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ABSTRACT 
 

Plant specific cell cycle regulation in response to developmental and environmental signals was 

investigated at the level of gene expression in the model plant Arabidopsis thaliana (L.) Heynh. 

Specific attention was paid to the regulation of the mitotic cyclin CYCB1;1, by means of a mutant 

approach, during lateral root development and in salt stress conditions.  

 

Analysis of the activity of a GUS reporter line of CYCB1:1 promoter (CYCB1;1::uidA) in 

anatomical sections of the wild type root apical meristem revealed specific localization into the 

cortical and epidermal cell layers. With the aim to identify factors acting in trans on the CYCB1:1 

promoter the CYCB1;1::uidA line was targeted to chemical mutagenesis. In a reduced 

CYCB1;1::uidA mutant (rcb), identified from the mutant screen, the meristematic expression was 

absent while it was ectopically induced in lateral root cap initial cells, however, without effect on 

root morphology. In the root cap of rcb the CYCB1:1 promoter activity appeared at the time of 

root cap maturation and at the time the expression disappeared from the wild type root cap, 

indicating that the CYCB1;1 promoter was under a cell-type specific regulation mediating both 

positive and negative regulation depending on the tissue. Candidate genes for CYCB1;1 

promoter regulators were identified from a microarray study.  

 

To investigate the effects of phytohormone auxin on the cell cycle regulation during lateral root 

organ development a lateral root inducible (LRI) system was developed. The system was based 

on successive treatments with polar auxin transport inhibitor (NPA) and exogenous auxin (NAA) 

allowing G1 phase specific cell cycle block on NPA and fast and uniform cell cycle reactivation in 

the xylem pole pericycle upon NAA treatment. Auxin was shown to downregulate the CDK 

inhibitor KRP2 gene, thereby releasing the cell cycle block. Development of a synchronized 

lateral root inducible (LRI) system allowed for the first time genome wide expression analysis of 

the developmental process and thereby characterization of putative signaling cascades involved. 

Upon auxin signal perception two of the auxin-signaling systems, the Aux/IAA and heterotrimeric 

G protein alpha dependent responses were initiated. The G1-to-S phase transition was activated 

within four hours as marked by induction of cell cycle marker genes as well as DNA replication 

and protein synthesis related genes. Thereafter G2-to-M phase specific genes were induced 

together with a new set of signal transduction genes.  
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The cell cycle regulation in response to environmental conditions was investigated using salt 

stress as a test system. The results showed that, next to cell expansion, there is a critical role for 

the cell cycle regulatory mechanism during the adaptation process to salt stress. Transcriptional 

control of the cell cycle in response to salt stress resulted in modulation of cell division activity, 

which was followed by an adaptive growth response.  

 

The identification of developmentally regulated genes during lateral root initiation has formed a 

base for future work on root branching in plants. Functional genomic approaches will be used to 

reveal their tissue localization as well as their putative roles in the developmental process. 

Identifying target genes for the transcription factors by transactivation assays will help to build 

understanding of the signaling cascades involved in auxin mediated signaling towards lateral 

root initiation.  
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1 INTRODUCTION     
 

Some time between 1.6 and 0.6 billion years ago, two lines of multicellular organisms evolved 

independently from a common unicellular ancestor leading to development of present-day plants 

and animals (Meyerowitz 1999). Thereafter, significantly different cell-environment signaling 

systems have emerged in the two lineages. Especially the sessile growth habit of plants has 

implied further specialization of the responses to environment. However, the general cellular 

functions in plants and animals seem more similar, reflecting the common ancestry (Meyerowitz 

1997). Accordingly, the core cell cycle machinery is generally well conserved among higher i.e. 

multicellular eukaryotic organisms and the chromosomes are regulated by similar mechanisms 

through mitosis and meiosis. However, the rigid cell wall surrounding the plant cells again 

demanded specialization of the cytokinetic machinery, which may be reflected by the plant 

specific regulators of the G2-to-M transition phase. In the following a brief overview is given of 

the basic mechanisms mediating the cell cycle regulation in higher eukaryotes and of the state-

of-art in plant cell cycle research with consideration of the plant specific features of growth and 

development as well as their responses to environmental conditions.  

 

 

1.1 What is cell cycle?                                  
 

During the mitotic cell cycle genomic DNA of the organism is replicated and segregated equally 

to the two daughter cells formed upon cytokinesis. These cell division activities need to be 

strictly regulated in order to avoid incorporation of mistakes into the genetic information. The cell 

cycle is divided into four phases, where the DNA Synthesis phase (S) and Mitotic phase (M) are 

preceded by Gap phases, G1, prior to S-phase and G2, prior to M-phase (Figure 1.1.1.). The 

gap phases separate the two active phases allowing the monitoring of the cell cycle stimulating 

mitogenic signals, the adequate cell size, and proper completion of the previous phase and most 

importantly, the DNA template and product integrity (Elledge et al., 1996). The M-phase is 

further dividied into pro-, meta-, ana- and telophases preceding the cytokinesis.              
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Figure 1.1.1. Cell cycle phases. Interphase consisting of Gap1 (G1), DNA synthesis (S) and Gap2 (G2) phases 
is followed by mitosis (M) (Artwork by K. Van Poucke). 
 

 

 

The progression of the cell cycle is driven by enzyme complexes with serine/threonine kinase 

activity, that is dependent on interaction with regulatory subunits cyclins, giving them the name 

Cyclin Dependent Kinases (CDKs) (reviewed e.g. by Morgan, 1997). The different cyclin 

partners of the CDK/cyclin complexes mediate the substrate specificity of the complex in a 

spatial and temporal manner. The cell cycle machinery acts primarily via transcriptional 

regulation of genes whose products then mediate the mechanical processes, such as DNA 

replication (Amon et al., 1993). The major function of the cell cycle regulatory proteins is thereby 

to act as direct or indirect transcriptional activators and repressors. In addition, the proteins 

directly involved in cell cycle regulation are also periodically expressed at appropriate times to 

allow correct downstream functions (Dynlacht, 1997). 

At the G1-to-S boundary the strength of the mitogenic stimuli determines whether the cell 

proceeds to the active cell cycle. Growth inducing factors activate their specific sensors, which 

mediate protein translation, cell growth and cell cycle activation (Hunt and Nasmyth, 1997, 

Thomas and Hall, 1997). When the cells are permitted to proceed to the cell division, they pass 

a Restriction (R) point (in yeasts called START), which commits them for the cycle. This R point 

is positioned in the G1 phase but no specific regulatory mechanism has been assigned to 

mediate it and it is possible that various signals during the G1 phase may prevent cell cycle 

progression over the G1-to-S transition (Planas-Silva and Weinberg, 1997, Cooper, 2003). 
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The cell cycle also regulates the major housekeeping activity in the cell for synthesis of proteins 

and other macromolecules. Therefore, during the S-phase, in addition to DNA replication, 

ribosomal biogenesis takes place, as a prerequisite for orchestration of the cell cycle with 

developmental programs and metabolic resources in the cell (reviewed by Tapon et al., 2001). 

