches such as loss and gain of 
function (LOF and GOF, respectively) have several disadvantages for investigating gene 
functions. First, many genes display a pleotropic phenotype in diverse tissues and or-
gans, hence, the site of function (cell or tissue) of any gene of interest (GOI) can be 
defined only after local manipulation. Second, embryonic lethality of knockout alleles 
hinders analysis in postembryonic stages. Third, genetic manipulation such as LOF and 
GOF may cause secondary and indirect effects, which hinders the interpretation of phe-
notypes. Consequently, more accurate methods are necessary for understanding genes’ 
functions in single or subgroups of cell(s). One approach that partially overcomes these 
limitations is using tissue specific RNAi techniques. In mice, for example, Wilms’ tumor 1 
(WT1) gene was silenced by a small interfering RNA (siRNA) sequence driven by a Sertoli 
cell specific promoter (Rao et ali., 2006). A higher level of control may be achieved by us-
ing inducible techniques that allow silencing at specific time points (Dickins et al., 2007). 
These methods are gaining popularity, however, full knockout is rarely achieved by mi-
croRNA techniques since not all transcript molecules can be targeted (Brummelkamp 
et al., 2001). Additionally, small RNAs can target non-specific transcripts (Jackson et al., 
2003) as well as move away from their transcriptional domain (Winston et al., 2002; Yoo 
et al., 2004). These drawbacks might influence the specificity and hence the interpreta-
tion of the result.
Clonal analysis is an alternative method for gene manipulation based on marking geneti-
cally modified cells and following their progenies. The marked group of cells (a clone if 
it originated from a single cell), its shape, size, position and other parameters can be 
analyzed and provide information about the cell lineage and/or gene function in a re-
stricted part of the organism. There are three main types of clonal analyses: 1) marked 
clones, 2) deletion clones and 3) activation clones. The first type aims to mark a cell with 
a neutral marker, e.g., a fluorescent protein (FP) in order to follow and characterize its 
contribution to a developmental process. In the second type, the DNA sequence of a GOI 
is deleted in a specific cell or tissue thereby, creating a null sector. The principle is similar 
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to mutagenesis, but the knockout occurs in a specific sector of cells rather than in every 
cell. In the third type, the wt allele is introduced to specific cells and driven by its own 
promoter or any other promoter to produce ectopic expression, whereas the rest of the 
cells are either null or wt. 

3.1 Marked clones
The first organism in which a mixed genetic identity was recognized was the fruit fly 
studied by Morgan at the beginning of the 20th century (Morgan, 1914). He found rare 
cases of mosaic flies that consisted of parts with different genetic identity. Gynandro-
morphs are specific mosaics that occur when the two cell populations have different 
sexual identity. He concluded that “gynandromorphs and mosaics may arise through a 
mitotic dislocation of the sex chromosomes”. This was the first demonstration for ge-
netic alteration in somatic tissue. These events are extremely rare, appearing in approxi-
mately one of 1100 eggs (in D. melanogaster, Morgan & Bridges, 1919), therefore it is 
reasonable to assume for a single-cell origin of the chromosomal aberration. One of the 
applications of mosaics is to use them for constructing fate maps. This method is used 
to identify the cell(s) of origin in embryonic stages that will later develop into the tissue 
of the adult organism. For example, Kankel & Hall (1976) used an enzymatic marker 
placed on the X-chromosome and generated gynandromorphic mosaics to construct the 
fate map of D. melanogaster nervous system. In maize, the fate-map of the embryo was 
constructed using x-ray mediated loss of heterozygosity (LOH, Poethig et al., 1986). In 
this method, heterozygous plants for a mutation that produces different coloration in 
homozygous and hemizygous condition, are irradiated to induce chromosomal breaks. 
Null cells that lose the dominant allele are hemizygous, having only the recessive allele, 
and their progenies form white/albino sectors. These experiments showed that cell lin-
eage is not strictly controlled in the maize embryo. For example, sectors of plants that 
were irradiated after the first zygotic division (two cell stage) occupied different portions 
of the plant. This result shows that the contribution of two cells to the plant body is 
not constant and differs between individuals. LOH by chromosomal breaks might cause 
problems with the interpretation of results due to negative effects of chromosomal arm 
loss on cell competitiveness. Two major advances in molecular biology have allowed 
the development of more refined methods for clonal analysis. First, the discovery of the 
green fluorescent protein (GFP; Shimomura et al., 1962) and implementation of FPs to 
mark cells and lineages as substitution for genetic markers. Second, identification of the 
Cre/lox system (Sternberg & Hamilton, 1981) from the phage P1 as well as other two-
component recombination techniques, such as the Flp/frt (Sadowski, 1995), allowed 
inducible and site-specific recombination to replace potentially damaging methods for 
creating marked clones. In these systems, a trans-element (e.g., Flp or Cre) induces in-
ter- or intra-chromosomal site-specific recombination between a pair of short DNA se-
quences. This recombination event, depending on the recombination system, can lead 
to reorganization of the DNA, e.g., exchange of chromatides, DNA inversion or deletion 
and finally to expression of the FP. Several techniques that make use of FPs together 
with recombination systems have been developed to follow marked clones. Two of the 
most elegant examples are the MADM (mosaic analysis with double markers, Zong et al., 
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2005) in mice and twin spot generator (TSG, Griffin et al., 2009) in Drosophila. In these 
systems, the coding sequences of the N-terminus of GFP and the C-terminus of RFP are 
separated by flp (TSG) or loxP (MADM) sequence while on the homologous chromosome 
the order is inverted where the RFP N-terminal is followed by the GFP C-terminal with 
the flp (TSG) or loxP (MADM) sequence in between. Flp (TSG) or Cre mediated recombi-
nation in G1-phase leads to assemble of the N- and C-terminal parts of both FP and their 
expression in the daughter cells (yellow cells). However, recombination during G2 phase, 
followed by x-segregation in which, each of the recombinant chromosomes separates to 
different cell gives rise to two cells expressing different FPs (GFP or RFP). With the TSG 
and MADM methods, two different daughters from a single cell division can be related 
and compared to study different aspects of cell behavior, e.g, asymmetric divisions in 
stem cells. 
As mentioned earlier, one of the long-term debates in plant development is the number 
and persistence of the shoot apical cell(s). Stewart and Derman (1970) used stable peri-
clinal chimeras in several species to show that the apical region of the shoot meristem 
has 1-3 initial cells, these cells divide once every ~12 days and are occasionally replaced 
by cells on their flanks. In these chimeral species the SAM layers are of different genetic 
background, varying in e.g., ploidy or chlorophyll synthesis. In dicots, L1 establishes the 
epidermis, L2 the mesophyll and the circumference of the leaf and L3 sets up the inner 
cortex and the vascular tissue. The California privet (Ligustrum ovalifolium Hassk.) and 
the Chinese privet (L. sinense Lour.) chimeras have L1, L2 and L3 layers genetically green, 
white and green (G-W-G), respectively. As mentioned in section 2.1.1, L1 and L2 divide 
anticlinally, however, in rare cases, periclinal divisions occur. Such an atypical division 
pattern might lead to replacement or displacement of cell from one layer by cell from 
another (Dermen, 1960). In the first case, a cell from an apical layer, e.g., L1 divides peri-
clinally and replaces an L2 cell that in turn, forces its L3 neighbor cell inwards. As a result 
the G-W-G pattern changes to G-G-W and a white inner stem together with green leaf 
sector appears. Displacement refers to the takeover of a cell from an inner layer of outer 
position, for example as a result of wounding. If a single initial were to be the source of 
all cells in a given layer, a periclinal chimera and replacement/displacement of this cell 
would be shown in all new growth. A similar event in one of the neighboring cells or cells 
that are slightly further from the initial would give rise to clones of varying widths and 
lengths, but these would eventually be left behind in the main plant body as local sectors 
whereas the initial would keep producing new cells for new tissues. However all chime-
ras persisted for some length comprising large parts of the shoot perimeter. This experi-
ment and many others gave conclusive evidence for the existence of non-permanent 1-3 
initials that can be replaced by cells from their surroundings. Newman stated when he 
described the shoot apex; “I would go further ... and deny permanence even to the ‘api-
cal initial group’, its cells being at any moment the temporary occupants of a permanent 
office” (Newman, 1965). 

3.2 Gain of function clones
One way to study gene function is by expressing it in cells that do not transcribe it. A 
general method for producing such heritable sectors is by using the Cre/lox or the Flp/
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frt system (Struhl & Basler, 1993). Any genomic DNA fragment placed between two di-
rect lox or frt repeats, can be excised upon Cre or Flp activation, respectively (Struhl & 
Basler, 1993). The inner fragment is circulated and lost while the flanking sequences on 
its 5’ and 3’ are juxtaposed (see chapter two for details). Using this principle, it is pos-
sible to achieve two goals, deleting a sequence between the repeats and activating a 
GOI if the upstream sequence is a promoter and the 3’ is a coding sequence. Moreover, 
activation (or deletion) of any sequence is independent of the transgene orientation 
and integration site, as well as the cell phase in contrast to MADM and TSG methods. 
To study the role of wingless (wg) in Drosophila by activation clones, the constitutive 
Act5C promoter was placed upstream to the coding sequence of wg but separated from 
it by double frt sites flanking the y+ (yellow cuticle) gene. A second line was transfected 
with Flp driven heat-shock dependent promoter. Both lines were introduced to the mu-
tant y background. Activation clones possessed yellow cuticle due to loss of the comple-
menting y+ fragment. In wt, wg is expressed in ventral cells of the leg imaginal disk and 
ventral gain of function clones in this region did not exert any abnormal phenotype. 
However, dorsal clones formed ventrolateral structures, which were not confined to re-
combined cells only. These results revealed the capacity of wg to force ventralization 
non-cell-autonomously. In plants the Ac transposon element was used for introduction 
of wt (or near wt) alleles in a sectorial manner. In this system, transposition of the Ac 
element from its insertion position in the coding sequence produces a revertant sector 
with a functional (wt) allele. In male flowers of maize (tassels), TASSELESEED2 (TS2) is 
required for gynoecial abortion and formation of unisexual tassels. DeLong et al. (1993) 
generated an unstable mutant ts2 allele with an Ac insertion (ts2-m1) and produced wt 
revertant sectors in developing tassels. In tassels, somatic mutations transmit to pollen 
only through the subepidermal layer, which contributes to the formation of gametes. 
Wt pollen with restored TS2 function in ts2-m1 background can therefore only be the 
result of subepidermal Ac excision. Nevertheless, also the epidermis (L1) layer presented 
male characteristics suggesting that TS2 acts non-tissue autonomously (either directly 
or indirectly) from the L2 layer. A similar approach was taken to study the site of action 
of the meristem identity gene floricaula (flo) in Antirrhinum (Carpenter & Coen & Coen, 
1995). Mutant alleles (such as flo-613 that carries a Tam3 transposon insertion; Carpen-
ter, 1990) produce inflorescences with indeterminate shoot instead of flowers, on the 
axils of each bract (Coen et al., 1990). Transposition of Tam3 in flo-613 plants created wt 
sectors that were sufficient to restore the floral program even when the sectors included 
only a single layer in the meristem. Hantke et al. showed (1995) that the recovered flow-
ers in these periclinal chimeras expressed the organ identity genes DEFICIENS (def) and 
PLENA (ple). In accordance with the formation of near-wt flowers in flo-613 chimeras def 
and ple where activated in all three layers even when the wt FLO was restored (by Tam3 
transposition) in a single layer (L1 or L3). These results demonstrated a high degree of 
cell communication in the shoot meristem and that activation of FLO in one layer is suf-
ficient to induce the expression of downstream targets in a different layer.
In the root meristem, activation clones were generated by the CRE/lox pCB1 system (see 
chapter two for details). In the young Arabidopsis root meristem, all ground tissue cells 
besides the cortex/endodermis SC daughter divide anticlinally. Periclinal division of the 
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daughter cell forms the separation between the cortex and the endodermis lineages 
and this unique division requires SCR (Scheres et al., 1995; Di Laurenzio et al., 1996). In 
the scr mutant, introducing the wt SCR allele to the single ground tissue layer, using the 
pCB1 system, induces an asymmetric cell division. This event takes place only when SCR 
was presented in meristematic (i.e., before elongation) ground tissue cells but not in any 
other tissues (Heidstra et al., 2004). These results together with SCR deletion clones us-
ing the same pCB1 system showed that SCR mediates separation of the endodermis and 
cortex fates in a cell autonomous manner and that SCR is required for the specification 
of the endodermis.

3.3 Loss of function clones
Clonal loss of function approaches aim to study the role of a gene in specific tissues 
and to examine whether its function is cell autonomous. In contrast to the traditional 
mutagenesis/knockdown/knockout strategies, loss of gene function is induced in spe-
cific cells or tissues rather than in the entire organism. The MARCM method (mosaic 
analysis with repressible cell marker; Lee & Luo, 1999) initiated one of the commonly 
used methods for marking deletion clones in Drosophila. Because mutant clones were 
positively marked, detailed observations on cellular phenotypes was enabled. On one 
chromosome a FP under the yeast upstream activating sequence (UAS) is flanked by 
the mutant allele of a GOI on its distal side and a frt site on its proximal side. On the ho-
mologous chromosome, the GAL4 repressor, GAL80, is under the control of Drosophila 
tubulin 1a promoter (tubP), which allows ubiquitous expression. The tubP is flanked by 
the wt allele of the GOI on the distal side and a frt repeat in the same loci as the other 
chromosome. Additionally, GAL4 and Flp driven by tubP and HS promoter, respectively, 
are placed in trans on different chromosomes. Under non-inducible conditions (i.e., be-
fore HS), GAL80 represses GAL4 activation and the expression of the FP through the UAS. 
Flp mediated inter-chromosomal-recombination in G2 phase and co-segregation of each 
pair of the homologous chromosomes to the same daughter cell would set up 1) one cell 
that expresses only the GAL80 inhibitor proximal to the wt allele of the GOI and 2) a ho-
mozygous mutant cell expressing the FP due to loss of the inhibitory effect of GAL80 as 
it segregates to the twin cell. Using the MARCM system it was possible to show some of 
the functions of the short stop (shot) gene in sensory neurons; while mutant neuroblast 
morphology was normal, axon path-finding had an erroneous and atypical fasciation. 
Another interesting clonal technique, the Q-system (Potter et al., 2010), makes use of 
the Neurospora crassa qa gene cluster. Here, the QF, QS and QUAS are replacing the 
yeast GAL4 activator, GAL80 repressor and UAS, respectively, and, inhibition of the QS 
repressor by quinic acid adds another layer of control over induction of clones. More-
over, the Q-system can be used in combination with MARCM for marked and twin dele-
tion clones. One major limitation for the TSG, MARCM and Q-system, is the necessity to 
accurately assemble the frt sites transgenes on homologous chromosomes. While such 
targeted transformation can be easily achieved in Drosophila by homologous recombi-
nation, there is no equivalent technique in plants where the locus of insertion can be 
predetermined. A second shortcoming of all three methods is the dependency on active-
ly dividing cells since recombination during G2 alone can yield positively marked cells. A 
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detailed description of clonal deletion in plants is given in chapters two and three.

4. Aim of this thesis 
The demands of plant as sessile organisms forced them to evolve mechanisms that are 
analogous to animal behavior. Their meristematic nature and continous ability to form 
new organs contribute to appropriate responsiveness to changing surroundings. Meri-
stems must maintain a reliable supply of cells while, at the same time, DNA integrity must 
be kept unconditionally. The latter characteristic has been attributed to quiescent cell(s) 
located at the centre of the meristem in a wide variety of plant species: it is thought 
that central cells divide slowly to avoid possible damage to the DNA during cell division, 
while peripheral cells proliferate faster to generate a substantial number of cells for or-
gans and/or tissues. This modular structure of meristems and the dynamic partitioning 
into functional zones are likely to require a high degree of intercellular communication 
that instructs each cell to fulfill its accurate function. To understand local roles of gene 
products within these cell populations, sophisticated perturbations are needed. Clonal 
analysis has emerged as a powerful tool for genetically marking, deleting or introducing 
a GOI in a single cell. However, current methods for clonal analysis are often laborious 
and not universally adaptable.
In chapter two, we describe the usage of the CRE/lox system as a tool for generating 
activation and deletion clones in plants. This chapter focuses on technical and practical 
issues necessary for such analyses. 
In chapter three, the Cre/lox system was improved to allow clonal solution for lethal 
alleles and to increase the general efficiency of clonal analysis. Cre/lox recombination 
was combined with concepts from the mice-neuron tracking system, Brainbow (Livet et 
al., 1997) to generate a clonal system (Brother of Brainbow, BOB) used for genes with 
embryonic and gametic null alleles. Moreover, this system can mark clones with a combi-
nation of three FPs, creating clones with a unique FP signature. We used the BOB system 
to demonstrate the proof of principle as well as to show several aspects of the tissue 
specific functions for the gametophytic essential gene RBR. 
In chapter four, we elaborate on one of our observations in rbr null clones (as well as in 
rbr hypomorphyc genotypes), cell death in specific cell populations of the RM. We char-
acterized part of the mechanism that leads to cell death in these meristematic regions 
as a consequence of RBR depletion or exposure to a radiomimetic drug. We found that 
similarly to the radiomimetic drug pathway, ATM (ATAXIA TELANGIECTASIA MUTATED) 
and ATR (ATM AND RAD3-RELATED) mediate RBR dependent cell death. Furthermore, 
we show that RBR can partially protect cells from dying and that the mechanism is re-
lated to cell differentiation. 
In chapter five we introduce a second specific method for LOF analysis, based on artifi-
cial microRNA (amiRNA) mediated gene silencing. The system was adapted so that the 
GOI can be tested for complementation by modified alleles. RBR silencing in the QC 
leads to asymmetric division and incorporation of the distal cell to the columella region. 
Using the BOB system, we show that infrequently dividing QC cells behave similarly in 
the wt situation. Furthermore, we demonstrate that quiescence of this cell population 
is important to prevent radiomimetic induced cell death, giving a biological relevance to 
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the slow division nature of QC cells. 
Chapter six describes a broader project to characterize transcriptional targets of PLT2. 
Clonal analysis was used to investigate the post-embryonic role of the ARF5/MONOP-
TEROS (MP) gene in root growth. We also describe the target ARF10 that partially com-
plements the plt phenotype and a second target HANABU TARANA (HAN) with an over-
expression (OX) phenotypic similarity to the PLT2-OX phenotype.
In chapter seven, we present a summarizing discussion of the work described in this 
thesis.
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The Cre/lox system as a tool for developmental 
studies at the cell and tissue level

Guy Wachsman, Ben Scheres and Renze Heidstra1

1. Abstract
Targeted gene manipulation has been used in the last few decades for better 
understanding of gene function. Most often mutant or overexpression genotypes are 
analyzed, but in many cases these are not sufficient to obtain a detailed picture on the 
mode of action of the corresponding protein. For example, many mutations result in 
pleiotropic or early phenotypic effects thereby affecting the whole organism. Conditional 
complementation or deletion of the gene under study in a specific cell or tissue can 
elucidate its exact role in a specific region within a certain time frame. Implementation 
of several site-specific recombination systems such as Cre/lox has created powerful tools 
to study the role of many genes at the cellular level. In this chapter we describe in detail 
protocols for the application of a two-vector based Cre/lox system, enabling controlled 
timing and position of gain or loss of function clonal analyses.

Published in Methods in Molecular Biology (2010), 655: 47-64

1Department of Molecular Genetics, University of Utrecht, 3584CH Utrecht, The Netherlands.
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2. Introduction
Transgenic technology has provided a means to alter a genome and transcriptional 
output in a fundamental manner and is widely used for studies on developmental 
processes in plants and animals. However, understanding the role of many genes 
requires the ability to generate and visualize a knockout event at the tissue or cell 
level and not only at the whole organism level. If a mutant causes alterations early in 
development, it is likely that secondary changes accumulate as development proceeds. 
These secondary effects frequently mask the primary defects making the interpretation 
of phenotypes not straightforward. By generating a phenotypically wt organism with an 
inducible specific loss or gain of function cell or tissue, or a mutant with gain of function 
wt regions, it is possible to pinpoint the exact role of the gene-of-interest (GOI) in these 
specific locations. Such directed approaches utilizing temporal and/or tissue specific 
over-expressing or deletion of a GOI are frequently based on the Cre/lox or an equivalent 
site-specific recombination system (Kolm, 2002; Wirth et al., 2007). 
Another application of site-specific recombination systems is to test cell autonomous 
vs. non-cell autonomous function of a protein, i.e., does a protein act solely in the 
cells where it is expressed or does it have an effect on neighboring cells, directly by 
movement or indirectly via signal transduction (Sieburth et al. 1998; Becraft et al., 2001). 
Furthermore, site-specific recombination systems can be exploited in gene therapy 
(Maeda et al., 2006), cell lineage studies (Zynik et al., 1998; Saulsberry et al., 2002) and 
creation of marker free transgenic organisms (Srivastaval & Ow, 2004). 
There are two separately evolved families of DNA recombinases named after the amino 
acid residue that covalently binds the DNA (Craig, 1998). The Serine recombinase family 
is mainly present in prokaryotes (e.g. Hin in Salmonella) and bacteriophages while 
the tyrosine family can be found in eukaryotes such as yeast and fungi as well (e.g. l 
integrase, yeast Flipase (Flp) and P1 Cre recombinase). The most prominent difference 
between the two families is the simultaneous, i.e. double strand break and ligation 
mechanism vs. sequential strands cleavage and reunion, respectively (Craig, 1998). The 
l integrase executes the integration and excision of the phage genome to and from the 
E. coli host chromosome (Nash, 1981) while Flp has a role in the amplification of the 
yeast 2m plasmid (Volkert & Broach, 1980). The Cre recombinase has at least two known 
functions in the P1 phage life cycle (Sternberg & Hoess, 1983). Initially it catalyzes the 
cyclization of the linear phage genome after viral infection; later, in the lysogenic phase 
during cell division it enables the physical separation of P1 plasmids keeping a high 
frequency of infected bacteria daughter cells. The three enzymes mentioned above in 
addition to many other site specific recombination systems such as the Ac/Ds transposon 
from maize (Osborne & Baker, 1995) are commonly used as tools for DNA manipulation.
The Cre/lox system is made up of two main elements, both from the bacteriophage 
P1: the Cre recombinase that carries out a “cut and paste” site specific recombination 
reaction of a DNA sequence placed between its DNA recognition sequences, the lox 
sites (Sternberg & Hamilton, 1981). The wt lox site, loxP (Hoess et al., 1982), consists of 
two inverted repeats of 13 base pairs that are separated by an eight base pairs spacer 
(Hoess & Abremski, 1985; Figure 1). Each Cre molecule binds one repeat (Mack et al., 
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1992); hence, a full recombination event, which involves the exchange of two double 
strand DNA sequences, is mediated by four Cre units. In case of a linear DNA substrate, 
the orientation of these two 34 nucleotide lox sequences in respect to each other, 
determines the DNA product(s) structure. A deletion and cyclization of the sequence 
flanked by the two lox sites occurs when they are laid as two tandem repeats and an 
inversion when they are positioned in a head to head orientation (Figure 1). 
The sequential Cre/lox recombination starts with the binding of four Cre monomers to 
the two loxP sites (Lee & Sadowski, 2003). At this stage only two of the Cre monomers 
are in their active conformation while the other two remain inactive. The active units 
first cleave the “bottom” strand in the spacer region 3’ to the guanine, generating a 
free 5’-OH end, and a covalent phosphotyrosyl bond between the 3’ end and the 
active Cre subunit. Each end is then rejoined with its homologue end on the parallel 
DNA sequence resulting in two “bottom” recombined strands and two “upper” strands 
that are still intact (Lee & Sadowski, 2003). This intermediate structure is also known 
as Holliday junction (Holliday, 1964). Exchange of the “upper” strands initiates with 
the isomerization of the Cre molecules from active to inactive form and vice versa. This 
conformation change resolves the Holliday junction by similar cleave (of the 5’ adenosine 
Thymidine phosphodiester bond on the “upper” strands) and join steps to yield a fully 
recombined DNA product (Lee & Sadowski, 2003). 

Figure 1. The Cre/lox recombination system

(A) Cre/lox interaction prior to recombination. The depicted loxP 

site consists of a two 13 base pairs repeat separated by an 8bp 

spacer (gray box). The active Cre subunit (gradient oval) binds the 

“bottom” strand, subsequently cleaving it at the GC phosphodiester 

bond (black arrow) located in the lox spacer region. Post cleavage, 

ligation of “bottom” strands and isomerization of Cre units, the 

same process is executed on the upper strand (see text for details). 

(B and C) Cre mediated recombination of a DNA sequence flanked 

by tandem lox sites results in deletion and cyclization (B, dashed 

line) or reversion of the sequence in case of inverted lox sites (C, 

thick arrow). Boxed horizontal arrow indicates lox site, X marks 

recombination.

A classical example that shows the power of applying 
mosaic analysis for gene function demonstrates 
the requirement for Egfr in cell proliferation in flies 
by way of induced deletion clones using the Flp/
frt recombination system (Xu & Rubin, 1993). Null 
mutations in this gene cause embryonic lethality 
hampering the analysis of its function during 

development. Examining somatic Egfr- sectors in imaginal discs revealed that these 
contained tenfold fewer cells compared to their wild type twin-spot sister clones. In 
addition, it indicated the cell autonomous role of Egfr in cell proliferation. 

       5‘-ATAACTTCGTATAATGTATGCTATACGAAGTTAT
bottom 3‘-TATTGAAGCATATTACATACGATATGCTTCAATA
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Here we describe in detail the application, advantage and limitations of the Cre/lox-
based clonal system, developed in our lab (Heidstra et al., 2004), consisting of two 
vectors in which recombination events are positively marked by endoplasmic reticulum 
(ER)-localized green fluorescent protein (GFPER) expression.

3. Materials
3.1 Vectors (Heidstra et al., 2004) 
1. The pCB1 binary vector (Figure 2) contains the recombination cassette consisting of 

the CRT1 gene flanked by two direct loxP repeats. The CRT1 stuffer gene prevents 
the induction of GAL4VP16 by the 35S promoter and the transactivation of GFPER 
while at the same time, by encoding for a non-plant phytoenedesaturase, it confers 
resistance to bleaching herbicides such as norflurazon (Misawa et al., 1993). In 
between the CRT1 gene and the second pCB1 loxP site there are unique XbaI and 
NotI restriction sites for cloning purposes. 

2. The pG7CRE construct contains a multi-cloning cassette in front of the Cre 
recombinase for cloning a promoter of choice to drive Cre expression and the 
option to clone a cassette with a GOI under the UAS promoter in the StuI site next 
to the right border in the T-DNA region. The pG7HSCRE construct (Figure 2) already 
contains the Arabidopsis HSP18.2 heat-shock (HS) inducible promoter driving Cre 
recombinase expression while maintaining the option to clone the UGENE cassette 
in the multi-cloning site.

3. The pX::Cre:GR constructs (Figure 2) are generated by a multisite Gateway 
(Invitrogen) reaction incorporating three entry clones carrying a tissue specific 
promoter X, Cre:GR (Brocard et al., 1998) and NOS terminator, respectively, in a 
binary destination vector. This construct can also incorporate a UGENE cassette 
next to the right border as described above.

4. The pBnUASPTn is used for a sub-cloning step to place the GOI under control of the 
UAS promoter. This vector is derived from pB2n (based on pCR-Script, Stratagene) 
and contains two NotI sites flanking cassette consisting of a 6xUAS GAL4 binding 
repeat fused to the -46bp minimal 35S promoter followed by a multi-cloning site 
and the 35S terminator. 