The ribosomes generated during S-phase mediate active protein synthesis during the G2 phase 

and their activity contributes to the increase of cell size required for the activation of mitosis in M-

phase. In addition, proceeding from the DNA replication phase to G2-to-M phase consists of 

multiple regulatory parts, ensuring completed DNA replication and intactness of the DNA strands 

(Zeng et al., 1998).  

The DNA damage checkpoints are the principal checkpoints during the cell cycle (Paulovich et 

al., 1997). They mediate signal transduction that acts at three stages of the cell cycle, at G1-to-

S, through S phase and at G2-to-M phase (Figure 1.1.2.). The DNA damage checkpoints act by 

halting the cell cycle and increasing the time for DNA repair. For activation of the checkpoint only 

one double–strand DNA break, depletion of deoxynucleotides or their mismatches are enough.  

 

                
Figure 1.1.2. The major cell cycle phases and their checkpoints. Mitogenic stimuli (arrows) promote G1-to-S 
phase transition at the Gap1 phase. DNA damage checkpoints are active during G1, S and G2 phases. DNA 
replication checkpoint controls the integrity of the replication product prior to G2-to-M phase transition. During 
mitosis (M) the spindle checkpoint guarantees proper chromosome segregation. 

 

 

The morphological changes accompanying mitosis include nuclear envelope breakdown, 

disassembly of microtubule network, its rearrangement into mitotic spindles and chromatin 

condensation. During mitosis accurate chromosome segregation is dependent on the 

attachment and alignment on the mitotic spindle before activation of the cyclin proteolysis 
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machinery that induces the sister chromatid separation. The metaphase to anaphase transition 

in mitosis involves a complex sequence of biochemical events that initiate the segregation of 

replicated chromosomes. The sister chromatids become attached via specialized DNA-protein 

complexes, kinetochores, to microtubules emanating from the opposite poles of the mitotic 

spindle. When all kinetochores have bound microtubules, the mitotic spindle proceeds to 

separate the sister chromatids apart. The spindle-assembly checkpoint monitors correct 

attachment of kinetochores to microtubules and inhibits sister chromatid separation and thus the 

onset of anaphase when a defect is detected (Cohen-Fix and Koshland, 1997).  

 

 

1.2 Regulation of cell cycle in animal cells 
 

Three lines of experimental approaches, using frog oocytes, yeasts and sea urchin embryos, 

contributed in the early identification of the key molecules regulating the cell division cycle 

(reviewed in Cooper, 2000). A maturation-promoting factor was identified from the cytoplasm of 

hormone treated oocytes. Injection of the cytoplasm allowed oocytes, arrested in G2 phase, to 

enter into the M phase (Masui and Markert, 1971, Smith and Ecker, 1971). Genetic analysis of 

both budding and fission yeast mutants identified the cdc (cell division cycle) kinase, required for 

the START of the cell cycle (Hartwell et al., 1973, Beach et al., 1982). Finally the M phase entry 

in sea urchin embryos was shown to require protein synthesis and analysis of periodically 

accumulating proteins named cyclins led to identification of periodically transcribed cyclin genes 

(Evans et al., 1983, Dorée and Hunt, 2002).   

In higher eukaryotes, several cyclin dependent kinases (CDKs) mediate the progression through 

the different checkpoints, while in yeast only one cdc2/cdc28 kinase is responsible for the 

complete cycle. In both organisms, numerous cyclins interact with the kinases regulating their 

activation, substrate specificity and subcellular localization. The three main classes of CDK 

activating cyclins (A-, B-, C-, D- and E-types) are the two mitotic A- and B-type cyclins and the 

D-type cyclins with G1-to-S specific function. In mammalian cells, mitogenic signals are 

perceived during the G1 phase by signal specific D-type cyclins and the following signal 

transduction cascades lead to the activation of G1-to-S transition (Sherr, 1994). The level of 

different D-type cyclins increases and they activate the G1-to-S phase specific cyclin-dependent 

kinases. In mammalian cells the passage through the G1 phase is regulated by sequential 

actions of D-and E-type cyclins in combination with CDK4/6 and CDK2, respectively (Sherr, 

1995). Cyclin D associates with CDK4 or CDK6 and the complex enters the nucleus, where it is 
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activated by phosphorylation by CDK activating kinase (CAK, Kato et al., 1994). The activity of 

this complex drives cells to the S-phase as long as the growth factors are present. The cyclin 

D/CDK kinase complex phosphorylates and inactivates the retinoblastoma protein (Rb), which in 

its unphophorylated form binds to E2F transcription factors, causing transcriptional repression of 

genes required for S-phase specific activities (Dyson et al., 1998). Upon Rb 

hyperphosphorylation E2F is released and it can heterodimerize with a DP transcription factor 

for full activity, thus committing cells to the S-phase (Helin, 1998, Harbour and Dean, 2000). 

Cyclin E is the key regulator to overcome the Restriction point at the G1-to-S transition phase 

and once beyond the R point cells are committed to divide and no longer require extracellular 

stimuli to complete the cycle. 

The major function of G1-to-S checkpoint in the mammalian systems is the control of genomic 

stability (Paulovich et al., 1997). Cells are arrested in G1 following DNA damage in order to 

restore the integrity of the template and to avoid the replication of damaged DNA (Levine, 1997). 

The cell cycle arrest is mediated by CDK inhibitor protein INK4, which inhibits the CDK4 and 

CDK6 kinase activities. As a result, a p53 transcription factor is stabilized and it mediates the G1 

arrest by enhancing transcription of one of its downstream genes, p21CIP1. Accumulation of the 

CDK inhibitor results in downregulation of cyclin E-CDK2 activity and accumulation of only 

partially phosphorylated Rb.  

The compartmentalization of the cyclin/CDK complex within the cells provides another level of 

regulation. In early S-phase cyclins D and E become cytoplasmic and are targeted to 

ubiquitination for degradation by proteasomes. At this time cyclin A levels rise, which activates 

CDK2 and enables S-phase progression by promoting transcription of DNA synthesis genes. In 

addition to cyclin accumulation, CDK activities are regulated by phosphorylation and 

dephosphorylations by phosphatases and other regulatory kinases (reviewed by Morgan, 1997). 