The binary vectors described are based on the pGREEN vectors (Hellens et al., 2000; 
www.pgreen.ac.uk/) carrying a bacterial kanamycin selection marker. pCB1 contains 
a plant NOS-Basta resistance cassette and the pG7 vectors carry a NOS-Hygromycin 
resistance cassette. pX::Cre:GR:T constructs have a choice of plant resistance cassettes 
depending on the binary destination vector.

3.2 Microscopy
1. Forceps for seedlings handling (GGI0079, Outdoor Education, www.oe-initiatieven.

nl).
2. 24×50 mm and 18×18 mm #1 (0.13-0.16 mm) cover slips (Menzel Gläser).
3. Propidium Iodide (PI; Sigma) stock solution: 10 mg/ml in H2O. Use 1000× dilution 

for confocal microscopy (see Note 1).
4. Fluorescence stereomicroscope (e.g., Leica) equipped with digital camera.
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5. Confocal imaging and analysis of clones was performed using a Leica SP2 inverted 
microscope, and the accompanying software (version 2.61). 

Figure 2. Constructs for 

activation and deletion 

clones

Constructs used for 

gain (A and B) and loss 

(C and D) of function 

clonal analysis prior to 

(A and C) and post (B 

and D) induction of Cre 

mediated recombination. 

Gray-scaled objects 

indicate active promoters, 

transcribed genes and 

terminators (see Methods 

for details).

3.3 Media and reagents
1. Forceps for crossing: Watchmaker forceps #5.
2. 2-(N-morpholino) ethanesulfonic acid (MES) buffer (50 g/l = 100×) MES (Duchefa 

Biochemie), pH=5.8, adjust with 1 M KOH. Autoclave.
3. ½ GM growth medium: Add 1.1 g of Murashinge & Skoog medium (MS+vitamins, 

Duchefa Biochemie), 4 g of plant agar (Duchefa Biochemie), 5 g of sucrose and 5 
ml of 100× MES buffer and water to 500 ml. Autoclave. Post autoclaving 50 mg/l 
ampicillin may be added to inhibit microbial growth.

4. dexametasone (dex; Sigma), 20 mM in DMSO (Merck).
5. Agarose (Sphaero) (0.1%) in ddH2O. Autoclave.
6. Bleach: NaClO (Sodium hypochlorite acid) <5%.
7. HCl (Merck, 36-38%).
8. Tools and materials for genomic Southern blot (Sambrook et al., 1989).
9. Tools and materials for plant transformation (Clough & Bent, 1998).
10. Square Petri dishes, 120×120×15 mm (Greiner bio-one).
11. Urgo Pore Tape (Laboratoires Urgo, France).
12. Phosphate buffer (100 mM, pH=7.0): Prepare from 1 M stocks of Na2HPO4 and 

NaH2PO4

13. Selective agent stock solutions: ampicillin (Duchefa Biochemie), 50 mg/ml in ddH2O. 
Hygromycin (Duchefa Biochemie), 25 mg/ml in ddH2O. Basta (DL-Phosphinothricin, 
Duchefa Biochemie), 25 mg/ml in ddH2O. Norflurazon (Novartis), 10 mM in 96% 
EtOH. kanamycin (Duchefa Biochemie) 50 mg/ml in ddH2O.

4. Methods
The Cre/lox system can be used for two main purposes, inducing cell or tissue specific 
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gain or loss of function. These two objectives are achieved by using one of the two 
features of the system: inverting (see Note 2) or deleting a sequence flanked by two 
lox sites (Figure 1). For that purpose we designed a set of two vectors that can be 
used to generate both activation and deletion clones (Figure 2). Combining the Cre/
lox recombination system with the GAL4/UAS transactivation system allows positively 
marking the cells in which recombination has taken place with GFPER (see Note 3). The 
Cre is driven by either HS or by a tissue specific promoter. In the latter case inducibility 
is achieved by fusion of Cre to the human glucocorticoid receptor (Cre:GR). Thereby, Cre 
can be targeted to the nucleus (where it executes the recombination reaction) upon dex 
application. Using a HS promoter has the advantage of producing random clones and 
therefore it can be used to analyze deletion effects in any tissue and cell at a certain 
moment. In addition, exposing the plants to short and longer HS periods will generate 
a range of clone sizes from single cell up to a complete null that should acquire the 
mutant phenotype. Furthermore, the HS promoter provides strong expression relative 
to often weak tissue specific promoters. On the other hand, the tissue specific promoter 
combined with Cre:GR allows timely gene deletion generating desirable mutant cell or 
tissues preferably within the wt expression environment of the GOI. 
Below we describe protocols and examples of using the Cre/lox system for clonal 
deletion and activation analyses in Arabidopsis thaliana by deleting a sequence placed 
in between two loxP sites.

4.1 Loss of function clones 
The application of the clonal deletion system for loss of function mutations is based 
on the following reasoning: First, as for all Cre/lox mosaic systems, there are two main 
components, an inducible Cre and a second construct harboring the lox sites (see Note 
4). The Cre is induced by either a HS or by dex application in case of a tissue specific 
promoter driving Cre:GR. Second, a knockout mutant is complemented by a CB1-GENE 
T-DNA integration containing the corresponding wt allele (driven by its own promoter) 
which is flanked by two loxP sites (Figure 2). Induction of Cre and recombination results 
in the excision and degradation (see Note 5) of the wt copy, since it is a non-chromosomal 
unstable circular DNA molecule (Figure 1). Recombination results in a relocation of the 
35S promoter in a manner that induces the expression of GFPER, marking the loss of 
function cell with a green fluorescence. Third, the CB1-GENE T-DNA holding the wt allele 
must exist as a hemizygous single copy, as such the GFPER expression is correlated to a 
unique credible recombination and excision event marking a null cell.

4.1.1 Cloning, transformation and selection
1. Clone the wt complementing allele in one of the available NotI or XbaI sites of the 
pCB1 plasmid, either directly or via an intermediate cloning step, e.g. by using pB2n. 
The construct must harbor the promoter region in a manner that fully complements the 
mutation. Optionally, fuse the sequence of the wt allele to a fluorescent protein (FP), 
but make sure to maintain complementation. This allows the visualization of reduction 
in protein level over time (see Note 6). 
2. Transform mutant plants with pCB1 and pG7 constructs by floral dip and select 
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resistant plants according to standard procedures (see Note 7).
3. Select plants with a single copy insertion of the CB1-GENE T-DNA by Southern blotting. 
The size of each hybridizing fragment on a blot is determined by the position of each 
T-DNA and therefore correlates directly to the number of T-DNA insertions. Use four-
cutter restriction enzyme for better separation of similar sized fragments. Hybridize with 
a probe complementary to the sequence located between the restriction site closest 
to the right border and the right border itself (see Notes 8 and 9). It is not necessary to 
select for single copy G7HSCRE plants since the Cre is only used as a means to recombine 
DNA (see Note 10). In case of Cre:GR, multiple insertion lines may even be beneficiary 
contributing to higher efficiency of recombination upon dex application (see Note 11).

4.1.2 Crossing
As mentioned above, the plants used to assay clonal deletion effects should be hemizygous 
containing a single CB1-GENE T-DNA. Keeping heterozygosis is easily achieved by analyzing 
F1 plants from the following cross: gene-/-;pCB1-GENE+/+ × gene-/-;pG7HSCRE where the 
HS promoter can be replaced by any tissue specific promoter in combination with Cre:GR 
to maintain inducibility. The dominant allele should always be used as pollen donor to 
ensure a successful cross. In the case of the clonal deletion system it means that plants 
bearing the CB1-GENE T-DNA harboring the wt complementing allele are used as pollen 
donors, while the mutant plants, carrying the Cre receive the pollen. By carrying out this 
type of cross, F1 offspring should have a wt phenotype indicating a successful cross and 
can be used directly for experimentation. This is by far the fastest and easiest option 
when working with viable transformable mutants. Induction and analysis of clones in 
embryonic or gametophytic lethal mutants is possible albeit complicated (see Note 12) 
and preferably requires an improved system (see Subheading 3.6).
It is also possible to perform a sequential transformation and generate plants that 
harbor both the pCB1-GENE and the Cre insertions and back cross them to the mutant 
plant thereby reducing the pCB1-GENE copy number to one. In order to increase the 
amount of the Cre:GR protein, one can carry out the following cross: gene-/-;pCB1-
GENE+/+;pX::Cre:GR+/+ × gene-/-;pX::Cre:GR thereby enhancing recombination efficiency 
when using weak tissue specific promoters.

4.2 Gain of function clones
The gain of function system also consists of two components (Figure 2), i.e. the pCB1 
and pG7HSCRE-UGENE constructs. Both corresponding T-DNAs should be present in the 
mutant background in order to analyze local gain of function or in wild type when the 
goal is to test clonal ectopic expression. Induction of Cre by the HS promoter leads to 
recombination and deletion of the stuffer fragment between the loxP sites and relocation 
of the 35S promoter in front of GAL4VP16 driving its transcription. Subsequently, 
GAL4VP16 will bind and transactivate transcription from the UAS promoters of both 
the GOI from the G7HSCRE-UGENE and GFPER from the CB1 T-DNAs, marking the clone 
with green fluorescence. Optionally, a tissue specific gene induction can be achieved 
by combined use of the pCB1 and pG7XCRE-UGENE or pX::Cre:GR-UGENE where X is a 
tissue specific promoter driving Cre or dex inducible Cre:GR.
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Figure 3. Examples of root and leaf clones

(A) Single quiescence center (QC) cell deletion clone induced by dex activated Cre:GR driven from the QC 

specific WOX5 promoter. (B) Clones induced by root cap promoter driven Cre:GR at 54 h after dex application 

and blow up of the square 

marked region (B’). (C) Same 

root as in (B) eight days after 

clone induction. The clone 

marked by the arrow in (B) now 

proximally extends throughout 

the lateral root cap, epidermis 

and cortex due to division of 

cells in which recombination 

has occurred. Note the loss of 

the collumela clone, marked 

by the arrowhead in (B), as 

a result of cell displacement 

following division of non-cloned 

columella stem cells and their 

daughter cells. (D) HS induced 

clonal SCARECROW activation in a scr mutant background leads to periclinal cell division only in the mutant 

ground tissue layer (arrow) in a cell autonomous manner, i.e. cells neighboring the ground tissue activation 

clone were not induced to divide. No effects of SCARECROW activation were detected in other tissues 

(arrowhead). (E) Large hobbit2311 deletion clone induced in leaf primordial. In the mediolateral axis, hobbit2311 

clones have strongly reduced cell numbers and appear to lack growth compensation leading to incomplete leaf 

blade expansion (dashed line, see also Serralbo et al., 2006). GFPER marked clones in azure. Scale bars, 20 mm.

4.2.1 Cloning, transformation, selection and crossing 
1. Clone the GOI into pBnUASPTn between the UAS promoter and 35S terminator.
2. Ligate this UGENE cassette into the NotI restriction site of pG7HSCRE generating 
pG7HSCRE-UGENE (see Note 13).
3. Transform constructs by floral dip and select resistant plants according to standard 
procedures. There is no strict need to select single copy T-DNA insertion plants for 
clonal activation, but keep in mind that different and multiple insertion lines can affect 
expression levels.
4. Combine the CB1 and Cre expressing T-DNAs by genetic crosses. In this case, there is 
no preferential direction of the cross. Sequential transformation is an alternative means 
to combine T-DNA insertions.

4.3 Induction of root clones
Reproducible induction of clones is highly dependent on having identical conditions 
throughout all experiments. Therefore, it is required to replicate the working conditions 
as much as possible to facilitate the prediction of clone size.
1. Plate sterile and stratified seeds (see Note 14) on 1/2GM square plates, seal the edges 

A CB

EB’D
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with parafilm (see Note 15) and germinate at 20°C (see Note 16) in a 16 h light/8 h dark 
cycle with the plates in near vertical position. 
2. Heat shock induction of Cre is carried out at 37°C (see Notes 17-19), 2-5 d post 
germination (see Notes 20 and 21). Short induction periods will generate fewer clones, 
randomly appearing in the tissues treated. Using the conditions described here, a HS of 
18-20 min will generate small clones as shown in Figure 3. Larger clones (i.e., a group of 
adjacent cells showing GFP expression that do not necessarily have a common founder 
cell) can be induced by increasing HS time up to 2 h (see Note 22). Outer tissue clones in 
root epidermis and columella are usually induced faster than inner ones. Generally, we 
have observed the first clones, based on GFPER expression, within eight hours after HS 
(haHS), and up to 16 haHS newly induced clones appeared. Roots displaying clones can 
readily be identified using a fluorescence stereomicroscope.
3. Activation of Cre:GR is carried out by flooding the roots with 20 mM dex solution. 
Specifically, one row of seeds is plated and germinated 1-3 cm from the bottom of a 1/2GM 
plate. At 2-5 d post germination, the plate is vertically dipped in a sterile tray containing 
liquid 1/2GM supplemented with dex, thereby completely submerging the roots for 8-16 
h. Following liquid removal, the first clones marked with GFPER will generally be visible 
within two hours under a fluorescence stereomicroscope depending on the promoter 
strength and dex incubation time. These roots should be placed on a 1/2GM plate devoid 
of dex to avoid formation of new clones.

4.4 Imaging, analysis and confocal settings of root clones
1. Approximately 16 h after induction of Cre mediated recombination by HS or dex, 
preselect plants with GFPER expressing clones of the desired size using a fluorescence 
stereomicroscope for subsequent analysis. This way the number of plants for labor-
intensive confocal microscopy is considerably reduced.
2. For confocal microscopy of seedling roots, pipet ~30 ml of PI solution on a 24×50 #1 
cover slip and mount the seedling in a way that only the root touches the liquid. Cover 
the root with a 15×15 #1 cover slip and keep the shoot and hypocotyl parts wet (see 
Note 23). 
3. GFP and PI are visualized by excitation at 488 nm and collection at 498-523 nm and 
around 600 nm, respectively (Figure 3). In case the complementing protein is fused 
with another FP, it is recommended to adjust the settings to collect both fluorescence 
emissions either simultaneously or sequentially so that the two images perfectly overlap 
(see Note 24).
4. Return the seedling to the 1/2GM plate, in case of a time course experiment (see Note 
22), by dripping approximately 100 ml of ddH2O between the two cover slips. This makes 
the 15×15 #1 cover slip slide down easily without damaging the root. Carefully place the 
seedling back on a 1/2GM plate in the exact same position it had on the cover slip during 
imaging (see Notes 25 and 26).
Dependent on parameters such as protein and mRNA half-life times, altered phenotypes 
should be apparent 3 h -3 d after clone formation using a time course confocal analysis 
procedure.
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4.5 Induction, imaging and analysis of leaf clones
Loss and gain of function analysis in Arabidopsis leaves using pCB1 and HS driven Cre 
are performed essentially as described above with a few modifications (Serralbo et al., 
2006). In general, leaf clone size can be also manipulated depending on the time of 
HS, but in addition depends on the developmental stage of the emerging leaf and the 
number of divisions that remain for the cell(s) in which recombination has taken place, 
until full maturation of the leaf.
1. Plate sterile and stratified seeds on 1/2GM plates at given density of around 75 
seeds per plate and seal around with Urgo Pore tape. Germinate and grow at 20oC in a 
horizontal position for 2-9 d.
2. Induce Cre mediated recombination with a 20-60 min HS at 37oC. Return to the growth 
chamber for an additional 3-10 d before imaging and analysis (see Note 27). 
3. Select the leaf with the desired clone under the fluorescence stereomicroscope based 
on GFP expression (see Note 28).
4. Cut the leaf or a section of it and maintain in phosphate buffer (pH=7.0) until the time 
of assay, e.g. in a 24-well microtiter plate. Mount as described above between two cover 
slips and a drop of water or phosphate buffer for confocal imaging. PI is not required, as 
it will interfere with chlorophyll fluorescence. 
5. Clones are easily visualized in the adaxial epidermis, which does not contain functional 
chloroplasts, i.e. exited epidermal cells in clones show only GFPER emission in green 
without interference of chlorophyll autofluorescence in red. Abaxial epidermis is normally 
wrinkled and collapses in between the coverslips (see Note 29). Upon identification of 
an epidermal clone, image down into the palisade mesophyll to determine whether the 
clone expands into this L2 layer or only affects L1 (see Note 30). 

4.6 Conclusions and future improvements
We have described in detail the conditions to perform and analyze clonal activation 
and deletion of a gene of interest. The protocols are based on our experience with 
the Cre/lox-based site-specific recombination system developed in our lab consisting 
of two vectors, in which recombination events are positively marked with GFPER (see 
Note 31). Much of the methods will also apply to different recombination systems, 
constructs and analysis of other cells and tissues than mentioned here. Nevertheless a 
number of improvements can be implemented. Most obvious of all is combining the Cre 
recombinase, the lox sites and the gene to activate or delete, all in a single vector (Hoff 
et al., 2001; Mlynarova & Nap, 2003). However, the clonal deletion system described is 
particularly suited for viable, easily maintained, transformable mutants. Combining both 
vectors by crossing allows analysis of F1 seedlings with the insurance of working with 
hemizygotes.
Equally important are improvements to allow the induction and analysis of deletion 
clones in an embryonic and in particular gametophytic lethal background for which 
the current system is inapplicable. The simple reason being that the mutant individuals 
are unviable and thus cannot be used for transformation with the Cre construct and 
later crosses. One way to circumvent these problems is to design a clonal deletion 
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system historically used in animal mosaic studies that relies on deletion of a marker 
together with the gene of interest. Upon recombination a homozygous deletion clone 
will no longer be marked. A complication may be the identification of these clones in a 
background of positively marked cells. Another possibility is to utilize two incompatible 
lox pair variants (e.g., Livet et al., 2007). Starting with a single insertion homozygote 
plant, each recombination event would excise the complementing wild type allele by 
one of two lox pairs translocating the 35S promoter in front of either a CFP or RFP coding 
sequence. Consequently, a double CFP and RFP fluorescence in a given cell indicates a 
complete deletion of both wild type copies. A clonal deletion system based on these 
principles is currently under construction in our lab and should extend the application of 
mosaic studies to analysis of lethal genes during and post embryogenesis.

5. Notes
1. The membrane impermeable fluorescent dye PI is used to visualize the outlines of 

cells in roots.
2. Cre recombination results in an inversion of a sequence when it is flanked by two 

opposite directed lox sites (Figure 1). This type of recombination creates two 
identical new lox sites that can recombine again in the presence of residual Cre 
protein and re-invert the defined sequence into its original orientation. It is not 
recommended to use this feature of the Cre/lox system to generate clones without 
having an accurate indication (e.g., a FP) for the correct orientation.

3. The presence of many cells in living tissues would hamper clone identification due 
to fluorescence penetration from surrounding cells. Therefore we chose a system 
based on an FP marked recombination event as opposed to a whole organism 
expressing an FP with non-fluorescent clones. In addition, the GFP is anchored to 
the ER preventing movement to wild type cells. 

4. There are a few reports in which the Cre and the lox sites carrying plasmids can be 
combined to a single vector (Hoff et al., 2001). Such a set up may be particularly 
useful for gain of function studies. In these cases there is no requirement for an 
out cross such as the one needed in the clonal deletion system described here. 
However, upon merging Cre recombinase and lox sites in one vector we and others 
have observed Cre activity and subsequent recombination in E.coli, which warrants 
additional measures to prevent Cre transcription and translation, e.g. to include an 
intron within the Cre coding sequence (Mlynarova & Nap, 2003).

5. Although the GOI is deleted, the protein and mRNA may remain for some time in 
the cell. Functional protein in a null clone can delay any changes in phenotypes for 
several days.

6. In that case one should choose a fluorescence protein that does not have an 
emission overlap with the GFPER that marks the deletion, e.g. RFP. Naturally, it is 
possible to use another FP for marking the deletion but ultimately, and although 
GFP overlaps with a wide range of FPs it has a significant advantage over other FPs 
since its brightness permits the detection of a single GFPER marked cell by a simple 
fluorescence stereomicroscope. This enables screening for the right individual 
prior to confocal microscope analysis. 
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7. pCB1 carries both Basta (select on 20 µg/l) and norflurazon (select on 200 nM-1 
µM/l) resistance under NOS and 35S promoter control, respectively. pG7 based 
vectors carry a Hygromycin resistance under the control of the NOS promoter 
(select on 15 µg/l). Positive transformants can also be selected on the basis of 
phenotype and/or the expression of an FP in case it is fused to the analyzed gene.

8. In case of CB1-GENE T-DNA insertions, HpaII makes an excellent four-cutter 
restriction enzyme for plant DNA digestion. Then, a GFP probe can be used for 
identification of transformants carrying a single CB1-GENE copy. One should take 
into account the high homology between GFP and a few other FPs, which might 
yield an additional invariable hybridizing fragment, e.g., a translational fusion 
of YFP to the gene of interest results in a strong hybridization signal even under 
stringent hybridization conditions.

9. The left border of the T-DNA integrates with less accuracy than the right border 
(Gheysen et al., 1987). Therefore, performing the Southern blot analysis using a 
right border adjacent probe is preferred since it allows a precise estimation with 
respect to the minimal size of the hybridizing fragment.

10. Different HS::Cre lines have a varied induction response regarding the number of 
clones generated per given HS. Working with a single HS::Cre line in all experiments 
is recommended in order to be able to reasonably predict clone size and number. 

11. We have found that dex activation of Cre:GR is not very efficient when using 
relative weak promoters. Therefore, Cre::GR should be driven by a strong promoter 
and one needs to select for the best clone inducing line, i.e. the one that shows 
clones formation upon shortest and lowest dex induction conditions. By using 
these strong Cre drivers, induction period in those non-optimal conditions is 
shortened. Alternatively, elevating the Cre:GR protein levels in the tissue of interest 
by introducing multiple copies of the corresponding T-DNAs may help to sensitize 
these cells for recombination.

12. An alternative for working with an F1 offspring, is to generate clones in a segregating 
population (i.e., from a heterozygous plant) and genotype them later. 

13. Cloning of the UGENE cassette into pG7XCRE is similar to cloning in pG7HSCRE, 
but cloning into pX::Cre:GR requires blunt-end ligation into the StuI restriction site 
adjacent to the right border.

14. Seeds in open tubes are sterilized using chlorine gas in a dry sealed jug containing 
a small beaker with 100 ml bleach and 3ml of 37% HCl for 5-12 h. After release of 
gas for at least 1 h, 200 µl of 0.1% agarose is applied to each tube and stratification 
is carried out in the dark, at 4oC for 2-5 d.

15. To ensure reproducible of HS induction of clones in relation to induction time, 
exactly 50 ml of medium is used per plate and plates are dried for equal time 
periods. The location of seedlings on the plate and of the plate in the 37°C chamber 
affects clones formation as well, i.e. seedlings placed towards the edges of the 
plate are induced faster than the center ones. 

16. Precise temperature conditions are critical to avoid recombination and clone 
formation by suboptimal induction conditions. Therefore, plates should always be 
placed on lower shelves far from any heat source such as lamps.
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17. Optionally cool the plates for about 5 min on ice before retuning them to the 
growth chamber.

18. Heat induction of Cre mediated recombination should preferably taken place in a 
large 37°C room to minimize the temperature drop while opening the door.

19. Heat shock can also be applied by directing the microscope laser towards specific 
cells (Harris et al., 1996; Kurup et al., 2005). The system described here seems 
unsuitable for laser-induced clones, as we have not been able to reproducibly 
obtain GFPER marked clones by this technique beyond columella and lateral root 
cap tissues. However, it cannot be excluded that different lasers or confocal 
microscopes can give better results.

20. It is recommended to induce root clones as early as possible keeping in mind that 
one needs to follow them, in many cases for days, by transferring the seedlings 
back and forth the cover slips and 1/2GM plates.

21. For both gain and loss of function analysis it is required to perform the two 
following controls. First, the seedlings must be analyzed prior to Cre induction to 
ensure no clones are spontaneously induced and second, no clones are present in 
the absence of a Cre expressing T-DNA. These controls confirm that recombination 
and GFPER expressing clones occur specifically by Cre induction.

22. We have not seen any effect on plant development when implementing these long 
HSs.

23. Shoot parts need to be kept wet to prevent them from drying out. This is particularly 
important when following clones in time and seedlings need to be maintained 
viable and transferred back to the ½GM plate.

24. For example, the Leica SP2 confocal microscope has the option to implement a 
sequential scanning in order to collect fluorescence emission from more then one 
FP as well as the PI emission. For sequential scanning, adjust the desired setting, 
e.g. one for GFP and PI visualization and the other for YFP and load them in the 
open window after pressing “seq”. On the right panel of the same window choose 
“between frames” and scan by pressing “series”.

25. It is tricky to keep the plates and seedlings sterile but it is possible, up to a period 
of three weeks. One needs to work as clean as possible and be sure to use sterile 
H2O and PI, both supplemented with 50 mg/ml ampicilin.

26. It must be taken into account that the position and shape of the clone is continuously 
changing as a result of cell division, growth and differentiation. Clones can be re-
identified by; first, placing the seedling at the exact orientation to the one it had on 
the cover slip, and second, by comparing their shape, size and relative position in 
comparison to other clones in previous images. 

27. Typically, a short HS of ~20 min will result in small clones in already emerged leaves 
restricted to a number of cell diameters and affecting only one cell layer of the 
leaf, as judged by GFPER expression. Longer HS results in sectors in leaves still to 
emerge indicating these have been induced in the emerging leaf primordia or the 
shoot apical meristem (SAM) also indicating these tissues are less accessible for HS 
induction. The extension of the clones in these subsequent fully developed leaves 
reflects the layers in the SAM in which recombination took place ranging from 
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clones restricted to only one cell layer to clones spanning all cell layers within the 
leaf. Notably, these GFPER-marked clones extend along the entire proximo-distal 
axis and often include the midvein. 

28. By using a regular GFP filter, leave clones are shown in green, on a red background 
formed by chlorophyll emission. A custom GFP filter allowing passage of wavelength 
with a bandwidth between 500 and 530 nm blocks this red auto fluorescence.

29. This is not a problem when analyzing early stages of leaf development. If one is 
interested in analysis of later stages of leaf development, the leaf can be fixed 
before analysis. 

30. To visualize epidermal morphologies it is possible to make a leaf cast using Eukitt 
(Sigma-Aldrich). Leaf casting is not straightforward since the Eukitt needs to be 
almost solidified, but not too much, before making the cast. Subsequently, the leaf 
is removed carefully to leave behind an impression of the leaf surface. The leaf 
casts are visualized with Nomarsky light microscopy.

31. Vector sequences are available upon request.
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Distinct cell-autonomous functions of RETINOBLAS-
TOMA-RELATED in Arabidopsis stem cells revealed by 

the Brother Of Brainbow clonal analysis system

Guy Wachsman, Renze Heidstra and Ben Scheres1

1. Abstract
Mutations that cause lethality in the gametophyte phase pose a major challenge for 
studying post-fertilization gene function. When both male and female haploid cells 
require a functional gene copy, null alleles cause developmental arrest before the for-
mation of the zygote, precluding further investigation. The Arabidopsis Rb homologue 
RETINOBLASTOMA-RELATED (RBR) has an important function in the stem cell niche but 
its requirement in both male and female gametophytes has prevented full loss of func-
tion studies. To circumvent this obstacle, we designed a clonal deletion system named 
BOB (Brother Of Brainbow) in which null mutant sectors marked by double fluorescence 
are generated in a fully complemented wt background. In this system, both copies of a 
complementing RBR transgene are eliminated by tissue-specific and inducible Cre ex-
pression, and homozygous mutant clones can be distinguished visually. Since mutant 
sectors can be produced in a homozygous, rather than heterozygous background, this 
system facilitates clonal deletion analysis not only for gametophytic lethal alleles, but 
also for any type of mutation. Using the BOB system, we show that RBR has unique cell-
autonomous functions in different cell types within the root stem cell niche.