During late S and G2 phase cells prepare for mitosis, in part by increasing the levels of mitotic A- 

and B-type cyclins. As cyclin B levels rise they form a complex with CDK2, priming the kinase 

CDK2 for an activating phosphoryation at Thr 160 by CAK kinase. During G2 the complex is still 

held inactive by inhibitory phosphorylation by WEE1 kinase at the Thr 14 and Tyr15 residues. 

During G2, WEE1 kinase activity is greater than CDC25 phosphatase activity, thus keeping 

cyclin B/CDK inactive. Mitosis is dependent on the completion of S phase. Proteolysis of the 

WEE1 kinase is required for entrance into mitosis and is inhibited if DNA replication is blocked. 

In addition to WEE1 proteolysis, CDC25 is activated at prophase by a regulatory 

phosphorylation, leading to cyclin B/CDK2 activation. At the same time cyclin B/CDK2 complex 

is translocated to the nucleus.  
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The initiation and coordination of later mitotic events are governed by ubiquitine dependent 

proteolysis of key regulatory proteins (King et al., 1996, Amon, 1999). A major step in this 

degradation is catalyzed by a multimeric ubiquitine ligase know as the anaphase-promoting 

complex (APC). APC-dependent destruction also participates in triggering exit from mitosis by 

degradation of mitotic cyclins (Holloway, 1993), which leads to disassemble of the mitotic 

spindle, decondensation of the chromatin, proceeding of the cytokinesis and rebuilding of the 

nuclear envelope.  

 

 

1.3 Cell cycle machinery in plants    
 

The cell cycle of plants resembles that of multicellular eukaryotic systems, such as in mammals. 

Genome wide expression analysis of eukaryotic cells have enabled the identification of hundreds 

of eukaryotic, cell cycle modulated genes, including those from plants (Spellman, et al., 1998, 

Cho et al., 2001, Menges et al., 2002, Breyne et al., 2002). In addition, the completion of the 

genomic sequence of Arabidopsis has allowed searching for the core cell cycle regulatory genes 

based on their sequence homology (Vandepoele et al., 2002). Although the genomic sequence 

alone does not reveal the function of the genes (Murray and Marks 2001), our current knowledge 

indicates that cell cycle regulation is well conserved among eukaryotes (Mironov et al., 1999).  

In the Arabidopsis genome, 61 core cell cycle regulatory genes were identified based on their 

sequence similarities (Vandepoele et al., 2002, http://www.arabidopsis.org/info/genefamily.html). 

For 34 of the genes experimental data is also available, for 14 more an expressed sequence 

tags exist and 13 represent predicted proteins. In summary, in the Arabidopsis genome a total of 

30 cyclin, 11 CDK, 2 CKS, 7 KRP, 8 E2F/DP, 1 Rb and 1 WEE1 related genes have been 

identified.  

 

1.3.1 Plant cyclins 
The plant cyclins represent the main classes of A-, B-, and D-type cyclins that are further divided 

in subgroups of A1, A2, A3, B1, B2 and D1 to D7 (Renaudin et al., 1998, Vandepoele et al., 

2002). Similarly to mammalian cyclins the A-type cyclins are induced during late S-phase, while 

the B-type cyclins are specific for G2-to-M phase (Figure 1.3.1.). Similarly to multicellular animal 

systems, the plant D-type cyclins are involved in cell cycle activation at the G1-to-S transition 

phase. In higher eukaryotes the Rb binding motif is a signature for D-type cyclins, but in general 

the D-type cyclins are not highly conserved. In the D-type cyclins so called PEST sequences can 
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be identified, which are involved in their rapid turnover at the end of G1 phase (Soni et al., 1995, 

Renaudin et al., 1998). The G1-to-S specific D-type cyclins of plants appear to be more 

divergent in structure than their mammalian counterparts and it has been proposed that different 

members of D-type cyclins may alternate in their binding to CDKA;1, reflecting plant-specific 

regulation during G1-to-S transition (Meijer and Murray, 2000). The sessile growth habit 

demands plants to respond continuously to the flow of signals from the growth environment and 

D-type cyclins may play a role in mediating these responses.   

      
Figure 1.3.1. The cell cycle phases and their major regulatory components. Mitogenic stimuli (arrows) promote 
CDKA;1 activation via CYCDs. CDKA;1 is further regulated by CAK and KRPs. Activation of CDKA;1 at G1 
phase leads to Rb inactivation and release of E2F/DP transcription factors to promote G1-to-S transition. 
CDKA;1 is activate by CYCA during S and G2 phases and by CYCB during G2 and G2-to-M phases. During 
G2-to-M phase CDKs (A and B-type) are further regulated by kinases (CAK and WEE1) and phosphatases 
such as CDC25.  

 

 

 

The accumulation of different A-type cyclin transcripts occurs from the late S-phase to 

G2-phase, before that of B-type cyclins. Surprisingly the CYCA protein levels appear to remain 

constant during all phases of the cell cycle (Chaubet-Gigot, 2000). The function of A-type cyclins 

is not yet known in detail but the associated kinase activity shows two peaks, in mid-S phase 

and in mid-G2 phase, indicating a role in DNA replication and in entry to mitosis (Roudier et al., 

2000).   

The expression of B-type cyclins is restricted to the late G2 and the M phase (Renaudin et al., 

1998, Mironov et al., 1999, John et al., 2001) and marks actively dividing cells and tissues 

(Hemerly et al., 1992, Ferreira et al., 1994a, b). The function of plant CYCB1;1 (earlier known as 

Cyc1At) in promoting G2-to-M transition has been shown by microinjecting in vitro produced 
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Arabidopsis CYCB1;1 mRNA in Xenobus oocytes to promote meiotic maturation (Hemerly et al., 

1992). 

 

1.3.2 Plant CDKs 
The plant CDKs have been classified into five (A to E) subtypes (Joubès et al., 2000), from 

which the F-type CDK does not show typical cell cycle CDK features, such as the PSTAIRE 

motif of CDKA;1. Two of the CDK classes, A-type CDK and B-type CDKs have been extensively 

characterized in plants (Ferreira et al., 1991, Hirayama et al., 1991, Mironov et al., 1999, Boudolf 

et al., 2001, Segers et al., 1996, Porceddu et al., 2001). The CDKA;1, transcripts accumulate in 

a cell cycle phase independent manner, while the Histone H1 kinase activity associated with A-

type CDKs is high during G1/S, G2 and M phases (Sorrell et al., 2001, Mironov et al., 1999). At 

the tissue level expression levels are high in dividing cells as well as in cells with high 

competence for cell division (Martinez et al., 1992, Hemerly et al., 1993).  

The four B-type CDKs represent a plant-specific CDKs with unique PPTALRE or PPTTLRE 

motifs in the CDKB1- and CDKB2-classes, respectively (Boudolf et al., 2001). These kinases are 

unable to complement yeast cdc2/cdc28 mutants as CDKA;1 is (Imajuku et al., 1992, Fobert et 

al., 1996). The activity of B-type CDKs in linked with the G2-to-M transition phase, although the 

CDKB1;1 transcripts accumulate already from late S phase onwards (Segers et al., 1996). The 

accumulation of CDKB2 transcripts is strictly specific for G2 and M phases and both B-type 

CDKs show maximum kinase activity during M phase (Porceddu et al., 2001). CDKB1;1 possibly 

interacts with the mitotic cyclin, CYCB1;1 at the G2-to-M transition (Criqui et al., 2000) and the 

CDKB1;1 and CYCB1;1 genes also show a coordinated transcriptional up-regulation during the 

G2-to-M phase (Mironov et al., 1999).  

The Arabidopsis C-type CDKs, with PITAIRE and SPTAIRE motifs, appear not to be involved in 

cell division control, as no expression in dividing tissues has been observed (Barrôco et al., 

2003). In alfalfa cell suspension CDKC expression was constitutive (Magyar et al., 1997). The D-

type CDKs represent the animal CDK activating kinases, CAKs. In addition to the kinase 

activation, the CDKDs are involved in transcriptional regulation (Umeda et al., 1999, Yamaguchi 

et al., 2000). Both alfalfa and Arabidopsis have one CDKE gene and the transcripts levels of 

alfalfa CDKE remain constant throughout cell cycle (Magyar et al., 1997). The possible 

involvement of plant CDKE in cell cycle regulation remains to be investigated.  
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1.3.3 Regulation of CDK activity in plants 
The mechanisms controlling plant G1-to-S transition bear strong similarities to those of other 

higher eukaryotes, although no CDK4/6, CDK2 and cyclin E equivalents have been identified in 

plants (Rossi and Varotto 2002). Activation of a CDKA;1/cyclin D complex, at the G1-to-S 

transition, have also been shown in plants to lead to hyperphosphorylation of the transcriptional 

repressor retinoblastoma suppressor protein (Soni et al., 1995, Meijer and Murray, 2000, Boniotti 

and Gutierrez, 2001). Inactivated retinoblastoma releases the transcription factor E2F/DP, which 

in turn triggers expression of S-phase-specific genes also in plants (Magyar et al., 2000, Kosugi 

and Ohashi, 2002, De Veylder et al., 2002, Figure 1.3.1.).  

In accordance to the absence of CDKs 4 and 6, no INK4 CDK inhibitors have been identified in 

plants. Instead, seven genes of the CDK inhibitory (cip/kip-class) proteins, Kip-related proteins 

(KRPs), have been isolated (Wang et al., 1997, 1998, Lui et al., 2000, De Veylder et al., 2001). 

Functional characterization of the KRPs strongly suggests them to be involved in inactivating 

CDK/cyclin complexes, indicating that the CDK inhibitor- (CKI) mediated control of 

CDKA;1/CYCD complexes is conserved in plants. The differential expression patterns of the 

seven KRPs suggest that they could specifically regulate different CDK/cyclin complexes in a 

tissue specific manner (De Veylder et al., 2001).  

In addition to the regulation mediated by KRPs, a class of proteins called docking factors or 

subunit of CDK (suc/cks) proteins mediates further modifications of the CDK kinase activities. 

The function of the two Arabidopsis CKS proteins functions has been characterized (De Veylder 

et al., 1997, Stals et al., 2000). Binding of the CKS proteins has been suggested to change the 

conformation of the kinase complexes and to target CDKs towards other complexes for both 

positive and negative regulation. CDK kinase activities are also regulated at posttranscriptional 

level by phosphorylation and dephosphorylation. Activation of Arabidopsis CDKA;1 requires 

phosphorylation of a conserved threonine residue by a CDK-activating kinase (CAK) (Stals et al., 

2000), named as CDKD;1 in Arabidopsis (Joubés et al., 2000). The plant CAKs interact with H-

type cyclins (Yamaguchi et al., 2000) and confer functional complementation of human and 

yeast CDKs (Umeda et al., 1998, 2000, Shimotohno et al., 2003). Although no CDC25 gene has 

been identified from the Arabidopsis genome a similar phosphatase is likely to activate CDKA;1 

at the G2-to-M boundary (Zhang et al., 1996). 

 

1.3.4 Mitosis of plant cells  
The mitosis in plants involves several specific changes in the cytoskeletal structures, into which 

CDKs are closely linked (Colasanti et al., 1993, Stals et al., 1997). At the beginning of mitosis, in 
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prophase, the site of the future phragmoplast formation is determined by the assembly of a plant 

cell specific preprophase band (PPB). This band is composed of cortical microtubules (MT), 

which are located beneath the plasma membrane and become gathered to encircle the nucleus 

(Mineyuki et al., 1991). The bundling of MTs is mediated by microtubule-associated proteins 

(MAPs), which are still poorly known in plants but could be phosphorylated by MAP kinases 

(Katsuta and Shibaoka, 1992, Vantard et al., 1994). A band of actin filaments is co-localized with 

the microtubule-PPB. The actin ring remains after the PPB disappears at the end of the 

prophase (Cleary, 1995).  

In the next phase, prometaphase, the nuclear envelope is degraded and the developing spindle 

penetrates towards the chromosomes. Organized disassembly of the nuclear envelope is 

mediated by phosphorylation of the cortical lamin-protein in animal cells (Sundaresan and 

Colasanti, 1998). No lamin proteins occur in plant cells, but proteins with comparable structure 

have recently been detected, although no knowledge about their phosphorylation exists yet 

(Holaska et al., 2002). The spindle apparatus is formed by de- and repolymerization of the MTs 

derived from the PPB. The pole regions at the ends of the spindle contain MTOCs (microtubule-

organizing centers), the sites of MT nucleation but they are poorly defined in plants. Particles of 

the nuclear envelope have been proposed to exhibit activities typical to MTOCs (Stoppin et al., 

1994). Histone 1 and other scaffold proteins mediate the condensation of chromosomes. During 

metaphase, chromosomes become attached to the spindle by kinetochore proteins at their 

centromere region (Porat et al., 1998). In the anaphase, the chromatides become separated and 

are transferred to the opposite poles of the cell along the spindle microtubules. In the telophase 

exit from mitosis is accompanied with the release of chromosomes from the microtubules 

followed by the reformation of new nuclear envelope.  