Published in The Plant Cell (2011), 23: 2581-2591

2. Introduction
Gene function in multi-cellular organisms is often revealed through phenotypes con-
ferred by null alleles. However, early requirements for a functional gene product can 
block development at early stages and prevent studies of later stages. In addition, subtle 
molecular and cellular changes may precede clear phenotypic characteristics, creating 
difficulties in assessing the time of onset of first defects.
Currently, two main strategies are used to bypass these problems, both relying on cell-
specific gene knockout or knockdown. First, silencing small RNAs (sRNA; Schwab et al., 
2006; Ossowski et al., 2008) can be driven by tissue-specific promoters to facilitate tran-
script degradation or block translation, but are unlikely to completely abolish gene func-
tion (Brummelkamp et al., 2002). In addition, sRNAs can move between cell layers and 
even systemically (Winston et al., 2002; Yoo et al., 2004), thus, their knockdown effect is 
not fully constrained. Furthermore, small interfering RNAs (siRNAs) can influence non-
targeted genes (‘off-targets’; Jackson et al., 2003). A second strategy utilizes manipula-

1Department of Biology, Utrecht University, Padualaan 8, 3584CH Utrecht, The Netherlands.
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tion of the DNA to eliminate the coding sequence of a gene of interest (GOI) in desired 
regions Creating a local loss of function. All currently available methods for generating 
such genetic null sectors are based on loss of heterozygosity. Cells in heterozygotes are 
depleted of their single wt allele, forming a homozygous mutant clone, which is visibly 
marked (e.g., by a fluorescent protein) in a cell-autonomous manner. Loss of heterozy-
gosity can be induced by several techniques such as irradiation or site-specific recombi-
nation using the yeast Flp/frt or the bacteriophage Cre/lox systems (Hoess et al., 1982; 
McLeod et al., 1986). In animal systems, recombinase enzymes have been expressed 
tissue-specifically and engineered to be inducible (Metzger et al., 1995). Despite their 
versatility, these systems cannot be readily implemented in plants for mutations in genes 
that are essential for the production of both gametes, for which heterozygous progenies 
are rare. In Arabidopsis, stem cells are exquisitely sensitive to the dosage of the Retino-
blastoma homolog, RBR. Based on hypomorphic mutants, a specific role for this factor 
has been proposed in the maintenance of the quiescent center (QC), a slowly dividing 
organizer cell population within the niche, and in progression from the stem cell state 
toward differentiation (Wildwater et al., 2005). Analysis of RBR functions in the shoot 
meristem also reported roles in differentiation (Wyrzykowska et al., 2006). However, fe-
male gametophytes strictly require the wt RBR allele while transmission of mutant al-
leles through the male gametophyte has an efficiency of less than 10% (Ebel et al., 2004). 
Hence, generating hetero- or hemizygous progenies for clonal deletion analysis by loss 
of heterozygosity is extremely inefficient and thus previously described clonal deletion 
systems (Muzumdar et al., 2007; Adamski et al., 2009) are not applicable for compre-
hensive analysis of RBR function in the stem cell niche. To circumvent this limitation we 
designed a clonal deletion system named BOB (Brother Of Brainbow), which allows for 
region-specific formation of null mutant cells and their detection by double fluorescence 
in a background harboring two wt gene copies. We used the BOB system for analysis of 
the gametophytic lethal RBR gene and show that RBR is autonomously required in QC 
and columella stem cells to limit proliferation and in columella daughters to promote 
differentiation.

3. Results
3.1 The BOB system for generating marked homozygous deletion clones
The basic strategy behind the BOB clonal deletion system is that each cell, carrying the 
homozygous mutant (gametophytic-essential) allele for the GOI also harbors a single 
homozygous insertion of the BOB construct, which contains the complementing GOI 
cloned within it and flanked by lox sites. Induced Cre dependent recombination medi-
ates the loss of both transgenic copies of the complementing GOI thus produces null 
sectors within a wt plant. To generate the BOB construct, we combined two different lox-
site variants with three fluorescent proteins (Figure 1A), a concept that was originally de-
signed to track neuronal networks in brain tissues (Livet et al., 2007). The arrangement 
of the different lox sites with respect to the GOI and two of the fluorescent proteins is 
configured such that Cre mediated deletion of the GOI forms a clone expressing one of 
two different fluorescent markers. Each deletion of the GOI can generate only one fluo-
rescent signal; hence double fluorescence can only be the outcome of deletion of both 
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wt copies that were located in the BOB T-DNA on the two homologous chromosomes 
(Figure 1B). These double fluorescent signals thus identify null cells that have lost both 
wt copies of the GOI.

Figure 1. Induction and analysis of clones using 

the BOB system 

(A) and (B) The BOB construct before (A) and 

after (B) Cre mediated recombination as indi-

cated by dashed lines. Recombination between 

lox2272 sites (i) fuses the 35S promoter with Cy-

petER. A transcriptional terminator (not shown) 

at the 5’ of CyPetER prevents TagRFPER expres-

sion. Recombination between loxN sites fuses 

the 35S promoter to TagRFPER (ii). Colored filled 

objects represent active 35S promoter (green), 

transcribed FPs (yellow, cyan and red), lox sites 

(grey triangles) and a multi-cloning site (blue) 

for cloning a gene of interest (GOI, black). White 

filled objects represent non-active modules, i.e., 

CyPetER and TagRFPER before recombination and 

lox sites after recombination. 

(C) Illustration of possible fluorescently marked 

cells resulting from one recombination (top) or 

two recombination events (bottom). Underlined 

cell depicts the type of clones that were used 

to identify null homozygous clones (NHCs) in all 

analyses.

(D-F) Confocal images of BOB-RBR roots prior 

to Cre induction. Visualization of PI marked cell 

walls in the red channel (D), vYFPNLS expression 

prior to Cre induction in the yellow channel (E) 

and their overlay (F). 

(G-I) Confocal images of a root tip with two high-

lighted single recombination clones (dashed en-

closure) visualized 5 d post-induction. Highlight-

ed clones analyzed in the cyan channel (CyPetER, 

G), the yellow channel (vYFPNLS, H) and in the 

overlay (I). 

(J-L) Efficient clone formation using the BOB system upon 1 h HS induction. Clones in a HS::Cre;BOB root tip 

3 d after HS induction are shown in the red channel (PI + TagRFPER, J), the cyan channel (CyPetER, K) and over-

lay (double fluorescence, L). Representative CyPetER, TagRFPER and double fluorescent clones are denoted by 

purple, white and yellow arrowheads, respectively. Scale bars, 20 mm.
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YFP (vYFPNLS, a YFP variant with an enhanced bright signal, Figure 1A and D-F). Induction 
of Cre expression leads to intra-chromosomal recombination and irreversible loss of the 
complementing transgene (GOI) together with the vYFPNLS. As a result of this recombi-
nation, the 35S promoter is fused to and activates expression of CyPetER (a CFP variant 
localized to the ER) or TagRFPER (an RFP variant localized to the ER, visualized together 
with propidium iodide [PI] stained cell walls), thereby marking the cells in which a re-
combination event has occurred (Figure 1B). A single recombination on one of the ho-
mologous chromosomes generates expression of either CyPetER or TagRFPER while vYFPNLS 

remains expressed from the non-recombined BOB copy (Figure 1C and G-I). Null cells 
that have experienced two recombination events, one on each chromosome, express 
CyPetER, TagRFPER or both (Figure 1C and J-L) and lose vYFPNLS expression. 
To test the efficiency of the BOB system, wt plants containing a heat shock (HS) promoter 
driving the Cre recombinase (HS::Cre) were transformed with the empty BOB construct 
(without any GOI). Subsequently, selected transformants were heat shocked at 37oC to 
induce TagRFPER and/or CyPetER expressing clones (Figure 1J-L). One hour heat induction 
was sufficient to elicit formation of at least one recombination event per cell and we ob-
served all types of clones outlined in Figure 1C including double CyPetER/TagRFPER clones 
(Figure 1C, underlined cell and J-L, yellow arrowhead). These double color homozygous 
clones are especially important as they represent absolute markers for independent ex-
cisions on both chromosomes. To exclude the possible effects of recombination and/or 
expression of high levels of fluorescent proteins on root growth we heat shocked BOB 
seedlings segregating for the HS::Cre for one hour. Formation of broad clones spanning 
almost every cell did not cause any growth defects and seedlings with clones (carrying 
the HS::Cre insertion) were indistinguishable from seedling with no clones (Figure S1A-
D). 

3.2 The BOB system allows clonal analysis of the gametophytic lethal 
RBR gene.
Before detailed analysis of cell type specific effects of RBR deletion was possible, we 
needed to establish an rbr line carrying a single insertion of the BOB construct that con-
tains the complementing wt RBR allele. We cloned an 8.4 kb genomic region from wt 
Col-0 spanning the RBR gene into the BOB construct (BOB-RBR). For clonal deletion anal-
ysis it is crucial to work with a single BOB-RBR insertion line. Therefore, we identified sin-
gle insertion transformants based on a DNA gel blot experiments, using an RBR specific 
probe (Figure S2A). These were crossed with rbr-3/+ to generate F1 offspring. Based on 
the sulfadiazin resistance associated with the rbr-3 allele, we noticed that some of rbr-
3/+;BOB-RBR+/- F1 plants generated F2 offspring showing non-Mendelian segregation. 
We tested whether aneuploidy might cause this abnormal segregation pattern (Johnston 
et al., 2010). Fluorescence activated cell-sorting (FACS) analysis using inflorescence tis-
sue isolated from the respective F2 plants confirmed that these were triploid (Figure 
S2D) and they were discarded. The diploid lines (Figure S2C) were left to self-pollinate 
and generate the desired rbr-3/rbr-3;BOB-RBR+/+ offspring. Single F2 plants were tested 
again for a single BOB-RBR insertion as described above, now using a T-DNA specific 
probe (Figure S2B online). 
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We then sought to determine whether the vYFPNLS expression can be used as an indicator 
for deletion of the vYFPNLS and RBR genomic sequences by monitoring YFP fluorescence 
after the formation of clones. Analysis of the root tip, two days after 1 h HS reveals that 
clones are formed in almost all cells and tissues (Figure S3A and C). Although there is a 
sharp reduction in vYFPNLS fluorescence upon induction of clones by prolonged HS (Fig-
ure S3B, E and F), vYFPNLS expression remained visible up to several days in small null 
homozygous clones (NHCs) expressing both TagRFPER and CyPetER (Figure 1C, underlined 
cell). Thus, only cells expressing both CyPetER and TagRFPER were used to unequivocally 
identify NHCs regardless of the remaining nuclear YFP. 
After establishing a complemented rbr-3/rbr-3;BOB-RBR+/+;HS::Cre line, we compared 
the phenotypes of roots with broad deletion clones (2 h HS) to those having a reduction 
in RBR levels as previously described (Wildwater et al., 2005). Indeed, using the BOB 
system we observed similar phenotypes, i.e. proliferation in the stem cell niche, inhibi-
tion of differentiation in the columella and cell death in columella and vascular tissues 
(Figure S4 and see below). Together with the reduction in vYFPNLS expression, the similar-
ity between these phenotypes indicates that BOB clones truly represent excision of the 
genomic RBR sequence.

Table 1. Correlation between tissue distribution of clones and promoter specific Cre:GR activity

Each number represents the amount of clones visualized early after induction (2-3 dpg) and its percentage (in 

brackets). We counted clones that were likely to arise by a single recombination event based on the shape and 

the fluorescence of the clone. LRC, lateral root cap; EI, epidermal initials; COL, columella; GT, ground tissue.

3.3 Tissue specific generation of BOB clones
Our previous experiences indicated that it is difficult to obtain specific and small clones 
in the QC and stem cells upon HS induction using the HS::Cre construct (Heidstra et al., 
2004). We applied a two-step strategy to overcome these difficulties. First, we used a 
Cre:GR (Cre recombinase, fused to the ligand binding domain of a mutated human glu-
cocorticoid receptor) protein fusion (Brocard et al., 1998), which allows activation of Cre 
by inducing its nuclear translocation upon dexamethasone (dex) application. Second, 
we combined this fusion with several tissue specific promoters to drive transcription of 

	  

	  
promoter	  	  

driving	  Cre:GR	  
Position	  

FEZ	  
(LRC/epidermis	  

initials	  and	  
columella);	  

n=12	  

WOX5	  
(QC);	  n=82	  

EN7	  (GT);	  
n=21	  

theoretical	  
ubiqiutous;	  n=3	  

HS	  (25	  min);	  
n=11	  

QC	   4	  (3.8)	   79	  (21.8)	   6	  (6.8)	   3	  (1.3)	   0	  (0)	  
columella	   38	  (35.8)	   95	  (26.2)	   1	  (1.1)	   19	  (9)	   39	  (16.7)	  

QC+columella	   3	  (2.8)	   13	  (3.6)	   0	  (0)	   21	  (10.3)	   0	  (0)	  
LRC	   17	  (16)	   15	  (4.1)	   0	  (0)	   30	  (14.5)	   22	  (9.4)	  

LRC+epidermis	   8	  (7.5)	   8	  (2.2)	   2	  (2.3)	   41	  (20)	   0	  (0)	  
endodermis	   9	  (8.5)	   27	  (7.4)	   19	  (21.6)	   11	  (5.5)	   32	  (13.7)	  

cortex	   12	  (11.3)	   23	  (6.3)	   27	  (30.7)	   11	  (5.5)	   31	  (13.3)	  
endodermis	  &	  cortex	   1	  (0.9)	   35	  (9.6)	   1	  (1.1)	   23	  (11.1)	   0	  (0)	  

epidermis	   6	  (5.7)	   2	  (0.6)	   7	  (8)	   11	  (5.5)	   19	  (8.2)	  
vascular	   8	  (7.5)	   66	  (18.2)	   25	  (28.4)	   36	  (17.2)	   90	  (38.6)	  
total	   106	   363	   88	   207	   233	  
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Cre:GR in the particular tissues of interest. We then transformed rbr-3/rbr-3;BOB-RBR+/+ 

lines with these constructs. This system for tissue specific Cre:GR activation allowed sig-
nificant enrichment of clones in desired regions (Table 1). We applied several promoters 
among which: the FEZ promoter driving expression in the columella, and epidermis/lat-
eral root cap stem cells and their daughters (Figure 2B inset; Willemsen et al., 2008), the 
EN7 promoter driving expression mainly in the endodermis (Figure 2E inset; Heidstra et 
al., 2004), and the WOX5 promoter driving expression in the QC (Figure 2H inset; Blilou 
et al., 2005). Almost 60% of the clones induced upon dex treatment of FEZ driven Cre:GR 
were formed in the columella, lateral root cap or distal epidermis, as expected (Figure 
2A-C and and Table 1). Dex induction of Cre:GR expressed from the EN7 promoter facili-
tated selection of clones in the meristematic ground tissue and vascular tissue (Figure 
2D-F and Table 1). Upon dex application, WOX5 promoter driven Cre:GR resulted in re-
combination and generation of deletion clones in the QC (22% of the clones) and in the 
surrounding stem cells (Figure 2G-I and Table 1).
To evaluate how efficient these promoters are for generating tissue specific clones we 
compared the percentage of tissue-specific clones to two non-specific alternatives, 
based on frequencies given in Table 1 (Figure 2M): (i) A theoretical ubiquitous promoter 
that is expected to generate clones with similar chance for each cell and (ii) the HS pro-
moter (Figure 2J-L). The region that was selected for counting the number of cells and 
the number of clones spans 100 mm shootward of the QC to the distal most columella 
cells. For example, the QC cells constitute approximately 1.3% of the cells in the root 
meristem; thus a truly ubiquitous promoter would be expected to induce QC clones in 
1.3% of the cases. The percentage of QC clones generated using the WOX5 promoter was 
almost 20 times higher than the percentage of QC cells in the root meristem while the 
HS promoter never induced clones in QC cells (p≤0.0001 for both comparisons; Fisher 
exact test). The relative number of clones induced by the FEZ promoter in the columella 
was 4 times higher (38 out of 106) in comparison to a ubiquitous promoter (19 out of 
207; p≤0.0001, Fisher exact test) and 2.5 times higher in comparison to the HS induced 
columella clones (39 out of 233; p≤0.0002, Fisher exact test). More importantly for our 
analysis, HS induced columella clones were confined to the two outer layers and never 
observed in columella stem cells and daughter cells (Figure 2J-L), while half (19 out of 
38) of the columella clones induced by the FEZ promoter were found in columella stem 
cells and daughter cells (p≤0.0002, Fisher exact test). Columella stem cell or daughter 
cell clones are therefore greatly enriched by use of FEZ promoter driven Cre. Enrichment 
of ground tissue (endodermis and cortex) clones using the EN7 promoter was more than 
twofold compared to a presumed ubiquitous promoter (47 out of 88 vs. 45 out of 207, 
p≤0.0001, Fisher exact test) and also twice as efficient compared to HS induced clones 
(47 out of 88 vs. 63 out of 233, p≤0.0001 for both comparisons, Fisher exact test).
The first clones were observed in 3 d post-germination (dpg) seedlings on 5 mM dex. 
Shorter induction times or concentrations below 1 mM lead to a severe reduction in the 
number of clones per root. After identification of clones, we transferred seedlings to a 
dex-free medium to avoid further formation of new clones. Nevertheless, in rare cases, 
new clones appeared up to 3 days after the removal of dex. We could not exclude that 
these apparently newly emerging clones might have been present in a slightly different 

Untitled-1.indd   44 3/13/12   1:10 PM



45

  

 3

The BOB clonal deletion system

focal plane, only becoming visible during 
time-lapse analysis when roots are pre-
senting a different median plane. 

Figure 2. Induction of BOB clones by tissue specific 

and HS promoters

(A-C) Confocal images of clones generated in 

FEZ::Cre:GR;rbr-3/rbr-3;BOB-RBR+/+ root 3 dpg on 

dex containing medium. The inset in (B) shows the 

expression domain of the FEZ promoter driving 

GFP. (D-F) Confocal images of clones generated in 

EN7::Cre:GR;rbr-3/rbr-3;BOB-RBR+/+ root 3 dpg on 

dex containing medium. The inset in (E) shows the 

expression of H2B:YFP driven by the EN7 promoter 

(false green). (G-I) Confocal images of clones gener-

ated in WOX5::Cre:GR;rbr-3/rbr-3;BOB-RBR+/+ root 

3 dpg on dex containing medium. The inset in (H) 

shows the expression of GFPER from the WOX5 pro-

moter. (J) to (L) Confocal images of clones gener-

ated in HS:Cre;rbr-3/rbr-3;BOB-RBR+/+ root 3 d after 

HS. Yellow arrowheads point at double fluorescent 

clones. (M) Percentage of clones in particular re-

gions of the root meristem plotted for the 3 tissue 

specific promoter used for driving Cre:GR (colored bars) and the theoretical ubiquitous promoter and HS pro-

moter (see text) used as controls (grey bars). Scale bars, 20 mm.

Nevertheless, the shape and fluorescence combination of each clone and its neighbor-
ing cells were sufficient to re-identify it in later stages and to discriminate new clones 
from dividing older ones. Interestingly, regardless of the promoter we used for driving 
Cre:GR, clones were always induced in a subset of cells within the relevant tissue while 
many cells did not undergo deletion/recombination of any of the BOB-RBR copies. We 
concluded that the Cre:GR fusion was only activated over a considerable dex induction 
threshold, and exploited this feature to generate induction mosaics within a given tissue 
to compare regions with clones to their juxtaposed wt cells.

Table 2. Distribution of the three clone types (TagRF-

PER, CyPetER, and TagRFPER+CyPetER) 

Numbers of each type of fluorescent clone were 

counted 4 dpg on dex containing medium in rbr-3/rbr-

3;BOB-RBR+/+ carrying tissue specific promoter driving 

Cre:GR. In brackets, the relative proportion of each 

clone. 

To examine a possible preference of Cre:GR mediated recombination for either of the 
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fluorescence	  

	  
FEZ;	  
n=12	  

WOX5;	  
n=82	  

	  
EN7;	  
n=21	  

	  
total	  

	   	   	   	  

CyPetER	   57	   237	   68	   362	  (0.63)	  

TagRFPER	   40	   105	   19	   164	  (0.29)	  

TagRFPER+CyPetER	   13	   31	   4	   48	  (0.08)	  

total	   110	   373	   91	   574	  
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two distinct lox variants in the BOB system in planta we compared the number of CyPetER 

(lox2272 recombination) and TagRFPER (loxN recombination) expressing clones upon dex 
induction using the tissue specific driver lines described above. CyPetER clones, which 
result by single or double recombination, were almost twice as abundant as the TagRFPER 
clones (Table 2). This may be caused by the distance between the different lox sites (Cop-
poolse et al., 2005) or because of differences in their quality as substrates for the Cre 
recombinase. The frequency of the double fluorescennt clones was approximately 10%, 
sufficient for efficient detection of NHCs. 
Our data demonstrate that tissue-specific activation of Cre:GR is a feasible method in 
plants to obtain significant enrichment of null clones in desired regions and at preferred 
time points.
 
3.4 Cell-autonomous RBR activity in the QC constrains cell division 
RBR has been implicated in several developmental processes including stem cell main-
tenance and differentiation (Wildwater et al., 2005; Borghi et al., 2010) but its broad 
expression domain prevented an accurate functional analysis in specific cells and tissues. 
The capacity of the BOB system to generate single and isolated null clones allowed us to 
address three open questions about RBR action in the Arabidopsis root stem cell niche. 
First, what is the effect of complete RBR removal from different cell types within the 
stem cell niche? Second, does RBR act in the QC, in the stem cells, or in both? And third, 

Table 3. Number and localization of informa-

tive BOB-RBR clones

Informative clones are clones that were ob-

served at minimally two time points; usually 

spanning 24 h. Clones were induced with dex 

in the rbr-3/rbr-3;BOB-RBR+/+;WOX5:Cre:GR 

line. 1In brackets, clones with wt phenotype. 2In 

brackets, a single clone that acquired a second 

deletion one day later. CSC, columella stem cell; 

CDC, columella daughter cell; CDiC, columella 

differentiated cell. n=37 roots.

does RBR act cell-autonomously?
To test the effect of RBR depletion 
from various cell types in the root 

meristem we followed clones in this region and compared their behavior to neighbors 
without excision events. Three day old seedlings germinating on dex-containing medium 
were preselected for the presence of clones under a fluorescent binocular microscope 
and taken for detailed analysis by confocal microscopy. Relevant NHCs were returned to 
dex-free growth medium and checked again every 5-24 h. Since the WOX5 promoter-
driven Cre:GR generated clones in both QC and stem cells upon dex application, we gen-
erally used the rbr-3/rbr-3;BOB-RBR+/+;WOX5:Cre:GR line for our analysis. The number 
and localization of informative clones (clones that originated from a single cell and were 

	  
type	  of	  clone	  

	  
	  
	  

location	  of	  clone	  

	  
NHC	  

	  
single	  

fluorescent	  
clone	  

	  
Total	  

	   	   	  

QC	   4	   10	   14	  

QC+CSC	   1	   0	   1	  

CSC	   3	   6(3)1	   9	  

CSC+CDC	   6	   5	   11	  

CDC	   5	   3(1)1	   8	  

QC+CSC+CDC	   2	   2	   4	  

CDiC	   11	   0	   11	  

Endodermis	   3	   6	   9	  

Endodermis+Cortex	   2(1)2	   0	   2	  

Cortex	   1	   3	   4	  

Total	   38	   35	   73	  
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followed in more than one time point) used in this study are given in Table 3.
In the case of QC clones, we ensured that each identified clone truly represented a group 
of cells that originated from a single cell. We followed such clones only if we could visu-
alize a double recombination event at the single cell stage rapidly after the induction of 
Cre:GR. We found that null QC cells underwent faster cell divisions with reduced growth 
periods leading to clusters of small cells originating from the QC and giving rise to new 
cells within the columella domain (Figure 3A-L, white and yellow arrowheads). 

Figure 3. Loss of RBR in QC cells leads to ectopic proliferation 

(A-L) Confocal images of clones induced in WOX5::Cre:GR;rbr-3/rbr-3;BOB-RBR+/+ root meristem, analyzed at 2 

(A-D), 3 (E-H) and 4 (I-L) d post Cre:GR activation by dex (dpd). White and yellow arrowheads point at ectopi-

cally proliferating TagRFPER single fluorescent clone and double fluorescent rbr NHCs, respectively, originat-

ing from two QC cells. The 

white asterisk marks an 

adjacent slowly dividing wt 

QC cell.

(M-X) Confocal images 

of clones induced in wt 

BOB;HS::Cre root meri-

stems, analyzed at 3 (M-P), 

5 (Q-T) and 6 (U-X) d after 

1 h Cre induction. Orange 

arrowheads point at a wt 

slowly dividing TagRFPER 

marked QC cell performing 

a single division in the 3 day 

time lapse. Green arrow-

heads (P, T and X) point at 

a columella stem cell before 

(P) and after division (T and 

X). Blue arrowhead points 

at an expanding columella 

daughter cell. Inset in (X) 

depicts the root analyzed 

in (M-X) stained for starch 

accumulation as a marker 

for columella differentia-

tion showing one QC (black 

arrow) and one columella 

stem cell layer (blue arrow). 

Scale bars, 20 mm.

Figure 3 shows two QC lineages that divide anticlinally towards the columella tissue: a 
double TagRFPER/CypetER NHC (Figure 3A-D, yellow arrowheads) that gives rise to four 
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cells (Figure 3I-L, yellow arrowheads) and a single fluorescent TagRFPER clone (Figure 3A, 
C and D, white arrowheads) that gives rise to three cells (Figure 3I, K and L, white arrow-
heads). In contrast to the increased proliferation rate of QC cells lacking RBR, adjacent 
wt QC cells rarely divided (Figure 3C, G and 3K white asterisks). 
Since most of the clones expressing single fluorescent marker protein are likely to be 
heterozygous (Table 2) and the majority of the single fluorescent QC clones showed a 
similar proliferation phenotype (8 out of 10) we concluded that reduction in RBR levels 
is sufficient to induce excessive proliferation in the QC. Interestingly, all rbr clones that 
originated in the QC exclusively populated later columella regions (n=14).
To investigate the progression of cell division in a wt situation we examined clones in-
duced by heat shock in a wt Col-0 harboring HS::Cre and transformed with an empty BOB 
construct. Similar to the results described above, we observed that clonally marked fluo-
rescent wt QC cells (n=14) rarely divided, as previously reported (Clowes, 1956; Dolan et 
al., 1993; Figure 3M-X, orange arrowheads). To quantify the effect of RBR removal from 
QC cells we counted the number of divisions in RBR deficient cells (BOB-RBR) and com-
pared it to the number of divisions in wt marked clones (BOB). Clones lacking one or two 
copies of RBR (three NHCs and seven single fluorescent clones) had an average of 1.33 
divisions per 24 h but wt clones (n=14 clones in 14 roots) had an average of 0.31 divi-
sions per 24 h (p≤0.002, Mann-Whitney U test). Wt clones with a QC inception, although 
dividing much slower than their rbr counterparts, also invaded columella tissue (Figure 
3U, W and X, orange arrowheads, n=14) indicating that division products of the QC are 
preferentially distributed towards the root cap. The stem cell niche organization was not 
affected by any of the manipulations or generated clones and maintained single QC and 
columella stem cell layers (Figure 3X inset, black and blue arrows, respectively) followed 
by differentiating starch containing columella cells.