The cytokinesis of animals differs significantly from that in plants. Unlike in vascular plants, in 

animals only the mitotic spindle determines the future cleavage site during late cell cycle. An 

actin and myosin containing ring is formed at this site and contraction of the ring creates a furrow 

that pulls the plasma membrane and forms a transient midbody structure. The surrounding 

membrane enlarges in area and divides the two daughter cells (Glotzer, 1997). During plant 

cytokinesis a cell plate is formed by the phragmoplast at the site of the earlier preprophase band 

(Verma, 2001). The phragmoplast is built of microtubules and the cell plate grows centrifugally 

as the Golgi derived vesicles moving along the microtubules provide material for the membrane 

and cell wall formation (Staehelin and Hepler, 1996). Finally the cell plate contacts the 

plasmamembrane and the phragmoplast microtubules are depolymerized and cortical 

arrangement of the microtubules, typical to the cell in interphase, is restored.  
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1.4 Transcriptional regulation of cyclins   
 

Synchronized cell suspension cultures have made possible to classify the expression profiles of 

cell cycle regulating genes at each cell cycle phase (Mironov et al., 1999) and according to cell 

division and biomass production rates (Richard et al., 2001). Cyclins have been shown to 

respond to various mitogens, such as phytohormones and growth substances, such as sugars, 

indicating that they may act as key response mediators of external signals to the cell division 

cycle.  

In human cells, D type cyclins act as sensors for growth factors with their expression depending 

more on extracellular stimuli than on the cell cycle phase (Sherr 1995). Also plant D-type cyclins 

are preferentially induced by mitogen stimuli at the G1 phase (Oakenfull et al., 2002, Richard et 

al., 2002). Upon release of G1-to-S block CYCD3;1 transcripts accumulate before the onset of S 

phase in Arabidopsis cell suspension (Soni et al., 1995, Fuerst et al., 1996). CYCD1;1 is 

expressed at low levels in liquid cell cultures and CYCD2;1 mRNA levels are unaffected by a 

G1-to-S block and the following release. In tobacco BY-2 cell cultures CYCD3;2 is induced at G1 

phase and CYCD2;1 and CYCD3;1 show maximal transcript abundance in mitotic cells (Sorrell 

et al., 1999). In starved Arabidopsis cell suspension CYCD2;1, CYCD3;1 and CYCD4;1 are 

induced by sucrose, while cytokinin induces CYCD3;1 expression (Soni et al., 1995, De Veylder 

et al., 1999).  

Unlike the D-type cyclins the levels of A-type cyclins are tightly controlled by cell cycle 

progression involving both transcriptional upregulation and later targeted proteolysis. The 

tobacco A3-type cyclins are upregulated at the G1-to-S transition, whereas an A1 and A2-type 

cyclins are induced in mid S-phase, indicating that the different subclasses may confer different 

activities (Setiady et al., 1995, Reichheld et al., 1996). Also the promoter activities and transcript 

levels of CYCA2;1 and CYCA2;2 have been shown to increase at mid S-phase (Fuerst et al., 

1996, Shaul et al., 1996). However, some variation in the expression patterns is observed 

between different plant species (Meskiene et al., 1995, Roudier et al., 2000, Uchida et al., 1996). 

At the tissue levels A-type cyclins appear to mark both actively dividing and division competent 

tissues as the CYCA2;2 transcripts are high in developed leaves (Ferreira et al., 1994a) and the 

CYCA2;1 transcripts are abundant in the root stele (Burssens et al., 2000).  

Similar to the A-type cyclins the B-type cyclins are under strict cell cycle phase specific control 

with G2-to-M phase specific induction and degradation at the end of mitosis. The same G2 and 

M phase specific peak in expression has been confirmed in many plant species, such as 

Catharanthus (Ito et al., 1997) and tobacco (Trehin et al., 1999). The analysis of promoter 

 22



elements of different cyclin B genes has revealed several functional elements for M-phase 

specific activation (MSA), for general activation and for responses to auxin (Ito et al., 1998, 

Tréhin et al., 1999, Planchais et al., 2002). The MSA of CathCYCB1;1 promoter, although under 

some debate, appears to be mediated by MYB transcription factors of c-Myb and v-Myb type (Ito 

et al., 1998, Ito, 2000). The same motif is present in the promoters of tobacco and Arabidopsis 

CYCB1;1 genes. Two putative transcription factors have been isolated from Arabidopsis, which 

interact with a similar putative MYB binding element (Planchais et al., 2002). In Arabidopsis the 

M-phase specific activation requires, however, presence of a larger area surrounding this motif. 

Tréhin et al. (1999) have shown that for a maximal M-phase expression of NicsyCYCB1;1, at least 

five distinct promoter regions are required.  

Based on the gene expression patterns, the Arabidopsis CYCB1;1 has been suggested to play a 

role in plant development and the CYCB1;1::uidA transgenes have been widely used to monitor 

cell division activity in response to developmental regulation (Ferreira et al., 1994b, Doerner et 

al., 1996, Beeckman et al., 2001). In the CYCB1;1 promoter, putative cis-acting motifs for plant 

growth regulators have been identified and auxin and cytokinin have been shown to induce 

CYCB1;1 expression coupled to cell division activity in tobacco as well as in Arabidopsis cell 

suspension cultures (Ferreira et al., 1994b, Richard et al., 2002). The promoter also contains 

elements that putatively mediate responses to external signals, such as light, heat and drought 

indicating that transcriptional regulation of CYCB1;1 would respond to environmental signals 

(Inzé et al., unpublished).  

 

 

1.5 Cell cycle regulation during developmental programs  
 

During embryogenesis rudimentary plant axis with shoot and root apical meristems, SAM and 

RAM, respectively, is established (Fosket, 1990). Most plant organs are formed after 

embryogenesis by the activites of the apical meristems. The meristems mediate indeterminate 

growth and local formative divisions establish cell lineage patterns of new organs. During organ 

development the rate of cell divisions is increased in well-defined zones of shoot apical 

meristems as well as in root pericycle (Sussex, 1989, Beeckman et al., 2001). Plant growth and 

pattern formation demand coordination of cell division activities with the developmental 

programs. Both internal developmental programs and environmental stimuli regulate the 

differentiation of a new organ. Thus, in the meristems perfect coordination between 

developmental controls and mechanisms regulating meristem activity i.e. cell division is required 
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(Porceddu et al., 1999a). How the particular organ size is achieved and how the regional 

patterns of cell divisions are regulated is still largely not understood. Similarly the factors 

controlling the numbers, sites and planes of divisions and the coupling of these processes to 

coordinated cell expansion are not known (Meyerowitz, 1996, 1997). In the Arabidopsis root the 

division patterns and cell fates can easily be followed (Dolan, 1993) and mutations affecting the 

lineage patterns can be identified, indicating that patterns of divisions are under genetic control 

(Scheres et al., 1996, Berleth et al., 1996). Positional cues have been shown to finally determine 

cell fate, indicating an importance of short-distance signaling for controlling cell divisions related 

to patterning of plant tissue (van den Berg et al., 1995, Kidner et al., 2000). 

The cell division is generally considered to be an important factor in mediating the pattern 

formation. In the following the role of cell cycle in the regulation of plant development is 

considered in the light of recently available data on transgenic lines over- or underexpressing 

cell cycle regulatory genes. Mutant approaches have been difficult to apply in cell cycle research 

since mutations in the essential cell cycle genes are often obscured by redundancy (Thomas, 

1993) or the phenotypes are too severe and cause embryonic lethality. Effects on growth may 

also arise from mutations in the metabolic pathways and are difficult to distinguish from those 

related to cell division control (Traas and Laufs, 1998).  

The expression of dominant negative mutation in CDKA;1 under Caulflower Mosaic Virus 35S 

promoter (CaMV35S-cdc2a.N147) is embryolethal in Arabidopsis and only expression under an 

embryo specific promoter of albumin gene 2S2 allowed formation of distorted embryos (Hemerly 

et al., 1995, 2000). Expression of the heterologous CaMV35S-cdc2a.N147 in tobacco inhibited 

cell division activities in the transgenic plants resulting in normally differentiated leaves with 

fewer and larger cells (Hemerly et al, 1995). Transgenics overexpressing the CDK docking 

factor, CKS, in Arabidopsis showed reduced leaf size and root growth rates, which was caused 

by increased cell cycle duration and shortening of the meristematic zone (De Veylder et al., 

2000). Overexpression of the CDK activating kinase CAK caused gradual decrease of the CDK 

activity and differentiation of the Arabidopsis root initial cells (Umeda et al., 2000). 

Overexpression of Arabidopsis CDK inhibitors, KRP1 and KRP2, strongly inhibited mitotic cell 

divisions and caused serrated leaf morphology (Wang et al., 2000, De Veylder et al., 2001). In 

all cases cell division activity was reduced due to impared CDKA;1 activity and in at least some 

cases this led to early differentiation. The differences in the final phenotypes may be due to the 

different model system used.  

Several D-type cyclins have been ectopically expressed in plants allowing the phenotype 

comparisons with those from the experiments with CDKA. Ectopic expression of CYCD3;1 
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causes decreased cell size and altered cell cycle duration.  In developing and mature leaves the 

cell number is increased, but the cells are unable to fully differentiate (Dewitte et al., 2003). 

However the ectopically induced cells in the leaves acquire right identity. The APETALA2 

domain transcription factor AINTEGUMENTA regulates the number of cells incorporated into 

developing leaves. Its overexpression causes extra cell division in association with increase of 

CYCD3;1 expression, indicating that CYCD3;1 acts downstream of AINTEGUMENTA to 

determine the leaf cell number. Surprisingly the CYCD3 overexpression causes 

multicellularization of trichomes, indicating CYCD3 functions at mitosis (Schnittger et al., 2002). 

However, it is also possible that the driving of the cells over the G1-to-S transition commits these 

cells irreversibly to mitosis. Overexpression of CYCD2;1 in tobacco results in increased cell 

division and increased overall plant growth rate but no morphological alterations occur 

(Cockcroft et al., 2000). This is in agreement with the idea that promoting the G1-to-S transition 

causing shortening of the G1 and thereby faster growth. E2F/DP transcription factors act 

downstream of D-type cyclins, but ectopic expression of E2F alone only causes increase of cell 

number in the cotyledons. The combination of overexpression of E2F/DP transcription factors 

causes ectopic cell divisions during leaf development and inhibits differentiation (De Veylder et 

al., 2002). Overexpression of CYCB1 caused acceleration of root growth rate upon enhanced 

G2-to-M progression and RAM activity, via enhanced entry into mitosis, increased cell 

production and elongation of the root (Doerner et al., 1996).  

Taken together, alterations in cell cycle machinery mainly affected growth rate and cell numbers 

and size, while the regulation of pattern formation appeared to be outside the core cell cycle 

regulation. Plant morphogenesis is determined by oriented cell division and cell expansion 

(Torres Ruiz and Jürgens, 1994). The plane of cell division is involved in determination of the 

direction of cell expansion and is thus important morphogenetic factor. The cell division plane in 

plant cells is determined during G2 phase by assembly of the preprophase band at the site of 

future cell plate formation. The mechanism to determine the division plane is not known but 

appears to involve activities of cytoskeleton and vesicle transport (Scheres and Benfey, 1999). 

Developmental cell divisions are often asymmetric and the orientation of the cell division as well 

as the cell fate is determined by positional cues (van den Berg et al., 1995). Examples of 

developmental asymmetric cell divisions are root apical meristem initial divisions, stomata 

development and lateral root initiation (Scheres and Benfey, 1999, Casimiro et al., 2001). 
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1.6 Lateral root development   
 

Lateral root development can be divided into two major steps, pericycle activation and meristem 

establishment (Celenza et al., 1995). The developmental program of lateral root initiation is 

special as it begins by reactivation of cell divisions in the differentiation zone of the root. It has 

been suggested that the pericycle cells gain their tissue identity before growing out from the root 

apical meristem or remain meristematic while the other parts of the root are differentiating 

(Dubrowsky et al., 2001). In maize, nuclear staining together with immuno-labeling studies with 

cell cycle proteins have revealed that pericycle cells stop dividing only in the transition zone 

above the root apical meristem whereas cortex and stele cells cease divisions already at 0.4 and 

0.8 mm distance, respectively (Mews et al., 1997, 2000). 

In Arabidopsis lateral roots initiate endogenously from the root pericycle cell layer (Figure 1.6.1.) 

adjacent to the two xylem-poles. Longitudinal pairs of the pericycle cells undergo few rounds of 

asymmetric and symmetric transverse cell divisions generating approximately 10 initial cells 

(Dubrowsky et al., 2000, 2001, Casimiro et al., 2001). These founder cells expand radially and 

proceed to periclinal cell divisions, generating the so called 2-layer-stage with inner and outer 

cell layers (Malamy and Benfey, 1997). Further rounds of periclinal divisions result in formation 

of lateral root primordia. After establishment of the cell layers of the new meristem the lateral 

root primordia expands and emergence from the parent root occurs around day 5 and 7 after 

germination (Bhalerao et al., 2002).   