3.5 Cell-autonomous RBR activity in the columella constrains division 
and promotes differentiation
Phenotypic investigation of rbr NHCs in tissues other than QC revealed that columel-
la stem cells lacking RBR showed a similar excessive cell division phenotype as the QC 
NHCs. For example, we followed an individual rbr columella stem cell NHC (Figure 4A-
D) that gave rise to six daughter cells (Figure 4M-P, yellow brackets) in a time interval 
when the adjacent wt columella stem cell generated only two daughter cells (Figure 
4A-P, white asterisks). 
Next we wanted to determine the differentiation status of the proliferating cells in the 
rbr null columella clones. However, the combination of confocal imaging and Nomarski 
optics to visualize starch granules as a marker for differentiation in adjacent cells with 
and without clones was technically challenging; marked clones identified by confocal mi-
croscopy cannot be retraced with certainty using Nomarski optics since the fluorescent 
marker proteins are no longer visible. Therefore, we took a more general approach using 
a long (1 h) HS induction in rbr-3/rbr-3;BOB-RBR+/+;HS::Cre seedlings resulting in larger 
rbr clones and compared the columella of these roots to columella regions in wt plants. 
Induction of broad clones in the columella led to additional layers of unexpanded and 
undifferentiated columella cells (Figure 4Q-T, white brackets and compare to inset in 
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Figure 3X).
Lack of starch granules 
in these proliferating 
unexpanded cells in-
dicates their failure to 
initiate the normal col-
umella differentiation 
program. To quantify 
the effect of RBR 

Figure 4. Effects of RBR de-

letion on cell differentiation 

(A-P) Confocal images 

of clones induced in a 

WOX5::Cre:GR;rbr-3/rbr-

3;BOB-RBR+/+ root meristem 

analyzed at 2 (A-D), 3 (E-H), 

4 (I-L) and 5 (M-P) d after 

Cre:GR activation by dex. 

Right panels (D, H, L and P) 

represent schematic illustra-

tions of the relevant clones 

for each time point in the 

adjacent panels. The yellow 

brackets mark a NHC origi-

nating in the columella before cell division (D), 

after one periclinal division (H, upper, blue ar-

rowhead) and after a set of 2-3 irregular divi-

sions (L and P). The red bracket marks a colu-

mella daughter NHC before (D) and after (H, bottom, blue arrowhead) oblique division. White asterisks mark 

wt columella stem cell and its daughter dividing slowly in comparison to the columella stem cell NHC (yellow 

brackets). (Q-S) Confocal images of clones induced in a HS::Cre;rbr-3/rbr-3;BOB-RBR+/+ root tip 3 d after HS 

reveal more layers of unexpanded columella cells within the rbr NHC (white brackets). (T) Nomarski image of 

the root analyzed in (Q-S) stained for starch accumulation as a marker for columella differentiation showing ad-

ditional layers at QC (black arrow) and columella stem cell position (white brackets) indicating failure to initiate 

the normal columella differentiation program of the latter. (U-W) Confocal images of rbr NHC in endodermis 

tissue (marked by dashed line) induced in a WOX5::Cre:GR;rbr-3/rbr-3;BOB-RBR+/+ root meristem, analyzed at 

3 d after Cre:GR activation by dex, reveal an occasional ectopic periclinal division (white arrowheads). Induced 

clones are shown in the red (PI+TagRFPER, A, E, I, M, Q and U) and cyan (CyPetER, B, F, J, N, R and V) channels and 

in the overlays (C, G, K, O, S and W). Scale bars, 10 mm.

deletion on cell proliferation we compared the number of cells in columella NHCs versus 
adjacent regions with a similar area where no clones were visualized. We show that rbr 
sectors have 2-3 times more cells than their adjacent wt regions (Table 4; p≤0.04, Wilcox-
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on sign-rank test). Unlike the observed proliferation in NHCs columella stem cells, NHCs 
columella daughter cells resulted in only 1-2 extra rounds of division (Figure 4A-H, red 
brackets). Nevertheless, wt columella daughter cells at the same position do not divide 
at all (Figure 3P, T and X, blue arrowheads; Dolan et al., 1993). Ultimately these daughter 
NHCs also expanded (Figure 4H, L and P, red brackets) and differentiated (Figure 4T). 
Null columella daughters committed to differentiation or in expanded starch-containing 
differentiated columella cells kept growing similar to their wt neighboring cells and re-
vealed no phenotypic changes (Figure 4E-P, red brackets). We compared the phenotype 
of rbr columella cells to those of wt clones generated by an empty BOB construct. Figure 
3M-X show a wt columella stem cell lineage progression starting with a single cell (Figure 
3M, O and P green arrowheads) that follows a typical anticlinal division thereby setting 
off one stem cell and one daughter cell (Figure 3Q, S, T, U, W and X, double green ar-
rowheads). The existing columella daughter (Figure 3M, O and P blue arrowheads) did 
not divide any more (Figure 3Q, S, U, W, T and X, blue arrowheads). Columella stem cells 
missing 1 or 2 RBR copies performed 1 division per 24 h (n=18 clones in 7 roots) in com-
parison to 0.3 divisions per 24 h (n=13 clones in 7 roots) of wt (BOB) columella stem cells 
(p≤0.03, Mann-Whitney U test). Columella daughter cells lacking 1 or 2 RBR copies had 
an average of 0.75 (n=12 clones in 6 root) divisions per day in comparison to RBR wt cells 
that have never displayed any division (n=7 clones in 5 roots; p≤0.05, Mann-Whitney U 
test). 
Finally, the orientation of the division plane in rbr columella clones was altered in most 
cases (20 out of 31 cell divisions at all stages of clone expansion [n=17], Figure 4E-P) 

suggesting that in this re-
gion, RBR is required for es-
tablishing a proper division 
plane. 

Table 4. Comparison of cell num-

ber in wt and rbr columella clones

CNHC, number of cells in NHC; CWT, 

number of cells without recombi-

nation in adjacent region equal in 

area. 1Average proliferation ratio in 

columella and QC prior to differen-

tiation= [Σ(CNHC/CWT)]/n = 2.45±0.23 

SEM; n=6. p≤0.04 (Wilcoxon sign-rank test). n/r, not relevant.

In this context it is noteworthy that previous experiments revealed a mild effect of re-
duction in RBR levels on cell division planes of proximal stem cells, contributing to stele, 
ground tissue and epidermis (Wildwater et al., 2005). Consistent with this observation, 
we found that rbr null endodermis cells occasionally (5 out of 14 analyzed endodermis 
NHCs) showed an extra periclinal division (Figure 4U-W, white arrowheads) whereas cor-
tex and epidermis cells in the proximal meristem were not affected by RBR removal. 
Normally, such a specific re-oriented periclinal division takes place only in the ground 

plant	  #	   CNHC	   CWT	  
CNHC/CWT=division	  

ratio	  

1	   17	   9	   1.9	  

2	   7	   3	   2.3	  

3	   7	   2	   3.5	  

4	   4	   2	   2.0	  

5	   10	   4	   2.5	  

6	   5	   2	   2.5	  

average1	   n/r	   n/r	   2.45	  
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tissue daughter cell or, at later stages, in the ground tissue stem cell. Divisions in more 
proximal ground tissue cells are always anticlinal (Dolan et al., 1993). 
Our data using null clones corroborate that the meristem region in close proximity to the 
stem cell niche is most sensitive to manipulation of the RBR pathway. Importantly, for all 
clones that gave rise to phenotypes within the stem cell niche, we rarely observed any 
cellular changes in their immediate unmarked neighbors (e.g., white asterisks in Figure 
4, n=10). These data strongly indicate that RBR acts in a cell-autonomous manner in all 
cell types studied and that its activity level in the stem cell organizer, columella stem cells 
and their immediate daughters contribute to the niche-specific features of these cells.

4. Discussion
4.1 The BOB system as a versatile tool for clonal analysis 
Haploid-essential genes required for both male and female gamete development have 
hitherto been difficult to study. Our new clonal deletion system overcomes current ob-
stacles and generally simplifies sector deletion analysis for all type of mutations. More-
over, clone formation does not rely on prerequisites such as integration of the lox sites 
into a specific locus nor on somatic recombination and G2 entrance (Muzumdar et al., 
2007; Wang et al., 2007). With the BOB tool, NHCs can be detected in a homozygous 
complemented background by double fluorescence, allowing efficient propagation of 
genotypes that can be directly used for analysis. Furthermore, we demonstrate that the 
Cre:GR fusion allows for tissue-specific induction of recombination. One potential im-
provement of the BOB system would be the fusion of a destruction box to vYFPNLS, to 
ensure elimination of the protein at least in dividing cells. 
There has been a debate on the persistence of the excised circular product from the Cre 
mediated recombination (Srivastava & Ow, 2003; Coppoolse et al., 2005). Our results 
suggest that this fragment does not play a significant role in our clonal deletion sys-
tem. First, the observed phenotypes in plants harboring deletion clones are very similar 
to phenotypes observed using silencing methods (Wildwater et al., 2005 and A. Cruz-
Ramírez, personal communication). Second, we observed a strong reduction of vYFPNLS 
levels after HS induced ubiquitous recombination. Third, Cre is activated by inducible 
systems (HS or GR/dex). Hence, iterative excision and integration, especially when the 
concentration of the circular fragment is low, are unlikely. Finally, a re-integration of 
a circular fragment should change the fluorescent signature of the clone, i.e., vYFPNLS 
would be re-activated and one of the other FPs (CyPetER or TagRFPER) would be discon-
nected from the 35S promoter and no longer transcribed. We have never observed this 
type of change in clones. Therefore we conclude that the BOB system generates NHCs, 
even though the disappearance of the protein coded by the excised gene will not be in-
stantaneous but rather depend on the turnover rate of the specific protein in each case.

4.2 The tissue specificity of the Cre:GR constructs
Previous studies indicated that it is impractical to screen for QC and stem cells clones 
by using HS inducible Cre (Heidstra et al., 2004). Therefore we designed a series of tis-
sue specific Cre:GR constructs for induction of deletion clones in favored regions. This 
approach was proven to be useful since we obtained considerable enrichment of clones 
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in the target tissues. However, the number of specific clones was still lower than ex-
pected. For example, WOX5 is expressed in QC cells (Figure 2H, inset) but only 20% of the 
WOX5 induced clones were found in the QC. One explanation could be that reduction of 
RBR levels interferes with maintenance and/or specification of niche cell fates such that 
WOX5 expression expands to neighbor cells; another explanation may be limited move-
ment of cytoplasmic Cre:GR to neighboring cells via plasmodesmata. 

4.3 Stem cell niche specific functions of the RBR protein
The removal of RBR activity in marked clones suggests a model in which RBR has two 
roles in the stem cell niche. RBR acts cell-autonomously in the QC as well as in columella 
stem cells to restrain cell division. In columella stem cells and their daughters RBR inhib-
its cell division while in daughter cells alone it is required for differentiation. Notably, 
the requirement of RBR to promote columella cell differentiation is most important in 
close proximity to the stem cell niche: distal displacement of columella cells ultimately 
imposed differentiation even at low RBR levels. 
Why would RBR act in QC cells to suppress cell division? We note that such a role is 
consistent with the need to maintain the structural organization of QC cells as organizers 
of the surrounding stem cells. It is interesting that the quiescence of these cells can be 
relaxed by RBR regulation, and an important question for the future is whether such a 
regulation could contribute to the postulated function of the QC as a long term reservoir 
for the columella stem cell population (Kidner et al., 2000; Jiang and Feldman, 2005; 
Ortega-Martinez et al., 2007). 
Why would QC daughter cells, after division, preferentially populate the distal root cap? 
This feature has also been observed upon ablation of columella stem cells, which trig-
gers division of the proximal QC cell to replace the ablated cell (Xu et al., 2006). While 
this can be viewed as a passive consequence of stresses and strains within the root tip, 
there may be a functional advantage for this preference. The distal-most columella cells 
are the first ones to encounter physical obstacles during root growth, and are frequently 
detached. Perhaps this exposure to physical stress calls for a renewable reservoir for this 
particular cell type, where QC cells can supply new columella stem cells.
In columella stem cells, RBR levels need to be balanced; low enough to prevent early 
differentiation (Wildwater et al., 2005) but sufficient to avoid over-proliferation (this 
study). These data not only support previous conclusions from several analyses of RBR 
function in leaf and pollen development (Desvoyes et al., 2006; Borghi et al., 2010; Chen 
et al., 2009), but also stress the point that this balance is relevant in stem cell popula-
tions and their immediate daughters. This is well-illustrated by the induction of periclinal 
divisions typical for ground tissue stem cells or their daughters by RBR removal: this 
division in daughter cells is a transient feature defining a particular differentiation state 
of the cell as it traverses through the meristem and hence its regulation by RBR can be 
interpreted as regulation of a step along a differentiation trajectory. However, RBR is not 
strictly required for progression of terminal differentiation in cells moving away from 
the niche; differentiation is delayed in the columella region where this can be easily as-
sessed, but cells ultimately differentiate. What causes this difference in competence? 
Demonstrated interactions between RBR and a set of stem cell-promoting transcription 
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factors, the PLETHORA (PLT) proteins, whose expression is highest in the stem cell niche, 
may be responsible for a difference in sensitivity to RBR levels (Galinha et al., 2007). 
Graded levels of the plant growth regulator auxin may also play a role in this process 
(Ding and Friml, 2010). 
Recent work has implicated mammalian Rb in fate choice and pluripotency of mesenchy-
mal stem cells (Calo et al., 2010), although this work could not identify the domain of ac-
tion of Rb at cellular resolution. Such studies underpin the need to dissect Rb-mediated 
functions at a cellular resolution, which may elucidate whether Rb-like proteins have 
universal roles in stem cells.

5. Materials and methods
5.1 Growth conditions
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented by 3 
ml of 37% hydrochloric acid for 2-5 h, then suspended in 0.1% agarose and plated on a 
growth medium consisting of Murashige Skoog salts, 1% sucrose, 0.8% plant agar, MES 
(pH=5.8), 50 mg/ml ampicillin and 1-5 mM dexamethasone (optional), stratified for two 
days in 4OC dark room and grown vertically in long day conditions (16 h light followed 
by 8 h of dark). For HS induction, plates with 2-3 days post germination (dpg) seedlings 
were placed in a 37OC incubator for 1 h and analyzed 2 d later. 

5.2 Microscopy
Seedlings harboring red or cyan clones were preselected under a Leica MZ16F fluores-
cent stereoscope and further analyzed by confocal microscopy. To excite and collect red, 
cyan and yellow fluorescent signals in a Leica SP2 confocal microscope, we performed 
sequential scanning as follows: the CyPetER and the vYFPNLS were excited together using 
the 458 and 514 nm laser wavelengths, respectively and emission was collected at 465-
506 nm for the CyPetER and 523-566 nm for the vYFPNLS. Propidium iodide (PI), which 
marks cell walls and dead cells (3 mg/ml, final concentration), and TagRFPER were visual-
ized by exciting at 488 nm and 543 nm respectively and emission collected at 502-522 
and 561-633 nm. Fluorescent signal intensity was measured using the ‘quantify’ function 
in the Leica TCS SPII confocal software in a region of interest excluding over-exposed 
areas that contain dead cells.
Although signals from cell walls, dead cells and TagRFPER marked clones are collected 
using the same filter settings, they are clearly distinguishable from one another based 
on the subcellular localization of the fluorescence. PI marked walls of living cells appear 
as a rectangular outline. Dead cells accumulate PI within the cytoplasm and nucleus and 
show a high emission intensity coupled with distorted cell shape. TagRFPER clones are 
characterized by signal from the ER surrounding the circular nucleus. 

5.3 Cloning
The BOB construct (Figure 1A) consists of a pGreenII backbone (Hellens et al., 2000) with 
a 35S promoter driving vYFPNLS (Nagai et al., 2002) as a default expressed marker and 
two incompatible lox variants, lox2272 and loxN, placed in between the 35S and vYFPNLS 
sequences. Despite our attempt to generate a fast turn-off of the vYFPNLS by a general 
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SV40 nuclear localization signal (NLS; Lassner et al., 1991) as a second indication for 
genomic deletion of the gene of interest, vYFPNLS was still visible up to several days in 
NHCs expressing TagRFPER and CyPetER. Downstream to the 3AT (vYFPNLS terminator) we 
placed a multicloning site for insertion of the complementing wt genomic allele of any 
GOI including its native promoter followed by two fluorescent proteins, CyPetER (Nguyen 
and Daugherty, 2005) and TagRFPER (Merzlyak et al., 2007) with the lox2272 and loxN at 
their 5’, respectively. To generate the BOB plasmid, four fragments were amplified from 
the template plasmids, pCB1 (Heidstra et al., 2004), 221e pSCR-H2B-VYFP-3AT, P1R4-
DR5:ER-CyPet-nosT and ER-TagRFP CBR_7 by using primer pairs 1 and 2, 3 and 4, 5 and 
6 and 7 and 8 respectively (Table S1). The PCR products and the binary pGII124 vector, 
carrying a methotrexate resistance marker, were cut with the appropriate restriction 
enzymes and simultaneously ligated overnight. Positive colonies were analyzed by re-
striction enzymes and sequencing. To clone the genomic fragment of RBR including the 
2.2 kb 5’ and 1.5 kb 3’ regions in pBOB, we amplified it from Col-0 genomic DNA with 
primers 9 and 10, digested with NheI and ClaI and ligated it between the NheI and BstBI 
sites creating pBOB-RBR. We used primer pairs 13 and 14, 15 and 16 and 17 and 18 
(Table S1) to amplify Col-0 genomic DNA of WOX5, EN7 and FEZ promoters, respectively 
and cloned the PCR products by Gateway (Invitrogen). Cre:GR constructs (Brocard et al., 
1998) driven by tissue specific promoters were generated by three way Gateway reac-
tion. 

5.4 Genetic background and crossing scheme
pBOB and pBOB-RBR were transformed to Col-0 plants carrying a HS::Cre construct by 
the floral dip method (Clough and Bent, 1998) and tested for vYFPNLS expression before 
and for CyPetER or TagRFPER expression 24 h after 20-60 min HS. To select for a single 
BOB-RBR insertion in Col-0 HS::Cre background we used DNA gel blotting. DNA from 
T1 plants was digested with XbaI and hybridized with an RBR specific probe generated 
by PCR using primers 11 and 12 on Col-0 DNA. A single insertion line was used as a 
female gametophyte donor to cross with rbr-3/+ plants (GABI_170G02) that produce 
escape rbr-3 male gametophytes. Sulfadiazin (encoded by the GABI T-DNA insertion in 
the RBR gene) resistant seedlings expressing vYFPNLS were genotyped for the rbr-3 al-
lele, analyzed for ploidy by FACS, and selfed twice. rbr-3/rbr-3;BOB-RBR+/+ plants were 
selected and verified again for single insertion by second DNA gel-blot assay. Plant DNA 
was digested with HaeIII and probed with a 545 bp NcoI/BglII vector specific fragment 
isolated from pGII124. Single insertion BOB-RBR plants were subsequently transformed 
with constructs of Cre:GR driven by tissue specific promoter.

5.5 FACS sample preparation
2-3 inflorescences or 3-4 leaves (without petioles and main vein) were chopped with a 
fine double-edge razor blade and suspended in 500 µl of cold nuclear isolation buffer 
(Galbraith et al., 1983). This crude extract was filtered through a 60 mm mesh, stained 
with 10 µl PI (5 mg/ml) and treated with 5 µl RNaseA (100 mg/ml) for 10 min. These nu-
clei were analyzed for ploidy by a BD influx cell sorter.
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Accession numbers

Sequence data from this work can be found in the Arabidopsis Genome Initiative or GenBank/EMBL data librar-

ies under accession numbers: RBR (locus At3G12280) and BOB (GenBank JF927991).
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6. Supplementary information

Figure S1. Clones in-
duced using the BOB 
system do not affect 
growth
(A) Representative im-
ages of wt (Col-0) and 
wt seedling harboring 

the HS::CRE and BOB constructs 7 d after 1 h heat-shock (HS). (B-D) Confocal images of HS treated HS::CRE;BOB 
root tip shown in (A) revealing clones in all cells throughout the root. Scale bars, 10 mm.

Figure S2. Selection for single insertion diploid rbr-3/rbr-
3;BOB-RBR+/+ plants
(A) DNA gel blot of an RBR specific probe to genomic DNA 
from 14 Col-0 T3 transformants selected for the BOB-RBR 
construct. Red arrowheads indicate lines #7 and #8 are the 
only two transformants to have a single RBR copy in addition 
to the Col-0 wt allele (black arrowhead). 
(B) Southern blot hybridization of a pGII124 plasmid specific 
probe to genomic DNA from seven F3 offspring from the 
cross between BOB-RBR lines #7 (lanes 1-3) and #8 (lanes 

4-7) and rbr-3. Lines 1-3 were chosen for follow up experiments. Outer lanes, size marker. (C and D) Ploidy 
analysis of nuclei from inflorescences of F1 plants from a cross between rbr-3/+ and BOB-RBR lines #7 and 
#8 selected for the rbr-3 allele. Green traces, Col-0 with 2C, 4C and 8C nuclei containing genomes used as a 
control; red traces, rbr-3/+;BOB-RBR F1 diploid (C) and triploid (D) plants.
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Figure S3. Reduction of vYFPNLS fluores-
cence as a result of clone formation
(A-E) Confocal images of clones induced 
in BOB-RBR+/+;HS::CRE+/ root meristem 
(A-C), and the absence of clones in a BOB-
RBR+/+;HS:CRE-/- root meristem (D and E) 
analyzed at 2 d after HS. Note the reduc-
tion in vYFPNLS expression in the presence 
of clones. (F) Mean CyPetER and vYFPNLS 
intensity values of BOB-RBR+/+;HS::CRE+/ 
(n=20) and BOB-RBR+/+;HS::CRE-/- (n=14) 
root tips 2 d after HS. Scale bars, 10 mm.

Figure S4. Genomic 
deletion and RNAi si-
lencing of RBR display 
similar phenotypes
(A-C) Confocal images 
of 3 dpg BOB-RBR 
pWOX5::Cre:GR root 

germinated on dex containing medium showing high proliferation in columella clones and cell death in vascu-
lar and columella tissues (white arrowheads). (D) RCH1::RBR RNAi used for local reduction of RBR transcript in 
the root meristem also showing extra proliferation in columella cells and cell death in columella and vascular 
tissues. Scale bars, 10 mm.

Table S1. Prim-
er list
Primers used 
to amplify 
the BOB frag-
ments (1-8), 
the genomic 
RBR sequence 
(9 and 10), the 
probe for the 
Southern blot 
hybridisation 
(11 and 12) 
and the WOX5 
(13 and 14), 
EN7 (15 and 
16) and FEZ 
(17 and 18) 
promoter se-

quences. Bold and regular sequence regions indicate overhangs and annealing parts, respectively.
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primer	  #	   primer	  name	   primer	  sequence	  

1	   acgtcc-‐SacII-‐35S-‐F	   acgtccccgcgggatcgtacccctactccaaaaatgt	  

2	   atagc-‐XbaI-‐Lox2272-‐35S-‐R	   atagctctagaataacttcgtataaagtatcctatacgaagttatgtcctc
tccaaatgaaatgaacttc	  

3	   atagc-‐XbaI-‐LoxN-‐ATG:NLS-‐VYFP-‐F	  
atacgtctagaataacttcgtatagtataccttatacgaagttatatgcca
aagaagaagagaaaggtcgtgagcaagggcgaggagct	  

4	   tgatcc-‐HindIII-‐BstBI-‐NotI-‐EcoRV-‐NheI-‐3AT-‐R	   tgatccaagcttttcgaagcggccgcgatatcgctagcccctcgacacaa
aaagcctatactgtact	  

5	   tgatcc-‐HindIII-‐Lox2272-‐ATG:ER-‐Targ-‐F	   tgatccaagcttataacttcgtataggatactttatacgaagttatatgaa
gactaatctttttctctttctcatc	  

6	   agtacg-‐MluI-‐Tnos-‐R	   agtacgacgcgtctgtcgaggggggatcaat	  

7	   agtacg-‐MluI-‐LoxN-‐ATG:ER-‐Targ-‐F	  
tgatccacgcgtataacttcgtatagtataccttatacgaagttatatgaa
gactaatctttttctctttctcatc	  

8	   atctga-‐ApaI-‐35T-‐R	   atctgagggcccatcgatctggattttagtactggattt	  
9	   BrainBow-‐RBR-‐F	   agttccaaacatccctgcac	  
10	   BrainBow-‐RBR-‐R	   gagaagatggccaaagttgc	  
11	   RBR-‐Probe2-‐F	   cctggcgaaaccaaataatg	  
12	   RBR-‐Probe2-‐R	   agcgaatggatgggatactg	  

13	   attB4-‐pWOX5-‐f	   ggggacaactttgtatagaaaagttgcgagaacctcggggatgaagac	  

14	   attB4-‐pWOX5-‐r	   ggggactgcttttttgtacaaacttgcgttcagatgtaaagtcctcaactgt
tt	  

15	   attB4-‐pEN7-‐F	  
ggggacaactttgtatagaaaagttgcgtcgagctgctccattagtccata
ta	  

16	   attB1-‐pEN7-‐R	   ggggactgcttttttgtacaaacttgcctttaagattctgagattcacgaag
aa	  

17	   pFEZdel6box1F	  
ggggacaactttgtatagaaaagttgttaacaacagattatgatacacttt
tcaa	  

18	   pFEZbox1R	  
ggggactgcttttttgtacaaacttgtttctctaaaaccctaaaaacaaaa
a	  
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RBR dependent cell death in the Arabidopsis root 
meristem

Guy Wachsman, Alfredo Cruz-Ramírez, Ikram Blilou and Ben Sheres1

1. Abstract
During development or in response to a broad array of external or internal cues, cells 
face choices between proliferation, differentiation and death. One of the well-known 
proteins that instruct this decision-making is encoded by the retinoblastoma susceptibil-
ity gene (Rb). In animals and plants, Rb represses cell-cycle progression and promotes 
differentiation, by controlling transcription factors necessary for these processes. In ad-
dition, Rb has been implicated in apoptosis in animals. Two proteins that govern the DNA 
damage response (DDR) by regulating dozens of downstream targets are ATAXIA-TEL-
ANGIECTASIA MUTATED (ATM) and ATM AND RAD3-RELATED (ATR). Here we show that 
the Arabidopsis Rb homolog, RETINOBLASTOMA-RELATED (RBR), mediates cell death in 
three types of stem cells (SCs) in the root meristem and that RBR-dependent cell death 
is mediated by ATM and ATR. We demonstrate that differentiation of SCs induced by 
three different perturbations, including RBR over-expression, are partially promoting cell 
survival. Finally we present preliminary evidence that a histone acetyltransferase MYST 
family (HAM) protein is involved in programmed cell death, indicating conservation of 
DDR mechanisms in plants and animals. 