 

 

 

 

 

 

 

 

 

Figure 1.1.4. Root cell layers in Arabidopsis in 
longitudinal section (A) and in transverse 
section (B). Tissues in order from outside to 
inside, epidermis; cortex; endodermis and 
pericycle consist of single cell layers, xylem 
and phloem consisting of several cell layers. 
Sections prepared according to Beeckman 
and Viane, (2000). 

 

Auxin regulates the initial asymmetric cell divisions for lateral root initiation as well as for the 

following divisions in a concentration dependent manner (Casimiro et al., 2001). Auxin hormone 
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is also involved in the control of asymmetric cell divisions of the initial cells within the primary root 

apical meristem (Sabatini et al., 1999). Polar auxin transport has been shown to play an important 

role in determining the cell polarity prior to these divisions and different auxin carrier proteins 

have been shown to mediate polar and lateral auxin transport in tissue-dependent manner to 

establish cues for cellular polarity (Grebe et al., 2001, Friml and Palme, 2002). It is likely that 

similar mechanisms of auxin transport are active during lateral root initiation. During seedling 

development different sources of auxin production are mediating the developmental processes 

(Casimiro et al., 2001, Bhalerao et al., 2002). In Arabidopsis, lateral root initiation takes place 1 to 

2 days after germination (Dhooge et al., 1999, Casimiro et al., 2000). During the initiation phase 

auxin is provided from the root tip or the cotyledons while the lateral root emergence is supported 

by shoot derived pulses of auxin (Bhalerao et al., 2002). A concentration gradient is formed along 

the root length and in the basal half of the root the concentration reaches the optimum for lateral 

root initiation (Casimiro et al., 2001). After establishment of the cell layers of the new meristem 

the lateral root primordial expands. The emergence from the parent root occurs around day 5 and 

7 after germination (Bhalerao et al., 2002). 

 

 

1.7 Cell cycle and growth responses to extracellular signals 
 

The sessile growth habit of plants demands great flexibility in the growth patterns, which is seen 

in responses to fluctuating environmental conditions. The question of how plants achieve their 

characteristic architecture and optimize the biomass production to the growth conditions is an 

interesting question also from the agricultural point of view. Root growth for example is extremely 

sensitive to variations in nutrient supply (Zhang et al., 1999). The root growth is enhanced in sub-

optimal conditions such as nitrogen limitation and water deficiency. Negative growth responses 

result from stress situations such as osmotic and oxidative stresses that cause growth retardation 

or even programmed cell death. 

Lateral root number and placement are highly responsive to nutritional cues (Malamy and Ryan, 

2001). High sucrose to nitrate ratio has been shown to prevent lateral root initiation. Lateral root 

outgrowth is impaired in high nitrate conditions, which produce a systemic inhibitory effect on 

lateral root growth (Zhang and Forde, 2000). On the other hand nitrate can also act as a signaling 

molecule since local application of high nitrate stimulates lateral root outgrowth (Zhang et al., 

1999). Nitrogen and carbon metabolisms are integrated during plant growth (Coruzzi and Zhou, 

2001) and the regulatory effects of nitrogen may reflect the sucrose to nitrogen ratios. Locally 

applied nitrate reduces the sucrose to nitrogen ratio below the inhibitory level. The lateral root 
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growth arrest by nitrogen occurs at the level of the lateral root outgrowth and may be mediated by 

repression of the meristem activity (Signora et al., 2002, De Smet et al., 2003). It is generally 

accepted that signals from both developmental and nutritional state collaborate to produce 

correctly patterned organisms, the sizes of which can be supported by the environmental 

conditions (Prober and Edgar, 2001). In agreement with this hypothesis the key factor in 

mediating nutrient repression of lateral roots may be the plant hormone auxin (Malamy and Ryan, 

2001).  

In unfavorable environmental conditions plant growth is slowed down to allow acclimation 

processes. Different growth parameters respond differentially and in whole plants the cell division 

rate is usually affected only by extreme conditions (Beemster & Baskin, 1998). While the cell 

cycle duration often remains constant, the meristem size and thereby the number of dividing cells 

is more easily affected. Unlike the patterning signals, the growth responses appear to be 

mediated directly by cell cycle regulators. The amount and/or activity of CDKA;1 has been shown 

to be highly responsive to environmental cues, such as water deficient (Schuppler et al., 1998) 

and low temperature (Granier et al., 2000). Cyclins are essential for CDK activation and have 

therefore been the prime suspects for regulators that couple control of proliferation to the 

multitude of environmental and developmental cues that affect growth (Potuschak and Doerner, 

2001). Cyclins also readily respond to plant growth hormones, which may act as links between 

developmental programs and cell division activity. D-type cyclins have been implicated as direct 

sensors of environmental mitogenic cues. Addition of cytokinins to plant cell cultures regulates 

the G1-to-S progression by induction of CYCD3;1 (Riou-Khamlichi et al., 1999). The application 

of brassinosteroid-type plant hormones is also sufficient to induce CYCD3;1 transcription (Hu et 

al., 2000). In addition to plant hormones, several reports indicate the importance of sucrose for 

the expression D-type cyclins. Different studies demonstrate the induction of CYCD2, CYCD3 

and CYCD4 genes upon addition of sucrose (Soni et al., 1995, De Veylder et al., 1999, Meijer 

and Murray, 2000). Finally, gibberellins and abscissic acid have been reported to affect G1-to-S 

progression by proteins that affect the activity of the assembled CDKA/CYCD complexes at this 

moment. In water submerged rice plants, gibberellins have been shown to induce CDKA-type 

genes and R2-CAK related mRNAs (Lorbiecke and Sauter, 1999). Abscissic acid inhibits cell 

division in Arabidopsis by decreasing the amount of CDKA;1 mRNAs and the induction of 

expression of the CDK inhibitor gene ICK1 (Hemerly et al., 1993, Wang et al., 1998, Stals and 

Inzé, 2001). 
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1.8 Aims of the present study   
 

In the present work several approaches have been applied to reveal the role of cell cycle in the 

growth and development of Arbidopsis seedlings. During the past decade the main components 

of plant cell cycle regulation have been characterized in the model plant Arabidopsis thaliana 

(Ferreira, et al., 1991, Hemerly et al., 1992, De Veylder, et al., 1998, Mironov et al., 1999) and 

resolving basic questions concerning the regulation of plant growth and development has been 

one the primary targets in this research (Ferreira, et al., 1994a, b, Hemerly, et. al., 1995, 2000). In 

this project we have aimed at characterizing the transcriptional regulation of Arabidopsis 

CYCB1;1 gene in the context of a promoter mediated regulation, during a developmental program 

and in response to environmental conditions.  