2. Introduction
Maintaining genome integrity is a prime prerequisite for any living organism. Jeopardiz-
ing the completeness and accuracy of the DNA code can lead to unscheduled cell prolif-
eration, cancer and propagation of mutations in the body of the organism. Programmed 
cell death (PCD) is a collective term for several pathways known in almost every branch of 
the phylogenetic tree. It has been shown that the formation of fruiting body in the Myxo-
coccus xanthus prokaryote requires an autolysis stage (Wireman & Dworkin, 1977) while 
in complex multi-cellular animals and plants, cells carry out PCD to mold the organism 
during development and as a last resort in response to DNA damage (reviewed by Oberle 
& Blattner, 1977; Ameisen, 2002). Cells rapidly initiate a DNA repair pathway in response 
to endogenously occurring DNA lesions or genotoxic stress that lead to genome instabil-
ity such as double or single strand breaks (reviewed by Branzei & Foiani, 2008). A wide 
variety of genes have been implicated in the process of PCD. Several of these genes 
are involved in cell cycle regulation so that in the case of DNA damage response (DDR) 
cell division can be arrested and DNA can be repaired. One of several well-known cell 
cycle regulators is the first described tumor suppressor, the RETINOBLASTOMA (RB) gene 
(Friend et al., 1986). Its main action in regulating cell cycle checkpoints ensues from 
its binding to and inhibition of E2F transcription factors (Chellappan et al., 1991). Rb is 
also involved in the regulation of the apoptosis pathway (Clarke et al., 1992, Jacks et al., 
1992; Lee et al., 1992; reviewed by Chau & Wang, 2003). In rb-null mice extensive apop-

1Department of Molecular Genetics, University of Utrecht, 3584CH Utrecht, The Netherlands.
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tosis occurs in the nervous systems, lens and skeletal muscles (Lee et al., 1992; Clarke et 
al., 1992; Jack et al., 1992). Several pathways mediate cell-death as a result of reduced 
Rb levels. For example, in the central nervous system (CNS), E2F1 (Tsai et al., 1998), 
E2F3 (Ziebold et al., 2001) and Trp53 (mouse p53 homologue; Macleod et al., 1996) can 
suppress apoptosis shown in rb mice. During myogenesis, however, E2F1 and p53 are 
dispensable and apoptosis in muscle cells of rb mice is dependent on other genes (Jiang 
et al., 2000). The Arabidopsis RB homolog, RETINOBLASTOMA-RELATED (RBR) is required 
for development of the gametophytes (Ebel et al., 2004), cell proliferation during leaf 
growth (Desvoyes et al., 2006; Borghi et al., 2010) and for the maintenance of stem cells 
(SCs) in the root (Wildwater et al., 2005; Wachsman et al., 2011) and shoot meristems 
(Borghi et al., 2010). Additionally, rbr hypomorphic genotypes display cell death in colu-
mella and meristematic vasculature (Wildwater et al., 2005; Wachsman et al., 2011) with 
phenotypes similar to those observed after application of the radiomimetic drug zeocin 
(Fulcher & Sablowski, 2009). Early DNA damage responses mostly rely on recruitment 
of sensor proteins to break points and subsequent post-translational modifications such 
as acetylation and phosphorylation. Depending on the type of DNA damage, recruit-
ment and activation of different Phosphoinositide 3-kinase (PI3K)-related protein kinase 
(PIKK) family members initiate the DDR machinery by activation of their downstream 
targets (reviewed by Branzei & Foiani, 2008). ATAXIA-TELANGIECTASIA MUTATED (ATM) 
is a member of the PIKK family mediating the response to double-strand breaks while 
another member, ATM AND RAD3-RELATED (ATR) is associated with the repair of other 
types of DNA damage, e.g., single-strand breaks and stalled replication forks (reviewed 
by Shiloh, 2003; Cimprich & Cortez, 2008). One of the earliest steps in the initiation of 
DDR is the recruitment of ATM by the Mre11–Rad50–Nbs1 (MRN) complex to the break 
points (Dupre et al., 2006; Uziel et al., 2003), phosphorylation of the histone variant, 
H2AX (also known as the formation of g-H2AX foci, Rogakou et al., 1998), and acetyla-
tion of ATM on lysine 3016 by Tip60, a member of the MYST, histone acetyl-transferase 
(HAT) family (Sun et al., 2007). ATM acetylation is essential for the dissociation of its 
inactive homodimer into active monomers (Sun et al., 2007). Moreover, the acetylation 
of lysine 3016 is required for ATM dependent phosphorylation (and hence activation) of 
Checkpoint-kinase2 (Chk2; Sun et al., 2007; Ahn et al., 2000) and p53 (Nakagawa et al., 
1999), which are key regulators for the transmission of the DDR signal towards cell cycle 
arrest and/or apoptosis, respectively. In addition to Chk2 and p53, ATM phsphorylates a 
range of other proteins to promote cell cycle arrest and PCD (reviewed by Kastan & Lim, 
2000). In Arabidopsis, ATM and ATR are important for the response to ionizing radiation 
(Culligan et al., 2006; Friesner et al., 2005) and to radiomimetic drugs (Fulcher & Sablow-
ski, 2009). The Arabidopsis TIP60 homologs, HAM1 and HAM2, represent the MYST-HAT 
family. They are redundantly necessary for gametophyte development (Latrasse et al., 
2008) and show in vivo histone-4 acetylation on lysine 5, (Earley et al., 2007). Interest-
ingly, rbr, ham1;ham2 and atm;atr mutants are all either gametophytic lethal or com-
pletely sterile. 
In this study, we show that reduction in RBR levels is sufficient to initiate and execute the 
PCD pathway in three SC lineages of the root meristem in a similar fashion to treatments 
by g-radiation or the radiomimetic drug zeocin. Accordingly, ectopic over-expression of 
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RBR can block cell death response. We demonstrate that other gene manipulations pro-
moting differentiation of columella SCs can also inhibit the cell death response. In ad-
dition, we show that cell death in rbr hypomorphic genotypes is mediated by the two 
PIKK members, ATM and ATR and their absence reduces the cell death response. Last, 
we present preliminary data implicating the HAM proteins in PCD. Our observations sug-
gest a biochemical link between cell death caused by radiomimetic drug treatment or 
reduced RBR levels, and activation of the ATM and ATR pathway.

3. Results
3.1 Reduced RBR levels lead to cell death in the root meristem
Previous studies have shown that plant meristems are especially sensitive to ionizing 
radiation and radiomimetic drugs such as bleomycin or zeocin (Culligan et al., 2006; 
Fulcher & Sablowski, 2009). In the root meristem, both the columella SCs and the vascu-
lar cells adjacent to the QC are particularly responsive to DNA damage and display a 
rapid cell death upon zeocin treatment, visualized by accumulation of propidium iodide 
(PI; Compare Figure 1A and C). Using the membrane marker FM1-43, we identified that 
in addition to the columella and vascular affected SCs, the epidermis/lateral root cap 
initials (epi/LRCi) are also rapidly responding to zeocin treatment (Figure 1L;

� 

X =0.69±0.18; 
n=16 roots). In conclusion, all types of SCs surrounding the QC except the e n d o d e r -
mis/cortex SCs are hypersensitive to zeocing treatment.
Zeocin induced cell death in the root meristem resembles phenotypes caused by re-
duced RBR levels. First, two RNA based gene silencing methods, RBRi (Figure 1D and J; 
Wildwater et al., 2005) and amiGO-RBR (Figure 1G and J; chapter five) lead to cytoplas-
mic PI staining in the columella, LRC and vascular cells (7<n<59; p<0.002, Mann-Whitney 
U-test). Second, genomic elimination of RBR with the BOB system (Wachsman et al., 
2011) also leads to cytoplasmic accumulation of PI, indicating cell death, as in the RBR 
silencing methods (Figure 1K). Together, these results lead to the conclusion that RBR 
depletion causes cell death in 3 SC lineages of the root meristem. RBRi roots possess 
more columella SC layers (Wildwater et al., 2005) and accordingly display columella cell 
death in distally extending region. Moreover, dead cell debris (visualized as red foci) mi-
grate distally (Xu et al., 2006) as a result of division in cells between the QC and the dead 
cells. To test whether cell death occurs in differentiated cells we used the BOB system 
and followed rbr-null cells. We did not detect columella cell death in morphologically 
differentiated columella cells in rbr clones followed up to 3d after first identification of 
null clones (n=15, Figure S1). In the enlarged columella SC region (Wildwater et al., 2005; 
Figure 1B compared to E and H), cells are hypersensitive to zeocin treatment (Figure 1F, 
I and J; n≥6; p≤0.02, Mann-Whitney U-test).

3.2 RBR inhibits cell death
Animal Rb has been implicated in both cell death protection and differentiation process-
es (reviewed by Chau & Wang, 2003). Our data also suggested that high levels of RBR 
might block zeocin mediated cell death, especially in the columella where high levels 
of RBR induce differentiation (Wildwater et al., 2005). We used the 35S::GVG;UAS:RBR 
line described in Wildwater et al. (2005) to over-express RBR (RBR-OX) in response to 
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dexamethasone (dex) 
application (n>12 for 
each genotype under 
each treatment).
 
Figure 1. Loss of RBR leads 

to cell death in the root 

meristem 

Confocal (A, C, D, F, G, I, K 

and L) and Nomarski (B, E 

and H) root meristem im-

ages of Col-0 (A-C) and RBR 

hypomorphic lines (D-I). 

(J) Cell death quantifica-

tion of RBR hypomorphic 

lines in the columella and 

epi/LRCi (upper chart) and 

in the vasculature (lower 

chart). (K) Cell death in rbr-

3;WOX5::CRE:GR;BOB-RBR 

4 d after germination on 

dex containing medium. (L) 

Cell membranes marked 

with FM1-43 and dead 

epi/LRCi with internalized 

FM1-43 (green arrowhead). 

White, green, and blue ar-

rowheads denote vascular, 

epi/LRCi and columella 

dead cells, respectively. 

Black and white arrows in-

dicate QC and columella SC, 

respectively. Scale bars, 20 

mm. Bars in (J), mean±SE.

The uninduced line has a wt root structure (Figure 2A, B, G and H) and zeocin treatment 
induces cell death similarly to wt roots (Figure 2C, I and M). 
Over-expressing RBR by dex application reduced the zeocin dependent cell death re-
sponse in the columella tissue by approximately fivefold in comparison to wt (Figure 2F, 
L and M) and uninduced RBR-OX roots (Figure 2I, L and M; p<0.02, Mann-Whitney U-
test). Within this time period (24 h), over-expression of RBR also leads to differentiation 
of columella SCs as shown by accumulation of starch granules (Wildwater et al., 2005; 

compare Figure 2E and K). There was no significant effect on vascular cell death. Our re
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Figure 2. RBR-OX partially rescues the zeocin-induced cell 

death

Confocal (A, C, D, F, G, I, J and L) and Nomarski (B, E, H and 

K) root meristem images of Col-0 (A-F) and RBR-OX (G-L). 

Black and white arrowheads denote QC and columella SC 

(CSC) layers. Note the accumulation of starch granules in 

the RBR-OX+dex CSC layer, indicating differentiation (K). 

(M) Quantification of cell death in the columella. No cell 

death was observed in both lines on zeocin-free media. Scale bars, 20 mm. Bars in (M), mean±SE.

sults suggest that RBR can suppress cell death in the columella but cannot exclude the 
possibility that this process is dependent on or mediated by differentiation.

3.3 Differentiation can block cell death
Following the observation that cell death inhibition and differentiation are coupled in 
the RBR-OX genotype we asked whether the induction of cell differentiation itself is suf-
ficient to promote cell survival. We made use of two unrelated genotypes that promote 
differentiation in the root meristem. First, in plt1-4;plt2-2 the SCs in the meristem differ-
entiate and the meristem is consumed soon after germination (Aida et al., 2004). This is 
shown by the elongation of proximal ground tissue and epidermis cells (compare Figure 
3A and E), xylem pole differentiation (Figure 3E) and accumulation of starch granules in 
columella SC (compare Figure 3B and F). Second, wox5-1 has an incompletely specified 
QC and as a result, differentiated columella SCs (Sarkar et al., 2007; compare Figure 3I 
and J, to N and O, respectively). 
In response to zeocin treatment, plt1-4;plt2-2 double mutant shows a sharp fivefold 
reduction in the number of dead columella cells (Figure 3C, G and D; n=10 for each 
genotypes in each medium, p<0.003, Mann-Whitney U-test) and fourfold in the area 
with dead vascular cells in comparison to the Ws wt ecotype (Figure 3C, G and H). In the 
wox5-1 background, there is more than twofold reduction in dead columella cells (Fig-
ure 3K, L, P, Q and S) as a response to zeocin treatment (n=12, p<0.02, Mann-Whitney 
U-test). However, the unspecified QC is now hypersensitive with increase response to 
zeocin (Figure 3M, R and S; n=12, p<0.006, Mann-Whitney U-test). wox5-1 QC cells have 
a high division frequency (Figure 3N, inset, 15 out of 18 cells [83%] in 8 roots comparing 
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to 5 out of 36 cells [14%] in 12 wt roots) that might sensitize them to zeocin. We verified 
that the zeocin-affected cells in the wox5-1 mutant background are in the QC position 
by using the membrane marker FM1-43 (Figure 2M and R, n>7). It is noteworthy that 
over-expression of WOX5 (Sarkar et al., 2007) and PLT2 (Galinha et al., 2007) does not in-
crease cell death suggesting that the protection from cell death in plt and wox5 mutants 
is likely to be related to the differentiation process itself rather than reflecting a specific 
role for these proteins as cell death regulators.

Figure 3. Differentiation impedes cell death in the root meristem

Confocal (A, C, E, G, I, K-N and P-R) and Nomarski (B, F, J and O) images of Ws (A-C) plt1-4;plt2-2 (E-G), Col-0 

(I-M) and wox5-1 (N-R). Black and white arrowheads denote QC and columella layers (Note the differentiation 

in F and O). Gray arrowheads point at differentiated xylem (F) and dividing QC cells (N, inset). (D, H and S) 

Quantification of cell death in the columella (D) and vasculature (H) of plt1-4;plt2-2 and in wox5-1 columella 

and QC layers (S). Scale bars, 20 mm. Charts’ bars, mean±SE.

3.4 ATM and ATR mediate the RBR-dependent cell death signal 
Both ATM and ATR mediate cell death response in the columella and vascular cells 
(Fulcher & Sablowski, 2009). To find out whether ATM and ATR are also required for the 
RBR dependent cell death we created 35S::amiGO-RBR;atm-2 and 35S::amiGO-RBR;atr-2 
lines and tested the reduction in dead cell number as a result of atm or atr knockout. In 
Col-0 as well as the atm-2 and atr-2 background, the average number of dead cells per 
region is less than 0.5 per root (Figure 4A-C and G). 8 dpg, 35S::amiGO-RBR genotype 
has an average of 6 to 8 dead cells in the columella and approximately 2 in the vascular 
tissue (Figure 4D and G). 35S::amiGO-RBR;atm-2 and 35S::amiGO-RBR;atr-2 lines had an 
average of 0.1 dead cells in the vascular and 3 to 4 dead cells in the columella (Figure 
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4E-G), a reduction of almost 100% and 50%, respectively (Figure 4G; n>13, p<0.002, 
Mann-Whitney U-test). These results indicate that ATM and ATR are necessary for rbr 
dependent cell death in the vascular but only partially required in the columella, i.e., an 
additional pathway might be involved in columella cell death as a result of reduction in 
RBR levels.
 
Figure 4. ATM and ATR are required for cell death in amiGO-RBR

Confocal images of 8 dpg root tips. Genotypes are denoted. Insets in (D-F) show GFP expression of the ami-

GO-RBR T-DNA insert dis-

playing similar levels. (G) 

Quantification of cell death 

number in the columella 

(upper panels) and vascu-

lature (lower panels) show-

ing the effect of introduc-

ing the atm-2 (right panels) 

and atr-2 mutations to the 

amiGO-RBR background in 

reducing cell death (right 

bars). Scale bars, 20 mm. 

Bars in (G), mean±SE.

3.5 The HAM pro-
teins are putative 
inducers of PCD
Posttranscript ion -
al modification in 
response to DNA 
damage such as g-
irradiation can be 
seen within a few 
minutes after induc-
tion (Friesner et al., 
2004). To achieve 
such fast response, 

the relevant proteins should be present prior to induction of DNA damage. Hence, the 
immediate steps are likely to involve modifications of proteins that are already translat-
ed at the time of treatment with DNA damage agents. In accordance with this, Culligan 
et al. (2006) showed that in Arabidopsis, ATM, ATR, Ku70/80, Rad50, MRE11 and other 
genes that are involved in cell death, are not transcriptionally induced by g-irradiation. 
One of the protein modifications which are required for the initiation of apoptosis in 
mammalian cells is the acetylation of ATM by Tip60 on lys 3016 (Sun et al., 2007). The lys 
residue is conserved in yeast, animals and plants (Figure 5G). 
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Figure 5. ATM, ATR and 

HAM expression and the 

conserved functional link 

between them

(A-F) Nomarski images of 

root tips after RNA in-situ 

hybridization of ATM, ATR 

and HAM2 RNAs (HAM1 

mRNA might have hybrid-

ized too, as a result of the 

similarity in their sequenc-

es, see also M&M). (G) Con-

served lysine in ATM homo-

logs (red) and the flanking amino acids show high level of sequence homology 

in a wide variety of species. (H and I) Quantification of columella cell death in 

ham1-1 (H) and pHELLSGATE-HAM2i (I, T2 segregating line). Scale bars, 20 mm. 

Charts’ bars, mean±SE.

Figure 5 (A-F) reveals that ATM, ATR and HAM2 are transcribed in the wt meristem, sug-
gesting that their protein products are likely to be present prior to any stress induction. If 
the Arabidopsis Tip60 homologous protein(s), HAM1 and/or HAM2 are required for the 
onset of root SCs death, down regulation of the relevant protein should abolish the cell 
death response. In a preliminary experiment we observed that the ham1-1 mutant (but 
not ham2) reduces cell death by half in the columella (Figure 5H n≥16; p≤0.17, Mann-
Whitney U-test), but further investigation is necessary to consolidate this result. We also 
constructed RNAi lines that target HAM2 mRNA degradation (and due to 87% identity 
in the targeted region probably HAM1 as well). Initial data show that the number of 
columella dead cells in one T2 line is lower than wt (Figure 5I, 7>n>14; p<0.057, Mann-
Whitney U-test). Considering the possible redundancy between the HAM proteins and 
presence of wt seedlings in the T2 population, these results may link HAM1 and HAM2 
to the acetylation and activation of ATM in the root meristem.

4. Discussion
After S-phase entry, the replication of the entire genome must be completed before the 
cell is committed to a second division or differentiation. It is not surprising that in paral-
lel to repairing the DNA during DDR, a second arm is responsible for arresting the cell 
cycle, giving time for evaluating the damage and deciding on the steps that need to be 
taken. In both animals and plants the WEE1 kinase acts to arrest cell cycle progression in 
response to DNA stress (reviewed by Bartek & Lucas, 2008; Schutter et al.). Cools et al. 
(2011) showed that replication stress during S-phase leads to transcriptional activation 
of WEE1 in distal vascular cells. Consequently, WEE1 expression is necessary to prevent 
premature tracheary element maturation (which involves PCD) in response to replica-
tion stress. However, in the root meristem, wee1 mutants do not show altered cell death 
response to zeocin treatment in the way atm and atr mutants do (Fulcher & Sablowski, 
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2009). Moreover, WEE1 is not necessary for transcriptional upregulation of genes asso-
ciated with DNA repair, metabolism and stress response (Cools et al., 2011) suggesting 
that the Arabidopsis WEE1 role is restricted to cell cycle inhibition during DDR. 
SC progenitors populate large portions of mature tissues, therefore, maintaining a mu-
tation-free genome is especially important in this type of cells. ATM and ATR are sensors 
and activators of different types of DDR (Furukawa et al., 2010; reviewed by Cools & De 
Veylder, 2009). Double strand breaks (DSB) mainly activate ATM whereas ATR is primarily 
associated with single strand breaks and stalled replication forks (reviewed by Branzei 
& Foiani, 2008). ATM is required for transcriptional up regulation of almost every gene 
that responds to g-irradiation, including WEE1 (Culligan et al., 2006; De Schutter et al., 
2007). In animals, Rb is a well-characterized cell cycle inhibitor and anti-apoptotic regu-
lator (e.g., Almasan et al., 1995). Although extensive studies were done on the role of 
Rb, many of them are performed on cell-cultures, which often do not reflect the actual 
behavior of cells in living organisms.
 In this study we use whole seedling roots to show that RBR deficiency leads to cell death 
in specific SCs. Nevertheless, over proliferation of columella cells per se in WOX5-OX 
and arf10;arf16 (not shown) plants is not sufficient to induce an extensive cell death 
response. Over-expression of RBR was sufficient to partially rescue dependent cell death 
caused by DNA breaks in columella and epi/LRCi SCs, coupled to its role in differentiation 
of these cells. Two other genotypes, plt1;plt2 and wox5-1, which promote differentiation 
of the entire root and in the columella, respectively, also reduced the cell death inducing 
effect of zeocin. Together, these results suggest that RBR prevents columella, epi/LRCi 
and meristematic vascular cell death by promoting cell differentiation and possibly the 
inactivation of DDR factors. On the other hand, differentiation processes not necessarily 
dependent on RBR are also able to prevent cell death in the columella. In this respect, 
it is interesting to note that columella daughter cells start to differentiate, whereas im-
mediate daughters of other SCs go through several rounds of divisions prior to differen-
tiation. It is therefore possible that vascular cells remain sensitive to DNA damage due 
to their continued division. One of the ongoing questions related to the role of Rb (and 
now also RBR) is whether PCD is an indirect outcome of unscheduled proliferation lead-
ing to compromised DNA integrity, e.g., by stalled replication forks during S-phase, or 
caused by the conflict between differentiation and cell cycle entry in the absence of Rb/
RBR (also known as the ‘conflict model’). Alternatively, Rb/RBR is required for protection 
from cell death and this function is independent of its role in cell cycle regulation. The 
conflict model is supported by the finding that E2F, a positive S-phase entry regulator, 
controlled by Rb, directly induces the transcription of cell death related genes such as 
CASPASE-7 (Nahle et al., 2002). These results ‘hardwire’ cell cycle and cell death and 
show that cycling cells are primed to apoptosis should division be perceived as aberrant. 
On the other hand, MacPherson et al. (2003) created conditional Rb knockout mice with 
increased S-phase entry without elevated apoptosis in the CNS, but not in the PNS and 
in the lens. Hence at least in some cases, Rb regulation of cell cycle is independent of 
apoptosis. 
The columella region is optimal for probing this question since cell proliferation, cell dif-
ferentiation and cell death can be readily distinguished. Searching for RBR mutant alleles 
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with uncoupled proliferation and cell death could provide strong indications that RBR 
functions independently in both pathways. If, however, all mutant RBR alleles with high 
proliferation rate in the columella retain the cell death phenotype, RBR function in one 
pathway (i.e., cell death) is associated and likely to be dependent on its activity in the 
cell cycle regulation. 
The fact that the ATM-ATR pathway mediates cell death in RBR deficient cells reveals an 
interesting link between cell cycle and cell death. Transcriptional induction of WEE1 in 
response to g-irradiation relies on the activity of ATM (Culligan et al., 2006; Schutter et 
al., 2007) while over-expression of WEE1 promotes differentiation in the proximal root 
meristem. Reduction in RBR levels and hence activation of ATM might lead to WEE1 
induction in vascular cells and consequently to premature PCD. In the columella, only 
the SCs perform cell division, which is a potent cause for sensitivity to cell death (either 
by genotoxic stress or unscheduled cell cycle progression). Furthermore, WEE1 does not 
seem to be expressed in these cells even after treatment with DNA damaging agent 
(Cools et al., 2011). Therefore, in the columella, only the dividing SCs undergo PCD, in-
dependent of WEE1 expression and in response to genotoxic/RBR depletion. Finally, our 
preliminary observation that reduced HAM levels can reduce the sensitivity to zeocin, 
together with evidence that HAM proteins acetylate hystone-4 in Arabidopsis (Earley et 
al., 2007), might provide an entry into the early DDR that involves ATM activation fol-
lowed by transcriptional induction of genes such as BRCA1, RAD51A, PARP-2 and WEE1, 
which are induced in response to DNA damage agents in later stages (Culligan et al., 
2006).

5. Materials and methods
5.1 Ecotypes and growth conditions
The Col-0 ecotype was used for all experiments except for comparison between plt1-
4;plt2-2 (which is in Ws background) and Ws. Seeds were fume sterilized in a sealed 
container with 100 ml bleach supplemented by 3 ml of 37% hydrochloric acid for 2-15 
h, then suspended in 0.1% agarose and plated on a growth medium consisting of Mu-
rashige Skoog salts, 1% sucrose, 0.8% plant agar, MES (pH=5.8), 50 mg/ml ampicillin 10-
20 mM dexamethasone (optional), and 20-100 mg/ml zeocin (optional), stratified for 2-5 
days in 4oC dark room and grown vertically in long day conditions (16 h light followed by 
8 h of dark).

5.2 Microscopy
We used Leica SP2 confocal microscope to visualize root meristem and to measure dead 
area size. PI marks cell walls and when internalized, dead cell with high emission. PI and 
GFP signals were excited using the 488 nm Argon laser and collected at 591-654 and 
497-547 nm respectively. For DIC images of root meristem we used Nomarski optics on 
a Zeiss photomicroscope III.

5.3 Cloning and crossing schemes
amiGO-RBR was cloned as described in chapter 5. atm-2 and atr-2 were crossed on 
amiGO-RBR line and F2 seedlings were preselected for amiGO-RBR based on GFP ex-
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pression. The ATM alleles were genotyped using the primers ATM126 (TCTCTCCTT-
GTTTCAAGCTCTGC) and atm-2-wt genotype-F (TGTTTGGTTAATTGGCATCG) for the wt 
allele and ATM126 together with LBb1.3 (ATTTTGCCGATTTCGGAAC). ATR alleles were 
genotyped by the primers NF039 (GCAGCAAAAATTTCTTGGTTG) and NF040 GCAG-
CAAAAATTTCTTGGTTG) for the wt allele and NF039 in combination with LBb1.3 for atr-
2. We favored the 35S::amiGO-RBR as an RBR silencing method since the 35S promoter 
also drives the expression of GFP; this way we could make sure that any reduction in the 
number of dead cells is caused by the introduction of the atm or atr mutation and not 
due to the silencing of the T-DNA insertion that suppresses RBR. To silence HAM2 we 
amplified a fragment of the coding sequence using the primers HAM2RNAiFW (GGGGA-
CAAGTTTGTACAAAAAAGCAGGCTttGAGATTGAGACTTGGTACTTC) and HAM2RNAiRV 
(GGGGACCACTTTGTACAAGAAAGCTGGGTtCTCTGGTCCTTGTAAGGTG) and cloned the 
product into the pHELLSGATE12hyg vector (Helliwell and Watergate, 2003). Due to the 
close homology between HAM1 and HAM2 it is likely that both transcripts were silenced 
simultaneously. Plants were transformed by the floral dip method (Clough and Bent, 
1998). In-situ hybridization was performed as described (Ludevid et al., 1992) with a c-
terminal fragment of HAM2 cDNA generated by the primers ham2-LP (GTCGAAGAAGAG-
GAAAATGGG) and ham2-RP (CATATGCCTTTGAAGCTGCTC).

6. Supplementary information

Figure S1. RBR elimi-
nation in differenti-
ated columella cells 
does not enforce any 
phenotypic changes
Confocal images of a single 

root meristem at 3 (A-C), 

4 (D-F) and 5 (G-I) dpg on 

dex containing medium of 

rbr-3;WOX5::CRE:GR;BOB-

RBR+/+ line showing TagRFP 

and PI (A, D and G), CyPet 

(B, E and H) and merged (C, 

F and I) staining. White ar-

rowheads point at a single, 

differentiated, columella, 

RBR-null cell (expressing 

both TagRFP and CyPet). 

Scale bars, 20 mm. 
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The Arabidopsis RETINOBLASTOMA-RELATED protein 
restrains cell division in the root stem cell organizer

Alfredo Cruz-Ramírez1§, Sara Díaz-Triviño1§, Guy Wachsman1‡, Du Yujuan1‡, Mario Arteága-Vázquez2, 3, Renze 

Heidstra1, Ikram Blilou1, Akie Shimotohno1, Vicki Chandler2 and Ben Scheres1

1. Abstract
Quiescence of long-term somatic stem cells (SCs) has been associated with SC niches in 
plant and animal kingdoms. The Arabidopsis root SC population is maintained by near-
quiescent cells acting as an organizer at the centre of the niche. This Quiescent Centre 
(QC) is necessary for maintenance of surrounding SCs and there is evidence for its ac-
tivity as a long-term reservoir for SCs. The RETINOBLASTOMA-RELATED (RBR) protein 
cell-autonomously controls cell division in the QC, allowing a dissection of the role of 
quiescence and SC replenishment in plant SC niches. We performed cell-type specific 
RBR knockdown using an artificial microRNA that targets the 3’UTR of the RBR mRNA. in-
vivo complementation of this silencing line with mutant RBR cDNA that lacks the 3’UTR 
region and an LxCxE protein interaction motif reveals that this motif is key to the main-
tenance of quiescence. We demonstrate that the transcription factor SCARECROW (SCR) 
is a major RBR interacting protein required for release of quiescence, which allows or-
ganizer cells to replenish SCs. Finally we show that quiescence of the QC is not needed 
for structural integrity of the niche but confers increased resistance to DNA damage on 
growing organs.

2. Introduction
Developmental programs in multi-cellular organisms depend on the ability of SCs to 
maintain themselves and generate new cellular progeny. The transition between the 
proliferative capacity of SCs and the differentiation of their daughters is extensively stud-
ied in diverse kingdoms. In animals, transcription factors play key roles in maintenance 
of the SC state. In embryonic SCs, for example, SC transcription factors repress lineage-
specific differentiation programs while maintaining cell proliferation (Boyer et al., 2005; 
Boyer et al., 2006). 
At least one feature, a very slow, near-quiescent division rate is common to animals and 
plants SCs (reviewed by Scheres, 2007). Active SCs in the root SC niche, also called initials, 
surround even less frequently dividing quiescent centre (QC) cells. The QC maintains the 
non-differentiated state of the surrounding SCs and hence acts as the organizer of the SC 
niche (reviewed by Ten Hove & Heidstra, 2008; Bennett & Scheres, 2010). Recent stud-
ies have demonstrated quiescence in multiple mammalian SC niche contexts. SC niches 
such as in hair follicle, bone marrow and gut are subdivided into separated yet adjacent 
quiescent and dividing populations (Wilson et al., 2008; Jaks et al., 2008; reviewed by Li 

1Department of Molecular Genetics, University of Utrecht, 3584CH Utrecht, The Netherlands. 2BIO5 Institute 
and Department of Plant Sciences, University of Arizona, Tucson, Arizona 85721. USA. 3Current affiliation: 
Instituto de Biotecnología y Ecología Aplicada, Universidad Veracruzana, Xalapa; Veracruz, México. §These 
authors contributed equally to this work. ‡These authors contributed equally to this work.
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& Clevers, 2010). Interestingly, an analogous situation exists in the root SC niche where 
the QC and the initials (in the root) are analogous to the quiescent/label-retaining cells 
and the transient amplifying cells, respectively (in animals SC niches).
In Arabidopsis thaliana, transcription factors such as homeodomain proteins of the WUS-
CHEL family, AP2 domain containing PLETHORA (PLT) proteins, and the GRAS domain 
protein SCARECROW play key roles in defining SC niches (Laux et al., 1996; Di Laurenzio 
et al., 1996; Helariutta et al., 2000; Sabatini et al., 2003, Aida et al., 2004). In addition, 
RETINOBLASTOMA-RELATED (RBR) gene, the single Arabidopsis Rb homolog, regulates 
QC and CSCs in the root (Wildwater et al., 2005) and affects the shoot meristem as well 
as the stomata lineage in the aerial parts (Borghi et al., 2010). Importantly, many altera-
tions in gene expression precede any phenotypic changes (Borghi et al., 2010).
In all organisms studied to date, the Retinoblastoma proteins (Rbs) are crucial factors 
in coordinating cell cycle exit and cellular differentiation. The most studied role for Rbs 
is the control of G1 to S phase progression by repressing the E2F cell cycle activators. 
Phosphorylation of Rb by CyclinD/CDK complexes leads to dissociation of the Rb-E2F 
complex and allow cell cycle progression (reviewed by Burkhart & Sage, 2008; Giacinti 
& Giordano, 2006). However, Rbs have also been implicated in cellular differentiation 
via their modulation activity of tissue-specific transcription factors and chromatin re-
modelling proteins (Brehm et al., 1998; reviewed by Morris & Dyson 2001; Mosquna et 
al., 2004; Jullien et al., 2008). Recently, a role for Rb in lineage choice of early bone and 
brown adipose progenitor cells was demonstrated in-vivo (Calo et al., 2010). 
The central domain responsible for most of RBR interactions, called AB pocket domain, 
is highly conserved among RBR and its human, fruit fly and C. elegans homologues (Mis-
kolczi et al., 2007). The most conserved residues of plants and animals RBR/Rbs are 
those that mediate interactions with E2F transcription factors and with diverse proteins 
containing the Leu-x-Cys-x-Glu (x=any amino acid; LxCxE motif; Lee et al., 1998; Lendvai 
et al., 2007; reviewed by Dick, 2007). The canonical interaction between plant RBR and 
E2F has been demonstrated, validating the conservation of RBR binding sites and their 
role in the G1-S cell cycle regulatory pathway (Ramirez-Parra et al., 1999, Magyar et al., 
2005; Desvoyes et al., 2006; de Jager et al., 2009; Grafi et al., 1996). In addition, RBR 
binds to the SC regulatory transcription factor SCR through the LxCxE motif, in a cell-type 
specific manner to steer the progression of ground tissue differentiation (Cruz-Ramírez 
et al., 2011 submitted). This observation suggests a modular function for RBR in different 
cellular contexts and through different interaction partners. 
Here we develop the ‘amiGO’ silencing technique to demonstrate that RBR represses 
proliferation of the SC organizer. This function depends on the RBR capacity to bind Lx-
CxE containing proteins. We identify SCR as a major interacting protein in this process, 
and reveal its role in releasing quiescence. Using cell type specific RBR silencing and 
complementation, as well as a mutant SCR allele that encodes a protein that cannot bind 
RBR, we address the significance of quiescence in the active SC niche, and show that a 
release of quiescence renders the root SC niche more susceptible to genotoxic stress. 
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3. Results
3.1 The amiGO strategy for gene silencing
The gametophytic lethality of null alleles is a major constraint on studying loss of RBR 
function in Arabidopsis (Ebel et al., 2004). 

Figure 1. The amiGO 

concept for RBR silenc-

ing 

(A) Graphic description 

of the amiGO strategy. 

TS, Target sequence, 

Root meristem (RM) of 

wt (B), 35S:amiGO-RBR 

at 8 (C) and 12 (D) dpg 

seedlings. RBR tran-

scripts shown by RT-

PCR detection in wt and 

35S:amiGO-RBR (E) and 

Western Blot analyses 

for RBR protein levels 

(F). Mature amiGO-RBR 

synthesis detected by 

small-RNA Northern 

Blot (G). In-vivo action 

of amiGO-RBR was re-

vealed by introducing 

the sensor construct 

35S::vYFP:TS in Col-0 

(H) and in the pRCH1::amiGO-RBR (J) backgrounds. Expression pattern of the pRCH1::GFP marker in the Col-0 

background (I). Scale bars, 20 mm.

Previous strategies to overcome this problem have used hairpin RNAi-based technol-
ogy (hpRNAi) or co-suppresion (Wildwater et al., 2005; Gutzat et al., 2010). hpRNAi-
mediated gene silencing utilizes short interfering RNAs, which can traffick between cells, 
causing non-cell autonomous silencing effect (Ossowski et al., 2008; Tretter et al., 2008). 
Moreover, these strategies cause degradation of any RBR transcript, precluding comple-
mentation in specific tissues or by mutated alleles of silenced lines. RBR null clones can 
be produced by a two-color clonal deletion system (Chapter three; Wachsman et al., 
2011), but specific complementation is not straightforward in this system. Due to the 
limitations of existing knockdown/out methods and the questions we chose to address, 
we have developed a cell type specific silencing system that allows for complementation 
with different alleles of the gene in study. We have used an artificial microRNA (amiRNA) 
system to silence RBR, termed artificial microRNA for Gene-silencing Overcome (ami-

WT

 wt 8 dpg p35S::amiGO-RBR  8 dpg
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35S::amiGO-RBR
RBR

ACTIN

α HsRb
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GO), which specifically targets a 21 bp sequence (TS) at the 3’ UTR of the RBR mRNA us-
ing the miR319 precursor template as previously described for other amiRNAs (Schwab 
et al., 2006; Figure 1A).
Expression of the amiGO-RBR precursor from the ubiquitous CaMV 35S promoter 
(p35S::amiGO-RBR) leads to aberrant and supernumerary divisions in the SC niche, and 
cell death in the root cap and vascular tissue (compare Figure 1B and C). Over time, these 
defects become exacerbated, and extra columella and lateral root cap (LRC) cell layers 
appear (Figure 1D). These alterations are similar to those observed in the pRCH1::RBR 
hpRNAi (rRBr) line (Wildwater et al., 2005) and in deletion clones (Wachsmann et al., 
2011), suggesting that amiGO-RBR efficiently silences the RBR mRNA. Accordingly, RBR 
transcript and protein levels are decreased in p35S::amiGO-RBR seedlings (Figure 1E and 
F), where mature amiGO-RBR is expressed (Figure 1G). We conclude that mature ami-
GO-RBR in p35S::amiGO-RBR seedlings efficiently targets RBR transcripts, and produces 
the expected phenotypes, as previously described.
To detect the in vivo activity of the amiGO-RBR, we created an amiGO-RBR sensor com-
prising a fusion of the TS to the vYFP fluorescent reporter gene, driven by the broadly 
expressed 35S promoter (Figure 1H), such that YFP signal will be absent in cells where 
amiGO-RBR is active (Figure 1I and J). pRCH1::amiGO-RBR plants, which express amiGO-
RBR in transit amplifying cells of the meristem but not in the columella, show strongly 
reduced sensor signal in the RCH1 domain (Figure 1J) demonstrating efficient silencing of 
the target sequence and without distal spreading of the silencing. To test complementa-
tion after silencing by amiGO-RBR, we fused an RBR CDS lacking the 3’ UTR (RBRD3U) 
to the vYFP CDS, under the control of the RBR native promoter (pRBR::RBRD3U:vYFP). 
In this line the 3’ UTR, and thus TS of the amiGO–RBR is absent; hence we expect 
this chimeric RBR variant to be resistant to the silencing. Homozygous p35S::amiGO-
RBR;pRBR::RBRD3U:vYFP roots (Figure 3F; Table 1; n=12) indeed reveal full restoration 
of the wt phenotypes (compare Figure 3A and F; Table 1). Next, we performed tissue-

specific complementation of the 
p35S:amiGO-RBR phenotypes by 
driving RBRD3U in this background 
under control of the following pro-
moters: pSHR (vascular tissue), pFEZ 
(columella and LRC cells), pSCR (QC 
and endodermis) and pWOX5 (QC).

Table 1. Quantification of LRC and Colu-

mella Cell layers in different complemented 

p35S::amiGO-RBR lines.  (n≥7).

When pWOX5::RBRD3U:vYFP and 
pSCR::RBRD3U:vYFP were intro-

duced into the p35S::amiGO-RBR background, the high division frequency in the QC 
was reduced to near wt levels (Figure 3B; n=15 and Figure 3C; n=12; Table 1). When 
pSHR:RBRD3U:vYFP was used, cell death in vascular tissue was completely sup-

	  

genotype	   LRC	  layers	   Columella	  
Layers	  

p35S::amiGO-‐RBR	   6.29±0.2	   8.56±0.3	  
p35S::amiGO-‐
RBR;pWOX5::RBR-‐YFP	   5.78±0.4	   7.29±0.5	  

p35S::amiGO-‐
RBR;pSCR::RBR-‐YFP	   5.67±0.3	   7.32±0.4	  

p35S::amiGO-‐
RBR;pSHR::RBR-‐YFP	   5.88±0.2	   8.33±0.3	  

p35S::amiGO-‐
RBR;pFEZ::RBR-‐YFP	   3.55±0.4	   6.89±0.5	  

p35S::amiGO-‐
RBR;pRBR::RBR-‐YFP	   3.67±0.5	   5.83±0.3	  

Col-‐0	   3.7±0.2	   6.12±0.4	  
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pressed, while alterations in other regions of the root persisted (Figure 3D; n=12). 
pFEZ::RBRD3U:vYFP only complemented extra cell divisions in the columella and LRC 
region (Figure 3E; n=13; Table 1). Taken together, our data show that the amiGO strategy 
enables efficient tissue-specific complementation of the p35S::amiGO-RBR line.

3.2 RBR levels affect the columella SC pool independently through QC 
and columella cell division
Quantification of the number of columella and LRC layers in all lines confirmed that local 
complementation could be achieved by tissue specific promoters (Table 1; n≥10). The 
columella tier number increased by two layers in p35S::amiGO-RBR and p35S::amiGO-
RBR;pSHR:RBRD3U:vYFP roots, compared to wt (8 vs. 6; Table 1) and p35S::amiGO-
RBR;pRBR::RBRD3U:vYFP roots at the same developmental stage. Interestingly, there 
is only one extra layer in p35S::amiGO-RBR complemented with pSCR::RBRD3U:vYFP, 
pWOX5::RBRD3U:vYFP and pFEZ::RBRD3U:vYFP (7 vs. 6, Table 1). These observations 
suggest that the increase in columella layers in the p35S::amiGO-RBR roots is caused by 
extra and independent divisions in both the QC and columella SCs (CSCs). In wt, there is 
usually a single columella SC layer, whereas p35S::amiGO-RBR roots showed up to four 
layers as revealed by starch granule staining. These results indicate that extra columella 
layers result from both CSC and QC divisions (compare Figure S1A and B).

Figure 2. Driving amiGO-RBR expression with diverse promoters

amiGO-RBR expression driven by different promoters generates distinct phenotypes in primary root meristems 

of 12 dpg seedlings. (A) p35S::amiGO-RBR causes overproliferation of QC, LRC and CSC (asterisks) as well as 

cell death in vascular and columella cells. (B) pRCH1::amiGO-RBR shows over proliferation of the QC and LRC 

and cell death. (C) pSCR::amiGO-RBR showing extra periclinal divisions in the groung tissue (arrowheads) and 

extra division of the QC (asterisks) while pWOX5::amiGO-RBR;pWOX5::GFP shows QC divisions that causes an 

increase in columella layers (D; asterisks). Scale bars, 20 mm.

To further investigate the role of RBR in the QC, we focused on promoters from the 
ground tissue- and QC-expressed gene SCR and the QC-specific WOX5 gene.
In pSCR::amiGO–RBR roots, additional periclinal cell divisions took place in the endoder-
mis (Figure 2C, arrowhead) starting from the SC region and QC cells. No extra LRC layers 
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were produced (Figure 2C; n=15). pWOX5::amiGO-RBR roots show extra QC divisions, as 
pWOX5::GFP marker is detected in dividing QC cells, and have an increased number of 
cell layers in the columella (Figure 2D; n=15).
It is noteworthy that the number of CSC layers in p35S::amiGO-RBR might be under-

represented due to 
extensive cell death 
in this region, caused 
by decreased RBR 
levels.

Figure 3. The amiGO-RBR 

system can be comple-

mented in a modular 

fashion

C o m p l e m e n t a -

tion analyses of the 

p35S:amiGO-RBR line (A) 

with pWOX5D3U::RBR-

vYFP (B, QC domain), 

pSCR::RBRD3U-vYFP (C, 

QC and endodermis do-

main), pSHR::RBRD3U-

vYFP (D, vascular domain), 

pFEZ::RBRD3U-vYFP (E, 

columella domain) and 

pRBR::RBRD3U-vYFP (F) 

of 12 dpg seedlings. Each 

of the constructs comple-

ments the specific region where it is driving RBR expression as described in the text. Scale bars, 20 mm.

3.3 RBR depletion promotes asymmetric cell division (ACD) in the QC.
Our observations as well as previously described results (Wildwater et al., 2005; Wachs-
man et al., 2011) reveal a role for RBR in modulating QC proliferation capacity and in-
dicate that resulting cells contribute to an active CSC compartment, but leave open 
whether these QC divisions are symmetric or asymmetric. To address this question, we 
analyzed the expression patterns of an ER localized pWOX5::GFP and pSCR::SCR:YFP 
(nuclear fluorescence), both expressed in non-dividing wt QC cells (Figure 4A and B, re-
spectively). In the pWOX5::amiGO-RBR background, after the QC divides both daughters 
express pWOX5::GFP (Figure 4D, inset) but soon after, the marker segregates to the api-
cal cell (Figure 4D). pSCR::SCR:YFP is more rapidly lost in the rootward daughter and re-
tained in the nucleus of the shootward daughter (Figure 4E). This leaves only the shoot-
ward daughter with a QC expressing marker coinciding with QC fate. pSMB::SMB:GFP is 
expressed in the first differentiated columella cell, the CSC-daughter but not in the CSC 
(Figure 4C; Willemsen et al., 2008). In pWOX5::amiGO-RBR The CSC adjacent to a dividing 

F
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QC expresses pSMB::SMB:GFP (Figure 4F, white arrow), whereas CSC bordering non-di-
viding QC cells do not express SMB:GFP, suggesting that the division of the QC generates 
a new CSC (the rootward cell) while the previous CSC differentiates into a CSC-daughter. 

However, at that stage 
the differentiation is 
incomplete, as those 
cells do not yet contain 
starch granules. Our 
results reveal that RBR 
mediated asymmetric 
QC division generates 
one shootward daugh-
ter cell with QC fate 
expressing SCR and 
WOX5, and a rootward 
CSC.

Figure 4. RBR silencing induces ACD in the QC 

Expression patterns of diverse cell-fate markers in the SC niche of wt (A-C) and pWOX5:amiGO-RBR (D-F) seed-

lings. Markers are denoted. At least 10 roots were analyzed per genotype. (D) pWOX::GFP expression after the 

marker has segregated to the QC cells and soon after division (inset). (E) After division in the QC, the apical cell 

expresses the SCR QC fate marker (white arrow) while the basal cell loses the marker (yellow arrow). (F) As a 

result of QC division (left two QC cells) the CSC partially differentiates and acquires SMB:GFP marker (white 

arrow) while CSC bordering non-dividing QC cell (right QC cell) do not express SMB:GFP (black arrow). Scale 

bars, 20 mm.

To assess whether QC-derived rootward daughters directly contribute to the columella, 
we tested whether they give rise to mature columella cells with starch granules. Using 
the BOB-RBR tool (Chapter three; Wachsman et al., 2011), we induced and followed QC 
clones that lost at least one genomic copy of RBR. Homozygous BOB-RBR seedlings (rbr-
3;BOB-RBR+/+;pWOX5::Cre:GR) were germinated on dexamethasone (dex) to induce RBR 
deletion clones in the QC and followed for several days. QC clones were selected prior 
to division (Figure 5A and C) and followed through division and differentiation (Figure 
5D-I). The distal-most cells (marked by dashed line in Figure S5G and I) indeed acquired 
starch granules, characteristic for differentiated columella cells. This demonstrates that 
RBR is not necessary for full differentiation of columella mature cells, but is required for 
the inhibition of ACD in the QC and that dividing QC cells ultimately incorporate to the 
columella and display differentiation characteristic.

3.4 Asymmetric QC divisions renew the wt CSC pool.
In wt, the QC rarely divides. Previous clonal analysis showed that in wt roots the QC 
divides, although at a very low rate, and some observations suggested that the QC 
could be a source for all SCs in the Arabidopsis root (Kidner et al., 2000). However, in 
the context of amiGO-RBR silencing, or through RBR deletion with the BOB system, QC 
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daughters incorporated only to the columella and ultimately acquired columella fate. To 
investigate this further, we used the “empty” BOB clonal system to mark QC cells in the 
wt background. We heat-shock-induced 32 clones and followed them from up to 16 days 
(2-4 d in most cases) after heat shock (daHS). 84% (27 clones) of the QC clones (Figure 
6A-C, TagRFPER clone, white arrowheads) divided and the rootward daughter always con-
tributed to the columella (Figure 6D-F), while 16% (5 clones) did not divide at all. We did 
not observe QC clones dividing in any other plane to contribute to the vascular or ground 
tissues. Our data indicate that in the wt, the QC undergoes infrequent asymmetric divi-
sions to populate the columella region and, similar to the more frequently dividing cells 
of the amiGO-RBR line, the rootward daughters acquire columella fate. 

3.5 RBR controls QC quiescence by interaction with the LxCxE binding 
motif of SCR 
Binding of Rb to LxCxE-motif containing proteins has been implicated in the mainte-
nance of quiescence in animal cells (Korenjak et al., 2004; Litovchick, et al., 2011). We 
mutated RBR in residue 849 (RBRN849F) that was shown to be required for the interactions 

between Rb and LxCxE 
motif in animals (Chen & 
Wang, 2000). 

Figure 5. RBR-depleted QC di-

vides and its daughters differen-

tiate as mature columella cells

CLSM images of a single root 

tip recorded at 2 (A-C), 4 (D-

F) and 8 (G-I) dpg rbr-3;BOB-

RBR+/+;pWOX5::Cre:GR germinat-

ed on dex-containing medium. A 

single QC cell (A and C, TagRFPER 

marked clone) missing 1 or 2 RBR 

copies divides (D and F) and ulti-

mately gives rise to differentiated 

columella cell marked by starch 

granules (G to I, 3 cells enclosed 

by a dashed line). Scale bars, 20 

mm.

Indeed, in a yeast two hybrid assay the RBRN849F variant lost the capacity to interact 
with HAT2, an LxCxE-containing protein, while it retained the capacity to bind E2Fa 
(Figure S2). We then fused this RBRN849F mutant and the wt RBR coding sequence (CDS) 
to the vYFP CDS, under the control of the WOX5 promoter (pWOX5::RBRD3UN849F:vYFP 
and pWOX5::RBRD3U:vYFP, respectively). These constructs were introduced in the 
pWOX5::amiGO-RBR background.
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pWOX5::amiGO-RBR;pWOX5::RBRD3U-vYFP roots showed almost full complementation 
of the QC division phenotype (Figures 5E, 7A-C and Table 2), assessed by the absence of 
dividing QC cells and the number of columella layers (Figure 7B and C). pWOX5::RBRD3U 

N849F:vYFP however failed to complement the QC phenotype of pWOX5::amiGO-RBR 
(Figure 7D and Table 2), suggesting that the role of RBR in controlling QC division is 
dependent on its capacity to bind LxCxE domain-containing proteins. As SCR contains 
such motif, is expressed in QC cells where it promotes QC identity and was implicated 

in controlling endodermis periclinal divi-
sion (Heidstra et al., 2004), we investigated 
whether SCR functions with RBR in modulat-
ing QC ACD. 

Table 2. Quantification of columella cell layers in 

pWOX5::amiGO-RBR lines complemented with wt 

and  RBRN849F variants in 12 dpg seedlings. (n≥9).

A mutant variant of SCR with the LxCxE mo-
tif replaced by an AxCxA motif (SCRACA) dis-
rupts SCR-RBR binding and, when replacing 

wt SCR, leads to additional ACDs in the ground tissue (Cruz-Ramírez et al., 2011 submit-
ted). Indeed, scr-4;pSCR::SCRACA-GFP roots displayed divisions in the QC leading to more 
columella layers (Figure 8E), similar to those described for the pWOX5::amiGO-RBR and 
pWOX5::amiGO-RBR;pWOX5::RBRD3UN849F:vYFP lines. This suggests that the RBR-SCR in-
teraction plays a major role in modulating the quiescence of the root organizing center.

Figure 6. Wt QC cells di-

vide slowly and incorpo-

rate into the columella 

Confocal images of root 

meristems showing a sin-

gle wt BOB clone at 2 (A-C) 

and 7 (D-F) days after heat 

shock (daHS). The single-

cell QC clone (arrowheads 

in A and C) divided and 

incorporated to the colu-

mella region (D-F). Scale 

bars, 20 mm.

3.6 Quiescence in the SC niche reduces sensitivity to DNA damage and 
promotes continued growth under genotoxic stress
pWOX5::amiGO-RBR and scr-4;pSCR::SCRACA:YFP plants that have continuously divid-
ing QC cells grow similarly to the wt at 10 and 25 dpg (Figure 8G). Moreover, no evi-
dent effects on overall SC niche maintenance in 25 dpg pWOX5::amiGO-RBR and scr-

	  

genotype	   Columella	  Layers	  

pWOX5::amiGO-‐RBR	   7.2±0.3	  

pWOX5::amiGO-‐
RBR;pWOX5::RBR-‐vYFP	   5.2±0.5	  

p35S::amiGO-‐
RBR;pWOX5::RBRN849F-‐
vYFP	  

6.6±0.3	  

Col-‐0	   4.7±0.4	  
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4;pSCR::SCRACA:YFP roots, in comparison to those of wt, were observed (not shown). 
These observations demonstrate that quiescence of the organizing cells is not needed 
for continuous growth of the root.
Plant SC niches are exposed to environmental challenges that may cause genotoxic 
stress. Columella and vascular tissue SCs in the Arabidopsis root, but not QC cells are 

highly sensitive to treatments 
with drugs that disrupt DNA 
repair (Fulcher & Sablowski, 
2009). 

Figure 7. RBR binding to proteins with 

an LxCxE motif is required to modu-

late QC divisions

Confocal images of 12 dpg roots 

of Col-0 wt (A), pWOX5::amiGO-

RBR (B), pWOX5::amiGO-

RBR;pWOX5::RBRD3U:vYFP 

(C), pWOX5::amiGO-

RBR;pRBR::RBRD3UN849A-vYFP (D) and 

scr-4,pSCR::SCRACA-GFP (E). Scale bars, 

20 mm.

We hypothesized that the low 
mitotic activity of QC cells might protect them from DNA damage to ensure the per-
manence of the organizing center in the long term, and, as a consequence, the main-
tenance of the root SC niche. Therefore we asked whether actively dividing QC cells in 
pWOX5::amiGO-RBR roots are as sensitive as SCs to DNA damage. We first analyzed the 
response of Col-0 wt and pWOX5::amiGO-RBR roots when grown in the presence of 
the DNA damage agent zeocin. Wt roots accumulate propidium iodide (PI) as a sign of 
cell death in the vasculature and CSCs (Figure 8A) 14 h post zeocin treatment (hpz), but 
none of the plants analyzed showed QC death (n=27) as described (Fulcher & Sablowski, 
2009). However, in 63% (21/33) of pWOX5::amiGO-RBR roots, in addition to vascular 
cells and CSCs, at least one of the QC cells accumulated PI (Figure 8B). We next treated 
plants with zeocin and thereafter transferred them to normal MS medium to analyze 
the effects of cell death on the proliferative capacity and growth potential of the roots 
over time. 3 d after transfer to MS medium, wt plants with intact QC displayed reduced 
but recovering root growth (Figure 8G, J and M), However, pWOX5::amiGO-RBR roots 
with PI staining in the QC showed reduced root growth and increased differentiation as 
shown by cell elongation and emergence of root hair cells in proximity to the SC niche 
(Figure 8H, J and M), indicating progressive exhaustion of the root meristem. 72 h after 
MS recovery, wt roots showed a disorganized, but still active, meristem (Figure 8K), while 
pWOX5::amiGO-RBR roots were completely consumed (Figure 8L).
In mammalian cells, loss of Rb is linked to cell death (reviewed by Chau & Wang, 2003), 
and we can observe cell death in different RBR hypomorphic lines lines even in the ab-

scr-4;pSCR::SCRACA:YFP

Col-0 pWOX5::amiGO-RBR
pWOX5::amiGO-RBR;
pWOX5::RBRΔ3U:YFP

pWOX5::amiGO-RBR;
pWOX5::RBRΔ3UN849F:YFP

A CB

ED

Untitled-1.indd   78 3/13/12   1:12 PM



79

RBR functions in the  root stem cells niche

  

 5

sence of zeocin, although rarely in the QC (Figure 1C and D). To fully separate the effect 
of RBR in cell death from the effect in QC division that renders QC more sensitive to 
zeocin, we analyzed the growth of scr-4;pSCR::SCRACA:YFP roots in response to zeocin 

Figure 8. Dividing QC cells are more sensitive to DNA damage 

CLSM images of 5 dpg root meristems of Col-0 wt (A and D), pWOX5::amiGO-RBR (B and E) and scr-

4,pSCR::SCRACA:GFP (C and F) 14 h post zeocin treatment (hpz, A-C) and 24 h after recovery from zeocin treat-

ment on MS medium (hptMS, D-F). (G and H) Root phenotypes of denoted genotypes. (I and J) Root growth of 

indicated genotypes on MS medium (I) and 3 d after recovery from zeocin treatment (J). (K and L) Root meri-

stem of indicated genotypes. (M) Quantification of root growth of indicated genotypes (Asterisks indicate time 

points with significant difference between wt and the mutant genotypes; p<0.004, Mann-Whitney U-test). 

Scale bars, 20 mm (A-H, K and L) and 1 cm (I and J).

 

treatment. In this background the only observed phenotype in the QC is proliferation 
and without zeocin there is no cell death in the entire root meristem. We treated wt 
and scr-4;pSCR::SCRACA:YFP plants with zeocin and 14 hpz observed QC cell death only 
in scr-4;pSCR::SCRACA:YFP plants (Figure 8C), with reduced ability to recover the SC 
niche (Figure 8F) similar to pWOX5::amiGO-RBR. Root growth was also reduced in scr-
4;pSCR::SCRACA:YFP plants after zeocin treatment, although this defect was less severe 
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than in pWOX5::amiGO-RBR roots (Figure 8J and M; n≥25 for each line and treatment). 
Together these results demonstrate that mitotic activation of the QC, makes these SCs 
more sensitive to DNA-damage treatment, and suggest that the role of mitotic quies-
cence is to protect the QC from environmental challenges in order to preserve the SC 
niche in the long term.

4. Discussion
Here we describe a strategy that enables the knockdown of the gametophytic-essential 
RBR gene in specific cell types and restoration of RBR activity in a modular fashion. Us-
ing the amiGO system we demonstrate that RBR acts in a cell-autonomous manner, and 
facilitates future analyses to unravel the context-specific roles of RBR as well the mecha-
nisms and pathways through which it controls cell division and differentiation in various 
cell types. We further demonstrate that RBR together with other proteins are essential 
in maintaining the QC cells in a near-quiescent state, as a long-term reservoir for the 
columella lineage and suggest that low mitotic activity is required to protect the QC cells 
from genotoxic stress. 

4.1 Cell-autonomous RBR activity
Mammalian pocket proteins (Rb, p130 and p107) have been implicated in cell prolifera-
tion, differentiation and apopotosis in different tissues. Some of these effects, such as 
the S-phase progression, have been reported to be cell autonomous, however, some 
differentiation and apoptosis defects are non-cell autonomous (Lipinski et al., 2001). 
In chimeric mouse brains with marked RB-/- sections, apoptosis did not occur and dif-
ferentiation into neuronal fates happened normally. Also, several embryonic defects in 
rb mice have been shown to be due to defects in placental development, and can be 
complemented by Rb expression in the placenta during embryo formation (Wu et al., 
2003). These studies suggest that in mammalian cells, Rb has both cell autonomous and 
non-cell autonomous roles during development. In plants, RBR has been implicated in 
maintenance of SCs, both in the root (Wildwater et al, 2005; Chapter three; Wachsman 
et al., 2011) and in the shoot (Borghi et al., 2010), as well as during male and female 
gametophyte development (Ebel et al., 2004; Chen et al., 2010; Borghi et al., 2010). Last, 
there is a line of evidence suggesting that down-regulation of RBR in the root meristem 
lead to cell death (Wildwater et al., 2005; Chapter four; Wachsman et al., 2011). Our 
results show that down-regulation of RBR in a cell type specific manner, causes cell-au-
tonomous extra divisions in the ground tissue, the QC and the columella, as well as cell 
death in the columella and vascular cells. In the distal region of the meristem, the extra 
columella layers result by the cell-autonomous effect of RBR reduction in the columella 
and in the QC.

4.2 RBR controls QC ACDs
Initially the QC has been identified as a group of cells with a reduced mitotic activity 
(Clowes, 1956) at the point where the different cell files that form the root converge. 
In Arabidopsis the QC origin has been tracked at the globular embryo stage, where the 
hypophysis undergoes an ACD, producing an upper lens-shaped cell that will form the 
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QC and a lower daughter cell that will generate the columella SCs. This ACD is marked 
by the expression of SCR and WOX5, first in the hypophyseal cell and subsequently only 
in the lens-shaped cell and the mature QC (Wysocka-Diller et al., 2000; Haecker et al., 
2004). Our results show that upon ACD in the QC, either by reduced RBR levels or by 
other genetic mechanisms, the two daughter cells acquire similar fates to those after 
the division of the embryonic hypophysis, the upper cell maintains QC characteristics 
whereas the basal cell gains CSC fate.
The Arabidopsis QC initiates infrequent divisions starting about 6–7 days after germina-
tion, however these divisions do not compromise the function of the QC in maintaining 
the SC niche (Baum et al., 2002). Additionally, in mutants which overproduce ethylene 
the QC shows a higher rate of division, without compromising the maintenance of the 
SC niche (Ortega-Martínez et al., 2007). These observations coincide with our results, 
since the ACDs caused by the silencing of RBR in the QC or by disruption of the RBR-SCR 
interaction (SCRACA) do not affect the overall maintenance of the SC niche.

4.3 The QC as a source of columella initials
Our results show that upon RBR silencing in the QC, using the amiGO or BOB systems, 
QC divisions always lead to the production of a rootward daughter that acquires CSC fate 
and finally differentiates as a mature columella cell. It was previously proposed that QC 
divisions facilitate replacement of the complete SC pool, and therefore that the QC is 
the ultimate source of SCs in the entire Arabidopsis root meristem (Kidner et al., 2000, 
Ortega-Martínez et al., 2007). 
Here we demonstrate that, under our experimental conditions and in both wt and RBR-
compromised contexts, the QC divides asymmetrically to become a source of columella 
cells only. Our observations are in agreement with previous studies in which mutants 
with increased or decreased QC activity (WOX5-OX and wox5, respectively) only show 
defects in the columella SC number and differentiation state (Sarkar et al., 2007). How-
ever, we cannot discard the possibility that under environmental challenges that roots 
face during their development and growth in the rhizosphere as well as in aged roots, 
the QC could function as a source of other root initials.

4.4 RBR constrains QC division via binding to LxCxE-domain proteins
Quiescence is important in diverse developmental contexts. In mammalian cells, termi-
nal differentiation occurs together with an exit of cell cycle, or quiescence. Rb mutants, 
disrupted in binding to the LxCxE motif of the histone deacetylase 1, in human myocy-
ces cannot establish irreversible growth arrest and permanent withdrawal from the cell 
cycle (Chen & Wang, 2000). Although SCR is a plant specific gene with no homolog in 
animals, it seems that the LxCxE dependent interaction of Rb with other proteins was 
preserved during evolution as a mechanism that keeps cells quiescent. In the QC, RBR-
SCR interaction is required for preventing division through the activation of RBR and 
inactivation of SCR. The LxCxE non-binding RBR variant (RBRN849F) mutant, which can still 
bind E2F, could not suppress extra ACDs in the QC. Therefore in the QC context, RBR 
functions largely through the SCR pathway to maintain quiescence.
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4.5 A physiological role for quiescence 
In animals, quiescence of SCs is thought to be essential to ensure tissue maintenance 
and to protect the SC pool from exhaustion under the diverse stresses that the cell 
niches face in their microenvironments (reviewed by Arai & Suda, 2008). Under natural 
growth conditions the plant root niche also faces a myriad of biotic and abiotic stresses 
in the diverse environments in which plants grow. Several of these stresses have been 
shown to directly affect SC niche maintenance and the development of the whole root 
system (reviewed by Cruz-Ramírez et al., 2009; Péret et al., 2009). Additionally, some of 
these environmental challenges can cause DNA damage leading to cell death. It has been 
shown that in the Arabidopsis root, columella and vascular tissue SCs are more sensi-
tive than the QC to DNA damage inducing drugs such as zeocin (Fulcher and Sablowski, 
2009).
In a similar way, different mammalian tissues as epithelium or hematopoietic system 
face stresses during the life span of an individual, calling for both fast dividing (and hence 
more sensitive) and slow dividing (more resistance) SC populations. SC niches in the 
epithelium contain both populations, and the slowly dividing population is the only one 
able to replenish multiple lineages after injuries (Wilson et al., 2008).
We demonstrate that dividing QC cells caused by RBR silencing in the QC domain and by 
disrupting the RBR-SCR interaction (SCRACA), are more sensitive to DNA damage-induced 
cell death by zeocin. We also show that QC death leads to exhaustion of the meristem 
after genotoxic stress, which influences root growth and lateral root development. Our 
data indicate that the RBR-dependent quiescence of the root organizing center plays an 
important physiological role in the maintenance of the SC niche and as a consequence in 
root development and architecture.

5. Materials and methods
5.1 Plant growth conditions
Seeds were fume sterilized in a sealed container with 100 ml bleach supplemented by 
3 ml of 37% hydrochloric acid for 2-5 h, then suspended in 0.1% agarose and plated 
on a growth medium consisting of Murashige Skoog salts, 1% sucrose, 0.8% plant agar, 
MES (pH=5.8), 50 mg/ml ampicillin and 1-5 mM dex (optional for Cre:GR induced clones), 
stratified for two days in 4oC dark room and grown vertically in long day conditions (16 
h light followed by 8 h of dark). For HS induction, plates with 2-3 dpg seedlings were 
placed in a 37oC incubator for 1 h and analyzed 2 d later. 

5.2 Cloning the amiRBR precursor
The 21mer amiRBR (5’-UACAGAUGCUAUAACUGAGGA-3’) and amiRBR* (5’-UA-
CUCAGUUAU ACCAUCUGUA-3’) were cloned into Arabidopsis endogenous mi-
R319a precursor via overlapping PCR (wmd2.weigelworld.org/cgi-bin/mirnatools.
pl?page=8#amiRNAs). The final precursor for amiRBR was amplifying using modified 
AttB1 and AttB2 primers and the PCR product was recombined by a BP Single Gateway 
reaction (Invitrogen) in a pGEM221 vector for further use in Multisite Gateway Cloning 
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(Invitrogen). The amiRBR is antisense to the 21nt sequence located at 3’UTR of RBR 
mRNA (5’-UCUUCAGUUAUAG CAUCUGUA-3’). 

5.3 amiGO-RBR Northern blot.
20 mg of the small RNA-enriched fraction was loaded per lane and 5’-end–labeled oli-
gonucleotide complementary to the mature amiGO-RBR was used as probe. The experi-
ment was performed as described in Arteága-Vázquez et al. (2010).

5.4 RT-PCR analysis
Total RNA of Col-0, p35S::amiGO-RBR, pRB::gRB:GFP, and p35S::amiGO-
RBR;RBR::RBR:GFP seedlings at 5 dpg were obtained using SpectrumTM Plant total RNA 
Kit (Sigma). The cDNA was synthesized from 1 µg total RNA using odT18VN primer (Bi-
olegio) and RevertAid M-MuLV reverse transcriptase (Biolegio). For the PCR reaction, 
2 µl cDNA sample were used to amplified in a total volume of 20 µl. The relative ex-
pression levels of RBR and RBR:GFP mRNAs were determined using primers: RBR FW 
(5’-GATCAAAGATGGATGCTC-3’) and RBR RV (5’-TACAGATGCTATAACTGAAGA-3’) for RBR; 
RBR FW (5’-GATCAAAGATGGATGCTC-3’) and GFP RV (5’-GAATTGGGACAACTCCAG-3’) for 
RBR:GFP. ACTIN1 expression was determined as an internal control using primers Ac-
tin FW (5’-GCCGATGAAGCTC AATCCAAA-3’) and Actin RV (5’-GGTCACGACCAGCAAGAT-
CAA-3’). As a control for DNA contamination, RBR FW primer was designed such as it 
overlaps with exon 14 and 16 on both sides of intron 15 of RBR gene (does not contain 
the intron sequence). 

5.5 Western blot analysis of RBR expression levels.
For analysis of expression in planta, plants were grown for 12 days under long day condi-
tions, and 0.5 g of roots were groud and extracted in Extraction Buffer (100 mM Tris-HCl 
pH=7.5, 150 mM NaCl, 0.5% Nonidet P-40, 1 mM phenylmethylsulfonyl fluoride [PMSF], 
2x Protease inhibitor cocktail, 100 mM MG132). Equal amounts of protein extracts were 
loaded and transferred to a Hybond-ECL membrane (GE Healthcare) and inmunodetect-
ed with 1:7,500 dilution of anti-RB antibody (provided by Laszlo Bako), washed and hy-
bridized with secondary, 1:20,000 dilution, goat-anti-chicken (ab97131, Abcam) Ab and 
developed with Amersham Western Blotting Detection Reagent (GE Healthcare).

5.6 Destination clones and Plant transformation
All different constructs driving the amiGO-RBR expression (p35S::amiGO-RBR, 
pRCH1::amiGO-RBR, pSCR::amiGO-RBR and pWOX5::amiGO-RBR) were generated us-
ing Multisite Gateway technology (Invitrogen). CaMV 35S-driven amiGO-RBR construct 
was generated using a pGII0229 binary vector; while the rest promoter-specific versions 
were recombined into a pGII0226 binary vector. 
To generate an amiGO-RBR sensor line, a version of Venus YFP (vYFP) containing the 
amiRBR target sequence (vYFP:TS) at its 3’ was first obtained by nested PCR and recom-
bined into a pGEM221 entry vector. The vYFP:TS fragment was then recombined into 
a pB7m34GW binary vector under the CaMV 35S promoter. Transformation was per-
formed to Col-0 plants according to the floral dip method (Clough & Bent, 1998).
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5.7 Phenotype analysis and Microscopy
Whole-mount visualization of roots and Starch granules in the columella root cap were 
stained with 1% lugol solution for 30’’ before visualization. Confocal laser scanning mi-
croscopy (CLSM) images were performed on a Leica SP2 inverted laser-scanning micro-
scope. The number of meristematic cortex cells was measured as described (Dello Ioio et 
al., 2007). Analysis of BOB clones was performed as described (Wachsman et al., 2011).

5.8 Yeast two-hybrid assay
Interactions between RBR and HAT were analyzed by Yeast two-hybrid using the Pro-
Quest Two Hybrid System (Invitrogen Life Technologies). Wt, RBRN849F, E2Fa and HAT se-
quences were cloned in pDONOR221 and recombined into pDEST32 BD (former two) 
and pDEST22 AD (latter two). Yeast two hybrid analysis was performed by duplicate as 
previously described (Welch et al., 2007). 

5.9 Zeocin treatment
Plates of MS salts in 0.5% phytagel, were supplemented with (20 mM) and without ze-
ocin. Plants were grown after transference for a minimum of 14 and a maximum of 24 h. 
Plants were analyzed using PI-staining and CLSM. For Primary root growth analysis after 
zeocin treatment, data shown is the result of two biological duplicates, with a minimum 
of 20 seedlings per line in each duplicate. 

6. Supplementary information

Figure S1. 35S::amiGO-RBR has additional undifferentiated 

columella layers 

Nomarski imaging of (A) 6 dpg wt root with a one QC and one 

CSC with no starch granules (A) and 35S::amiGO-RBR with ex-

tra undifferentiated columella layers. Scale bars, 20 mm

Figure S2. RBRN849F fails to interact with LxCxE-containing proteins

Yeast two-hybrid assay showing the interaction between RBR and 

HAT2, RBRN849F and E2Fa and the disruption in the interaction be-

tween RBRN849F and HAT2. 
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Functions of PLETHORA2 transcriptional targets in 
Arabidopsis root development

Guy Wachsman1, Maartje Gorte1, Gabino F. Sanchez Perez2, Dongping Bao1, Marijn Luijten1, George Stama-

tiou3, Thomas Berleth3, Ben Scheres1 and Renze Heidstra1

1. Abstract
The transition from cell proliferation to differentiation is of major importance in the con-
trol of growth and development, and occurs in a spatially confined zone of the Arabi-
dopsis root tip. This process is controlled by four PLETHORA (PLT) genes, PLT1-4, that act 
redundantly to maintain cell proliferation in the root meristem, and particularly the stem 
cell niche. Previously, we have identified direct and indirect transcriptional targets of 
PLT2 by microarray and ChIP analysis. Here, we examined whether auxin related targets, 
which were highly represented in our data set, can complement plt1;plt2 mutants or 
mimic the PLT2 over-expression phenotype. AUXIN RESPONSE FACTOR10 (ARF10), one 
of the putative direct targets, partially complemented the root growth arrest. Over-ex-
pression of the GATA transcription factor HANABA TANARU (HAN), also a putative direct 
target, displayed a near-identical phenotype to PLT2 over-expression, suggesting that 
these proteins mediate in part PLT2 function. Both HAN and PLT2 can revert differentiat-
ing cells back to proliferative state and promote root growth in shoot regions. Finally, 
PLT2 over-expression is epistatic to depletion of ARF5/MONOPTEROS (MP), an indirect 
target that was earlier implicated to act upstream of PLT2 during embryogenesis. Our 
results indicate that reciprocal relationships between auxin perception and PLT2 activity 
are important for root development.

2. Introduction
The PLETHORA (PLT) proteins are transcription factors (TFs) belonging to the AP2 sub-
family that is part of the large AP2/EREBF family in Arabidopsis (Fenget al., 2005; Dietzet 
al., 2010). A subclass within the AP2 clade, the AINTIGUMENTA-like group, consists of 
several genes including PLT1, PLT2, PLT3, PLT4/BBM, PLT5 and PLT7 that are usually ex-
pressed in young, actively dividing tissues such as embryos, developing primordia and 
apical meristems (Nole-Wilson et al., 2005). PLT1, PLT2, PLT3, PLT4/BBM genes are re-
dundantly required for proper maintenance of the stem cell niche and for the balance 
between cell division and cell differentiation in the root meristem (Aida et al., 2004; 
Galinha et al., 2007). plt1 and plt2 single mutants display subtle defects in distal pattern-
ing and cell division; plt1;plt2 double mutants have a defective QC and subsequently fail 
to maintain root stem cells (SCs) which leads to differentiation and growth arrest four 
to ten days post germination (dpg); plt1;plt2;plt3 mutants completely lack a root and 
plt1;plt2+/-;plt3;plt4 mutants also have no hypocotyl (Aida et al., 2004; Galinha et al., 
2007). In addition, plt3;plt5;plt7 triple mutants have abnormal phyllotaxis (Prasad et al., 
2011) revealing a functional role for the PLT clade in shoot development as well. Finally, 
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the plt2;plt4 genotype is embryonic lethal and therefore these two proteins are redun-
dantly required for progression of embryogenesis. Over-expression of PLT2 promotes 
increased length of root meristems and root formation in above ground tissues (Galinha 
et al., 2007). PLT4/BBM and PLT5 over-expression induces the onset of somatic embryo-
genesis in the shoot meristem and on the cotyledons (Boutilier et al., 2002; Tsuwamoto 
et al., 2010). Overall, PLT1-4 partially overlap in their requirement for root formation and 
maintenance, but have additional and independent roles during development. One of 
the methods for dissection of the different roles of each gene during development is by 
identifying their distinct downstream targets.
The plant hormone auxin is one of the best-studied regulators of growth responses in 
plants (reviewed by Teale et al., 2007). For a long time it was thought that the natural 
auxin variant, indole-3-acetic-acid (IAA), was exclusively synthesized in the shoot, how-
ever, currently, it is well accepted that all parts of young seedlings contribute to auxin bio-
synthesis (Ljung et al., 2001). In the root, auxin production has multiple sources although 
the main production takes place in tips of primary and lateral roots (Ljung et al., 2005). 
Several biosynthetic pathways have been connected to IAA synthesis and the majority of 
them require trp as an initial substrate (reviewed by Normanly, 2010). The distribution 
of auxin by a network of efflux carriers known as PIN proteins is necessary to control 
patterning and growth of the root meristem (Blilou et al., 2005), phyllotaxis (Reinhardt 
et al., 2003) and many other developmental processes. The intracellular perception of 
auxin is mediated by its binding to the F-box protein TIR1, which is part of the SCFTIR1 
ubiquitin protein ligase complex (Dharmasiri et al., 2005; Kepinski & Leyser., 2005). Bind-
ing of auxin to TIR1 promotes destabilization of the repressive interaction between AUX/
IAAs and auxin response factors (ARFs) by targeting the former to degradation in the 
proteasome, thus releasing ARF transcription factors to regulate downstream targets 
(Gray et al., 2001). Two highly related ARF proteins, ARF10 and ARF16, redundantly con-
trol root cap maintenance (Remington et al., 2004); arf10;arf16 double mutants show 
excessive cell proliferation in the root cap (Wang et al., 2005). A third ARF member in-
volved in root formation is ARF5/MONOPTEROS (MP; Berleth & Jurgens, 1993). During 
early embryogenesis, MP is activated by auxin-mediated release from IAA12/BODENLOS 
(BDL), followed by transcriptional activation of MP targets (Schlerethet al., 2010). In the 
embryo, PLT1 and PLT2 transcript accumulation requires MP action (Aida et al., 2004), 
while pin mutants show mis-expression of PLT1 (Blilou et al., 2005) suggesting that ARF-
mediated auxin response and proper auxin flux are required for PLT gene regulation. In 
plt double and triple mutants, on the other hand, PIN transcripts, and especially PIN4 
mRNA, are strongly reduced (Blilou et al., 2005; Galinha et al., 2007). These observations 
support cross regulation between the PLT and PIN genes.
The mechanisms by which auxin controls PLT gene expression and by which PLTs mediate 
transcription of genes involved in auxin distribution are in need of further investigation. 
We selected a subset of putative direct targets and one indirect target from induction 
experiments (Maartje Gorte and Renze Heidstra, unpublished data) with relationships 
to auxin biosynthesis, transport and response. We demonstrate that ARF10 partially 
rescues the root differentiation phenotype of plt1;plt2 while HAN-OX (over-expression) 
phenocopies PLT2-OX, indicating that these genes mediate PLT2 function. We also show 
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that PLT2 and HAN can both force cellular reprogramming and proliferation in differenti-
ated cells. And finally, we show that MP is predominantly acting upstream of PLT2.

3. Results
3.1 Selection of target genes for complementation and over-expression 
tests
To identify genes regulated by PLT2, we previously induced 35S::PLT2:GR harboring 5 d 
old seedlings grown in culture by dexamethasone (dex) in the presence or absence of 
cycloheximide (cyc) and identified direct (dex+cyc) targets within 4 h after dex induction 
and indirect targets 6 h after dex induction using Arabidopsis ATH1 whole genome mi-
croarrays (Affymetrix; Maartje Gorte and Renze Heidstra, unpublished data).
This study describes complementation and over-expression tests performed for selected 
targets to verify whether these genes can either (partially) complement plt1;plt2 double 
mutants or mimic the PLT2-OX phenotype. We focused on 11 well-annotated upreg-
ulated targets, based on their association to auxin metabolism, transport or signaling 
pathways (Table 1). To validate our microarray data, we tested some of the targets by 
qRT-PCR and found all tested transcripts to be up-regulated in 35S::PLT2:PLT2 treated 
with dex (not shown). 
We assessed the biological relevance of PLT2 targets in two ways. First, we tested wheth-
er they complemented the plt1;plt2 double mutant, which should be rescued to the 
weak plt1 single mutant phenotype (Aida et al., 2004) if target genes mediated the full 
PLT2 effect. Second, we tested whether ectopic over-expression of target genes mim-
icked the PLT2-OX phenotype. We drove all 11 genes under PLT2 and DR5 promoters 
which are strongest in QC, columella and inner vascular cells and the strong ubiquitous 
G1090 promoter, in the plt1;plt2 background to test complementation and under the 
G1090 promoter in the wt (Col-0) background for over-expression analysis. 
The following targets were tested (Table 1): At5G48130, a member of the phototropic-
responsive NPH3 gene family. Genes from this family have been shown to mediate gra-
vitropic and phototropic signals by redistribution of auxin (Pedmale & Liscum, 2007; 
Hage et al., 2005; Esmon et al., 2006). Several genes in the NPY (NAKED PINS IN YUC 
MUTANTS) family have been implicated in auxin-mediated organogenesis (Cheng et al., 
2008) among which the PLT2 target NPY4, which is expressed in the mature (Li et al., 
2010) and embryonic (Cheng et al., 2008) root. CYP83B1 is involved in auxin metabolism 
(Morant et al., 2010) and YUCCA8 regulates trp dependent auxin biosynthesis (Zhao et 
al., 2001), floral development (Zhao et al., 2006) and columella stem cell differentiation 
(Ding & Friml, 2010).
ATR1 is a MYB-like transcription factor and a homeostasis regulator of several genes 
involved in trp and auxin metabolism, including CYP83B1 (Celenza et al., 2005). PIN4 
is an auxin efflux regulator required for root patterning (Friml et al., 2002) and LAX2 
is a member of the AUX/LAX family, putative auxin uptake carrier (reviewed by Kerr & 
Bennett, 2007). Three ARFs, ARF10, ARF16 and ARF5/MP were found as direct (ARF10) 
and indirect (ARF16 and MP) targets. The HAN protein is a member of nuclear zinc-
finger transcription factors that bind a 5’-GATA-3’ sequence in upstream regulatory re-
gions (Zhao et al., 2004). Expression starts in the zygote and in later embryonic stages 
becomes confined to the stele, mainly in QC adjacent cells (Nawy et al., 2010). It was 
chosen because of its reported effects on PIN protein expression.
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3.2 ARF10 partially complements plt1;plt2 double mutants
ARF10 was the only PLT2 target that was able to partially complement the plt1;plt2 dou-
ble mutant. Driving it under PLT2 or DR5 promoters was not sufficient to rescue prema-
ture differentiation and root growth arrest, however, using an inducible estradiol (est) 
mediated G1090 trans-activation (Ari Pekka Mähönen, unpublished) led to partial rescue 
of root growth (Figure 1A-D and E). Three out of nine plt1;plt2;G1090>>ARF10 lines ger-
minated on est displayed prolonged root growth in comparison to plt1;plt2 (compare 
Figure 1A to B and C) but to a lower extent in comparison to WS wt seedlings (Figure 1D). 
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In the plt1;plt2 background, one third (4 out of 12) of the roots stopped growing 11 days 
post germination (dpg) while none of the roots of the plt1;plt2;G1090>>ARF10 

Figure 1. ARF10 partially complements plt1;plt2 double mutant

(A-D) Root growth of plt1;plt2 (A), two independent T3 lines harboring G1090>>ARF10 in plt1;plt2 background 

(B and C) and Ws (D). Colored dots were used to mark root tip every 2-3 days. (E) Quantification of root growth 

of the lines shown in (A-D). Scale bars, 1 cm. Chart's bars, mean ±SE.

background ceased growth at the same time point (0/10 for line#3 and 0/9 for line#5). 
This observation is also demonstrated by the chart slope of plt1;plt2 approaching 0o in 
contrast to the plt1;plt2;G1090>>ARF10 and wt with steady slopes of ±30o and ±45o, 
respectively. Neither ARF16 nor ARF5/MP complemented the plt1;plt2 mutant suggest-
ing a specific role of ARF10 in the maintenance of root growth and possibly the stem cell 
state.

3.3 HAN over-expression mimics PLT2 over-expression
Expression of HAN by all three promoters in the plt1;plt2 background did not comple-
ment the double mutant. G1090>>HAN plants however displayed a strong phenotype 
within a few hours after induction. In plt1;plt2, but more pronounced in wt background, 
HAN-OX led to severe growth and developmental arrest, transformation of root tips to 
callus like structures and callus outgrowths from hypocotyl and cotyledons within 5-10 
dpg on est containing medium (Figure 2A; 6 out of 11 lines). In the strongest line, root 
and embryos formed from the leaves (Figure 2B, C and data not shown). These ectopic 
roots exhibit a normal morphological structure including differentiated xylem strands 
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(Figure 2C). Somatic embryogenesis and root growth from above-ground tissues were 
not detected in plt1;plt2 background. The length of the meristem in HAN-OX lines, 24 
h after transferring to est medium, was considerably increased with higher number of 
meristem cells, similar to PLT2-OX (Figure 2D-H).

Figure 2. Over-expression of HAN mimics PLT2-OX phenotype

G1090>>HAN seedlings germinated on est containing medium show callus formation in the root, hypocotyl 

and cotyledons (A and B, yellow arrowheads). Dashed rectangle surrounds root emerging from the cotyledons 

(B). (C) Nomarski image of the marked region in (B) showing typical root characteristics including xylem strands 

(black arrows). (D) Meristem length quantification of HAN and PLT2 over-expression shown in (E-H). (E-H) No-

marski images of wt (Col-0, E), G1090>>PLT2 and G1090>>HAN (F and G, respectively) and 35S::PLT2:GR (H) 24 

h after est induction. White arrowheads and numbers indicate the first elongating cortex cell and the number 

of cortex cells prior to elongation. Dex and est did not have any effect on wt root growth (data not shown). 

Scale bars, 1 cm (A and B) and 20 mm (E-H). Charts's bars, mean ±SE.
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These two phenotypes, root growth from shoot regions and extension of meristem 
length are highly similar in over-expression of both PLT2 and its target HAN, strongly 
supporting the idea that HAN is positively regulated by PLT2 and that the PLT2-OX phe-
notype arises for a substantial part through activation of the HAN gene.
In HAN-OX lines, columella cells lost the starch granule differentiation marker within 
24h after induction (Figure 3E), while wt and PLT-OX maintained starch granules in dif-
ferentiated columella cells (Figure 3C, D and F). Additionally, these dedifferentiated cells 
divided as judged from newly appearing cell walls (Figure 3G and H).

Figure 3. Ectopic expression of PLT2 and over-expression of HAN enforce cell dedifferentiation 

Differentiated root regions showing dividing cells coinciding with PLT2:vYFP expression under the control of 

WOX7 promoter (A) and follow-up of a PLT2:vYFP expressing cell (B) reentering the cell cycle and dividing in 

comparison to an elongated cell with no expression that does not divide (square bracket). (C-F) Nomarski im-

ages of indicated genotypes 24 h after placing on est (D and E) or dex (F) containing media. (G) Confocal images 

of HAN-OX and blow-up of the area marked with white square (H) showing dividing cells (white arrows) in 

differentiated columella region. Yellow arrow indicates periclinal division in the epidermis. Scale bars, 20 mm.

A

pWOX7::PLT2:VYFP

B

0 h 3 h

9 h8.33 h

4.5 h

5.33 h

C D FE

G

G1090>>MNP 35S::PLT2:GRG1090>>PLT2Col-0

H

[ [ [

[ [ [

Untitled-1.indd   91 3/13/12   1:12 PM



92

Chapter 6

Previously, we had not observed dedifferentiation in PLT2-OX lines, therefore we examined 
the effect of ectopic PLT2 expression by the strong WOX7 promoter (pWOX7::PLT2:vYFP) 
in the plt1;plt2 background. pWOX7::PLT2:vYFP partially complemented the plt1;plt2 
double mutant and in addition expressed the PLT2:vYFP protein in “island” like patches 
of the differentiation zone, mainly in the endodermis (Figure 3A). Most of these cells 
expressing PLT:vYFP were small and possessed thin cell walls, which indicated recent 
cell divisions (Figure 3A). Dynamic tracking of an elongated cell expressing PLT2:vYFP 
revealed that it divided, in contrast to elongated cells with no PLT2:vYFP expression (Fig-
ure 3B). This result demonstrates that, like HAN, PLT2 can reprogram differentiated cells 

and enforce them to divide. However, each 
protein may do so in specific domains only, 
suggesting that other cell type specific fac-
tors are also required.

Figure 4. PLT2-OX phenotype is independent of MP

Confocal images of root tips of mpG12;nph4-

1;HS::Cre;pCB1-MP+/+(A, C and E) and mpG12;nph4-

1;HS::Cre;pCB1-MP+/+;35S::PLT2:GR (B, D and F) 3 dpg 

(A and B), 1 d after transfer to dex containing medium 

(dad, B and C) and 4 d after HS (while still on dex plates, 

E and F). Scale bars, 20 mm.

3.4 PLT2 over-expression inhibits 
differentiation caused by MP dele-
tion
MP is required for root initiation and acts re-
dundantly with NPH4 in early embryo devel-
opment (Schlereth et al., 2010). These two 
genes were shown to regulate PLT1 and PLT2 
expression during embryogenesis (Aida et 

al., 2004). However, MP was also flagged as an indirect target of PLT2, suggesting regula-
tory feedback between PLT2 and MP. Post-embryonic roles for MP and NPH4 in the pri-
mary root had not been assessed hitherto because mp mutant seedlings are rootless. To 
investigate their post-embryonic requirement, we used the pCB1 system (Heidstra et al., 
2004) and created an inducible MP deletion line mp;nph4-1;HS::Cre;pCB1-MP+/+ in which 
the 35S::PLT2:GR transgene was transformed. Before MP deletion or over-expression of 
PLT2, roots were normal (Figure 4A and B, respectively). Broad deletion sectors of MP 
(marked by ER localized GFP) induced by 1 h heat shock (HS) led to cell division arrest 
3-5 days later (Figure 4E), as visualized by the lack of newly formed cell walls and growth 
arrest. 35S::PLT2:GR roots have a long meristem and periclinal cell divisions in the epi-
dermis, within 24 h after dex induction (Figures 2H and 4D; Galinha et al., 2007). One 
day after dex treatment we heat-shocked 35S::PLT2:GR;mp;nph4-1;HS::Cre;pCB1-MP+/+ 
seedlings and compared them to their mp;nph4-1;HS::Cre;pCB1-MP+/+ siblings. Over-ex-
pression of PLT2 abolished the phenotypic effect caused by reduced MP levels in 10 out 
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of 15 seedlings while all 15 seedlings that did not over-express PLT2 had consumed roots 
(compare Figure 4E and F; p=0.0002, Fisher’s exact test). Our experiments show that MP 
and NPH4 are redundantly required for post-embryonic root maintenance and that PLT2 
over-expression is epistatic to MP removal.

4. Discussion
Genome-wide transcript analysis is a powerful tool for identifying differentially regulated 
genes in a variety of genotypes and conditions. Nevertheless, examination and manipu-
lation of selected genes remains necessary to test the biological relevance. Several auxin 
regulatory genes at all levels (metabolism, transport and signaling) were up regulated 
by the PLT2 transcription factor, but these encompassed only specific members of large 
gene families. For example, of all 23 ARF genes, only ARF10 was a putative target. PLT2 
and DR5 promoters were neither sufficient to complement plt1;plt2, nor to generate 
phenotypes that resemble PLT2-OX for any of the 11 genes investigated. However, when 
driven by a strong ubiquitous promoter, ARF10 was able to partially complement the 
growth arrest of plt1;plt2. We also noticed that ARF10-OX produces ectopic periclinal 
divisions in the endodermis and cortex (not shown) similar to over-expression of PLT2 
in the epidermis (Dhonukshe et al., 2012). Thus, ARF10, which is positively regulated by 
PLT2, appears to be a relevant PLT2 target. Genetic analysis of ARF10 function indicates 
redundancy as arf10;arf16 double mutants display over proliferation of columella cells 
(Wang et al., 2005). We have not observed any alteration of the proximal root meri-
stem in the arf10;arf16 double mutant background (not shown). Moreover, reports on 
ARF10 expression are controversial and ARF16 is expressed in the distal but not in the 
proximal meristem (Wang et al., 2005; Rademacher et al., 2011). These observations, to-
gether with the partial complementation of the plt1;plt2 mutant by ARF10 suggest that 
in other parts of the root, for example in the proximal meristem, it might act redundantly 
with other member(s) of the ARF family. Alternatively, partial complementation of the 
plt1;plt2 by over-expression of ARF10 might not reflect its actual role but its ability to 
replace other ARFs in different regions where it is usually not expressed.
Many aspects of the PLT2-OX phenotype also appear in HAN-OX lines. A phenotype that 
was not previously seen in PLT2-OX, dedifferentiation and renewed proliferation, oc-
curred in HAN-OX columella cells, but strong induction of PLT2 in differentiated proximal 
root tissues also induced proliferation. Over-expression of HAN in Col-0 background pro-
duced much larger calluses that developed for longer periods in comparison to plt1;plt2 
background. Additionally, only in the wt background, shoot tissues were transformed to 
roots and formed embryos on leaves. This indicates that shoot to root transformation 
requires PLT2 or a component that is missing in its absence. Somatic embryogenesis was 
not observed in PLT2-OX and maybe represents a feature that is independent of PLT2. 
Recent publications have shown that regenerating and dedifferentiating tissue, i.e. cal-
lus, is derived from pericycle (Atta et al., 2009) and resembles lateral roots (Sugimoto 
et al., 2010). Our data suggest that at least one of the earlier steps in callus formation 
and dedifferentiation, cell cycle reentry, occurs in other tissues such as differentiated 
columella (shown by cell division in HAN-OX) and endodermis (in PLT2-OX). Moreover, 
leaves do not have pericycle tissue but can still form calluses and root as a consequence 
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of PLT2 and HAN over-expression, therefore, a simple homology between lateral root 
and callus is unlikely.
Our microarray data imply that MP is an indirect target of PLT2. MP could not comple-
ment the plt1;plt2 double mutant and produced no phenotype when over-expressed. 
PLT2-OX, however invoked cell division even in the absence of MP. These results dem-
onstrate that the positive influence of PLT2 on cell proliferation does not require down-
stream MP function. The nature of MP-PLT2 interaction remain to be established and it 
will be of particular interest to investigate whether feedback loops between PLT2 and 
MP may be important for setting up initial gene expression patterns in the embryonic 
root.

5. Materials and methods
5.1 Ecotypes and growth conditions
Complementation studies were done in the plt1-4;plt2-2 (Ws) background. Seeds were 
fume sterilized in a sealed container with 100 ml bleach supplemented by 3 ml of 37% 
hydrochloric acid for 3-15 h, then suspended in 0.1% agarose and plated on a growth 
medium consisting of MurashigeSkoog salts, 1% sucrose, 0.8% plant agar, MES (pH=5.8), 
50 mg/ml ampicillin and 10-20 mM dexamethasone or estradiol (optional). Seeds were 
stratified for 2-5 days in 4oC dark room and grown vertically in long day conditions (16 h 
light followed by 8 h of dark). mpG12;nph4-1;HS::Cre;pCB1-MP+/-;35S::PLT2:GR plants (Col-
0 background) were placed on dex containing medium and the root tip was marked by a 
dot on the plate. Plants containing the 35S::PLT2:GR transgene were recognized 24 h lat-
er by growth arrest and long meristem phenotype. All plants (responding and non- dex 
responding) were then heat-shocked for 1 h and analyzed using the Leica SP2 confocal.

5.2 Measurements
Root growth was analyzed by marking the tip location on the plate every 2-3 days (Figure 
1A-D). The plates were then photographed and the root lengths were measured using 
the ImageJ program. Meristem length was determined based on the number of dividing 
cortex cells (i.e. up to the cortical cell that is at least twice as long as its proximal neigh-
bor cell) in 1 or 2 files in each root.

5.3 Microscopy
We used Leica SP2 confocal microscope to visualize root meristem. Propidium Iodide (PI) 
and GFP signals were excited using the 488 nm Argon laser and collected at 591-654 and 
497-547 nm respectively. PI and YFP were excites at 514 nm and collected at 607-663 
and 531-554, respectively. For DIC images of the root meristem we used Nomarski optics 
on a Zeiss photomicroscope III.

5.4 Cloning
DR5 and PLT2 promoter sequences and the complementing genes were amplified using 
the primers listed in Table 2. Col-0 seedling cDNA (or genomic DNA for MP) was used 
as a PCR template and the fragments were cloned into the appropriate donor vectors 
followed by LRII+ reaction to generate expression clones (Invitrogen). The estradiol, in-
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ducible G1090 transactivation system (Ari Pekka Mähönen, unpublished) was used for 
over-expressing PLT2 targets. All 11 targets under the control of DR5, PLT2 or G1090 
promoters (33 clones) were transformed to plt1;plt2 plants and the G1090 driving the 
target genes were transformed to Col-0 by the floral dip method (Clough & Bent, 1998).

6. Supplementary information
We obtained phenotypes for three genes that did not rescue plt1;plt2 double mutants. 
Seedlings of YUCCA8-OX in plt1;plt2 mutant background arrested growth soon after ger-
mination (Figure S1A) while 4 dpg G1090>>YUC8 seedlings produced supernumerary 
lateral roots (Figure S1D) and xylem differentiated close to the root tip (Compare Figure 
S1D and S1E). Seedlings over-expressing PIN4 displayed agravitropic root growth (Figure 
S1B and C).
 
Figure S1. Over-expression of other PLT2 direct targets

YUC8-OX (A and D) showing growth arrest 

and epinasty (A, germinated on est con-

taining medium) and ectopic lateral root 

primordia 2 d after transferring to est con-

taining medium (D). (B and C) PIN4-OX ger-

minated on est containing medium, show-

ing agravitropic growth and normal starch 

granules compared to Col-0 (E). Scale bars, 

1 mm (A and B) and 20 mm (C-E).G1090>>PIN4 G1090>>PIN4
plt1;plt2;G1090>>YUC8

B C

D

A

Col-0 (+est)

E

G1090>>YUC8
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Summarizing discussion

Multicellulrity in the eukaryotic plant and animal kingdoms evolved separately (Wang 
et al.; reviewed by Meyerowitz, 2002). Consequently, many molecular mechanisms that 
control development and pattern formation are not homologous (Meyerowitz, 2002). 
Nevertheless, molecular structures that are required for basic aspects of cellular organi-
zation, such as the histone proteins important for chromatin structure (DeLange et al., 
1969), are conserved in both kingdoms. Another protein that controls fundamental pro-
cesses of cell behavior in animals and plants is the Retinoblastoma (Rb) tumor suppres-
sor protein. Since the core cell division machinery has developed in single cells, it is not 
surprising that Rb, E2Fs and other network components are homologous both in plants 
and animals. There is strong and well-established evidence that Rb controls cell cycle 
and differentiation in both kingdoms (Wildwater et al., 2005; Calo et al., 2010; reviewed 
by Weinberg, 1995), while the role of Rb in cell death regulation was only shown in the 
latter (e.g., Ianari et al., 2009). The recruitment of Rb as a regulator of differentiation and 
apoptosis is most likely derived from the tight connection between these networks and 
cell cycle regulation; cell proliferation is arrested during differentiation while significant 
aspects of the DNA damage response (DDR) are devoted for inhibition of cell division.
In the first chapter we introduce the plant system for studying developmental pathways. 
The phenotypic plasticity of plants is mainly attributed to the presence of meristems 
that continuously provide cells to produce new organs. On the other hand, most animals 
execute the majority of developmental processes during embryogenesis. This makes 
plants an excellent tool for illuminating pattern formation and differentiation as it con-
tinues throughout their entire life. Several virtues make the root meristem suitable for 
studying diverse developmental processes. First, due to the simple structure of the root 
meristem, especially in young seedlings, it is easy to identify every cell type by morphol-
ogy and molecular markers. Second, visualizing live tissues in the root meristem is simple 
as a consequence of its size and significant improvements in imaging technologies of the 
last years. Live imaging is also possible in animals (e.g., Collins et al., 2010) but is much 
more laborious due to the complications of cell movement. Third, many developmental 
processes including symmetric and asymmetric cell division, differentiation, cell death 
and growth occur within a small space, which allows not only investigating these pro-
cesses per se, but also studying the connections between them. And last, the lack of cell 
movement simplifies tracking of cells and their progeny for extended time periods and 
allows detailed analysis and extreme precision in identifying specific marked sectors and 
following the changes in their cellular activity at different time points. In the first two 
chapters we describe meristem development and some of the available techniques for 
different types of clonal analysis in various organisms and proceed by stressing the suit-
ability of the root meristem for using such tools. 
Despite the availability of a broad array of clonal techniques in animal model systems, it 
is still difficult to follow selected cells continuously. In chapter three we describe a new 
clonal system, Brother Of Brainbow (BOB) and show a proof of principle using the RBR 
gene as an example. The BOB system has two advantages over existing clonal methods 
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that employ site-specific recombination for genome manipulation. First, it enables clonal 
deletion analysis of gametophytic essential genes (which can be implemented in any 
other diploid organism) by ensuring complete removal of all wt alleles and in parallel 
marking these null cells. Second, due to the combination of two FPs, which are stochasti-
cally selected, clones can be distinguished from one another and re-identified with high 
level of confidence. We further improved the usability of the clonal analysis technique 
by introducing tissue specific and inducible components to manage accurate and timely 
clones formation. 
Although the random generation of color combinations for clonal analysis has met our 
purposes, further improvements are possible. For example, dosage experiments could 
be refined by the analysis of overlapping heterozygous clones in more than one gene. 
For that, stochastic color choices in two genes could be combined with Cre variants that 
selectively induce recombination in the different genes. Recently, Suzuki and Nakayama 
(2011) identified two additional Cre recombinase variants that recognize different lox-
sites variant. In this case each Cre can be activated separately and by different inducer 
(e.g., dexamethasone and estradiol) to achieve better control over the time and place of 
recombination. 
Examination of rbr clones revealed that cell proliferation in the quiescent center (QC) 
and the columella stem cells (CSCs) is controlled in a cell autonomous manner. The ob-
servation that rbr deletion clones contained dead cells inspired some of the described 
experiments in chapters four and five. In chapter four we focused on cell death in the 
root meristem, one of the phenotypes that we observed in rbr null clones and RBR hy-
pomorphic lines. We show that cell death, either as a response to genotoxic stress or 
as a result of RBR depletion is interlinked with cell division and cell differentiation. Both 
genetic and chemical manipulations lead to cell death in three types of stem cells while 
various genetic manipulations (among which, over-expression of RBR) that promote dif-
ferentiation were sufficient to increase cell survival. Additionally, zeocin not only caused 
cell death but also differentiation throughout the root meristem (Noor Kornet, personal 
communication and data not shown). This observation emphasizes the connections be-
tween cell proliferation, cell differentiation and cell death but demands further inves-
tigation to identify genes that mediate these distinct and overlapping processes. E.g., 
genetic screens in mutagenized RBR hypomorphic lines to identify suppressors of cell 
death or cell proliferation while the other mutant phenotype remains, might uncover 
genes that mediate one of the processes. Identification of proteins that interact with or 
regulate RBR is another strategy for isolating gene products involved in the individual 
pathways. 
In chapter five, we describe another system for knocking-down desired genes, using an 
RNA silencing method that allows subsequent complementation in specific tissues and 
by different alleles. We reveal an intriguing relationship between the QC and the CSCs. 
QC cells function as a long-term CSC reservoir and this process is enhanced upon reduc-
tion of RBR in the QC. Interestingly, the columella and the QC are the only cell popu-
lations that share the suspensor-derived hypophysis as a founder cell. Whether their 
common embryonic lineage predisposes QC cells to acquire CSC fate remains unclear.
Interaction between SCR and RBR through the LxCxE motif appears to be necessary for 
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suppression of QC cell division. Activation of SCR in the endodermis drives periclinal cell 
division while scr mutants are impaired in initiating this formative division (Heidstra et 
al., 2004; Di Laurenzio et al., 1996). Together, this indicates that in wt QC, RBR-SCR com-
plexes are necessary to maintain quiescence. Either direct elimination of RBR or inter-
ruption with the RBR-SCR complex leads to QC division. Since one role of RBR is to inhibit 
cell proliferation while SCR promotes cell division (at least in some contexts), the interac-
tion between these proteins in the QC must keep RBR active while SCR remains inactive. 
Although reduced activity of RBR in the QC does not have a major effect on growth and 
root morphology, the quiescent state of the QC cells increases cell survival during expo-
sure to DNA damaging agents. However, the lack of cell death in other regions that do 
divide, such as the ground tissue proximal meristem suggests that quiescence is not the 
only mechanism that can antagonize cell death. 
One question regarding cell division and differentiation is how cells can program them-
selves to reenter the cell cycle after differentiation occurred. In chapter six we describe 
two aspects of the PLT2 pathway relevant to this issue. First, we show that PLT2 and 
its direct transcriptional target, HAN, can enforce regression from differentiation back 
to cycling state. Additionally, over-expression of either gene was sufficient to promote 
callus formation and to invoke root organogenesis. This finding raises three questions 
regarding the nature of ectopic root formation. First, are there specific cells within differ-
ent tissues with a unique capacity to respond to the PLT2/HAN pathway? Second, is the 
response limited to a specific developmental stage of the organ or to the differentiation 
status of the cell? Third, what mechanism mediates the PLT2/HAN dependent repro-
gramming and does this involve processes previously shown to be important for such 
transitions, like chromatin modification and/or reorganization? 
From all those tested, the HAN gene was the only PLT2 target that could mimic its 
over-expression phenotype. Nevertheless, introduction of AUXIN RESPONSE FACTOR10 
(ARF10) can partially rescue the plt mutant phenotype, thereby, implicating both HAN 
and ARF10 as relevant downstream targets of PLT2. The exact role of ARF10 and HAN in 
mediating PLT2 functions remains elusive. The fact that we have not found any other tar-
get that could either complement plt or mimic PLT2-OX phenotype might be explained 
by the finding that the entire PLT2 network consists of multiple branches. This conclu-
sion is also supported by the finding that genes involved in multiple auxin related path-
ways (i.e., biosynthesis, response and transport) were found as direct targets; in other 
words, accurate auxin homeostasis requires gene regulation at multiple levels. 
In this work we studied the role of RBR and PLT2 during development of the root meri-
stem. We attempted to perform tissue specific manipulation to better understand the 
function of each protein in a cell-type context. Main aspects of cellular processes regu-
lated by RBR and PLT2 are still poorly understood. Further understanding of the molecu-
lar mechanisms that underlie these networks will allow us to investigate overlapping 
and antagonistic pathways, which are shared by both proteins and required for proper 
root growth. 
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Samenvatting in het Nederlands

(Summary in Dutch)

Mutanten zijn essentieel voor het bloot leggen van de rol van een gen van interesse (GVI). 
Echter, de afwezigheid van beide wildtype allelen in een organisme kan het verkrijgen 
van mutanten belemmeren. Bijvoorbeeld, als het GVI essentieel is in de vroege ontwik-
keling (zoals embryogenese) zullen homozygoot mutante individuen het volwassen sta-
dium niet bereiken en kunnen de gemuteerde genen niet bestudeerd worden. Samen 
met ontwikkeling van steeds specifiekere en verfijnde moleculair biologische technieken 
worden ook cel- en weefselspecifieke “knockout” (of “knockdown”) methoden steeds 
verder verbeterd. Meerdere methoden maken gebruik van twee-component systemen 
zoals het CRE/lox mechanisme voor excisie van genomische sequenties en daarmee het 
elimenren of activeren van het GVI. 
Een focus van dit proefschrift behelst de celspecifieke rol van het RETINOBLASTOMA-
RELATED (RBR) gen in de stamcelniche van de Arabidopsis wortel. Het homologe RETI-
NOBLASTOMA (Rb) in dieren was initieel bestempeld als een tumor suppressor. Twee 
en een halve decennia onderzoek hebben laten zien dat Rb een hoofdregulator is van 
de celcyclus, celdifferentiatie en celdood. Eerdere studies in planten wijzen naar een rol 
voor RBR in meerdere ontwikkelingsprocessen, zoals het behoud van scheut- en wor-
telmeristeem. Ons doel was het creeren van celspecifieke RBR deletie met behulp van 
het CRE/lox systeem om zijn rol in de verschillende wortelceltypen te onderzoeken. Dit 
type analyses, genaamd klonale deletie, is gebaseerd op het verlies van heterozygotie 
waarbij “null” sectoren worden vergeleken met fenotypisch wildtype cellen om het ef-
fect van lokale gen “knockout” te bestuderen. Helaas zijn deze methoden niet geschikt 
voor RBR functie analyse, daar dit eiwit essentieel is voor zowel mannelijke als vrou-
welijke gametogenese. Daardoor zijn hemizygote genotypen zeldzaam en praktisch niet 
aanwendbaar voor onderzoek. Om dit obstakel te omzeilen hebben wij een nieuw re-
combinatie systeem ontwikkeld genaamd Brother Of Brainbow (BOB), waarbij we ook 
gebruik hebben gemaakt van weefselspecifiek induceerbaar CRE recombinase voor het 
maken en identificeren van mutante sectoren. Wij ontdekten dat RBR cel-autonoom no-
dig is voor het onderdrukken van ongestructureerde proliferatie in het QC en columella 
stamcellen. 
Gebruik makend van zowel het BOB systeem als artificiele microRNA “gene silencing” 
(amiGO), hebben we laten zien dat het QC functioneert als een reservoir voor columella 
stamcellen en dat RBR interactie met SCR noodzakelijk is voor QC “quiescence” en het 
beschermen tegen genotoxische stress. Verder onderzoek met hypomorfe RBR geno-
typen liet zien dat verlaagde RBR hoeveelheden resulteerde in celdood. Dit fenotype is 
deels afhankelijk van de ATM/ATR machinerie, terwijl meerdere methoden welke celd-
ifferentiatie induceren, inclusief RBR overexpressie, gedeeltelijk celdood reduceerden.
Tot slot hebben we onderzoek gedaan naar de transcriptionele regulatie door de wortel-
specifieke transcriptiefactor PLETHORA2. We observeerden hoe twee target genen, HAN 
en ARF10, respectievelijk een fenokopie van de PLT2 overexpressie gaf danwel partieel 

Untitled-1.indd   125 3/13/12   1:12 PM



126

Summary in Dutch

de plt1plt2 mutant complementeerde. Intrigerend is de observatie dat overexpressie 
van PLT2 of HAN genoeg is om differentierende cellen te reverteren naar proliferatie. 
Deze observaties samen met de BOB en amiGO systemen kunnen de basis vormen voor 
verdere studies naar de onderliggende mechanismen voor proliferatie en differentiatie 
en hun interactie in de wortel stamcelniche. 
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