In the first part of the work, regulation of the promoter activity of the mitotic CYCB1:1 was 

investigated during development and under different environmental conditions. For this purpose 

the GUS reporter line of CYCB1;1 was targeted to mutagenesis with the aim to identify factors 

acting in trans on the CYC1;1 promoter. In the second part, the lateral root initiation process was 

chosen as a model system to reveal the signal transduction and the downstream effects of 

phytohormone auxin on the cell cycle regulation during organ development. In the last part, the 

cell cycle responses to applied salt stress were investigated by analyzing the expression of cell 

cycle regulating genes upon the stress treatments. 

 

The specific aims of this study were: 

 

to characterize regulation of CYCB1;1 promoter by using a targeted genetic approach (I) 

to characterize a mutant identified from a screening of mutagenized CYCB1;1::uidA plants (I) 

to develop a system to synchronize and enhance lateral root initiation in Arabidopsis roots to 

study the early regulation at molecular level (II) 

to characterize the cell cycle progression during pericycle activation for lateral root formation (II) 

to study the changes in the transcriptome during early lateral root initiation (III) 

to identify putative key regulators of early lateral root development for further characterization and 

analysis (III) 

to identify regulatory pathways leading to lateral root initiation (III) 

to investigate the cell cycle machinery responsiveness to salt stress as an test system of varying 

environmental conditions (IV) 
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2 MATERIALS AND METHODS 
 

 

2.1 Lateral root inducible (LRI) system developed in this study 
 

For the lateral root inducible system, CYCB1;1::uidA seeds were germinated on NPA (10 µM) 

containing media and the seedlings were allowed to grow during 72 h after germination (Figure 

2.1.1. A). Thereafter, the seedlings were transferred on NAA (10 µM) containing media for the 

duration of the time course. After 12 h the complete xylem pole pericycle was activated as 

indicated by CYCB1;1::uidA activity (Figures 2.1.1. B and C). After 1 week on NAA media 

enhanced lateral root initiation was observed (Figure 2.1.1. D). 

 

   
Figure 2.1.1. Lateral root inducible (LRI) system.  A CYCB1;1::uidA seedling 72 h after germination on NPA; B, 
same seedling after transfer on NAA media for 12 h (sampling sites marked with (scissors). C, Longitudinal 
anatomical section of CYCB1;1::uidA seedling after 72 h NPA and 12 h NAA treatments (arrowheads showing 
the sites of new cell wall). D, Seedling after 1 week NAA treatment with enhanced lateral roots. Bars, A and B, 
1mm, C, µm. Abbreviations, e, epidermis; c, cortex; en, endodermis; p, pericycle.   
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2.2 Techniques described in the publications  
 
 
 

 

 
Methodology  
 
 

 
Technique (article in which used) 

 
Original 
references  

Plant growth and 
morphometric 
analysis 

 
Kinematic analysis of root growth (I, II) 
 
Shoot analysis (I, IV)  
 
Stress challenging (I, IV)  
 

 
Beemster and 
Baskin 1998 

Gene expression 
analysis 
 

 
RT-PCR (I, II, III, IV) 

 
Microarray (I, III) 
 
Microarray data normalization (I, III) 
 
 

 
cDNA-AFLP transcript profiling (II) 

 
ISH (I, II) 
 

 
Gibco BRL®  

 
www.microarray.be 
 
Wolfinger et al., 
2001, Yang et al. 
2002 

 
Breyne et al., 2003 
 
De Almeida Engler 
et al., 2001 

Genetic analysis 
 

 
Southern (I) 
 
Genetic AFLP mapping (I) 
 
Crosses (I, II) 
 

 
Sambrook et al., 
1989 
Peters et al., 2000 
 
Kalantidis et al., 
2000 

Microscopy and 
photography 
  

 
Histochemical GUS assay (I, II, III, IV) 
 
Stereomicroscopy (I, II, III, IV) 
 
Nomarsky optics (I, II, III, IV) 
 
Photography (I, II, III, IV) 
 

 
Beeckman  and 
Engler, 1994;  
 
 
Beeckman and 
Viane, 2000 

Table 2.2.1.  Table of references of the methodology and techniques used in the original articles of the work. 
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3 RESULTS AND DISCUSSION 
 

 

3.1 CYCB1;1::uidA, a marker line for meristematic activity 
 

Regulatory proteins, such as the cyclins have a high turnover rate and their cyclic expression is a 

result of stringent regulation at transcriptional level (Murray et al., 1989, Genschik et al., 1998, 

Criqui et al., 2000, 2001). A well characterized example is the B-type cyclin, CYCB1;1 with a G2 

and M phase specific expression pattern (Shaul et al., 1996). Transcriptional regulation of 

CYCB1;1 is tightly related to cell cycle activity and can be used as a marker for detecting 

mitotically active tissues (Hemerly et al., 1992, Ferreira et al., 1994b). The cell cycle specific gene 

activation of CYCB1;1 is mediated via cis-acting elements in the promoter (Hwang et al., 1995, Ito 

et al., 1998, Planchais et al., 2002). The M-phase specific activation (MSA) of plant B-type cyclins 

is mediated by putative MYB binding elements (Ito et al., 1998). In Arabidopsis, promoter 

elements within 200 bp upstream of the ATG confer the M-phase specific activation of CYCB1;1 

and bind Myb and putative Myc-like transcription factors (Planchais et al., 2002).   

Based on the gene expression patterns, the Arabidopsis CYCB1;1 has been suggested to play a 

role in plant development and the CYCB1;1::uidA transgenes have been widely used to monitor 

cell division activity in response to developmental regulation (Ferreira et al., 1994b, Doerner et 

al., 1996, Beeckman et al., 2001). In the CYCB1;1 promoter, putative cis-acting motifs for plant 

growth regulators, such as auxin, gibberellic acid, ethylene, methyl jasmonate, abscisic acid and 

salicylic acid have been identified (Richard et al., 2002). The promoter also contains elements 

that putatively mediate responses to external signals, such as light, heat and drought indicating 

that transcriptional regulation of CYCB1;1 would respond to environmental signals (Inzé et al., 

unpublished).  

 

3.1.1 Targeted mutagenesis on CYCB1;1 promoter activity 
Mutant approaches have been difficult to apply in cell cycle research since mutations in the 

essential cell cycle genes are often obscured by redundancy (Thomas, 1993) or the phenotypes 

are too severe and cause embryonic lethality. Effects on growth may also arise from mutations in 

the metabolic pathways and are difficult to distinguish from those related to cell division control 

(Traas and Laufs, 1998). To avoid these problems a targeted genetic approach was undertaken 

by using the CYCB1;1::uidA promoter fusion line in chemical mutagenesis and thereby allowing 

to visualize mutations affecting the regulation of the CYCB1;1 promoter activity (I). Targeting 

reporter lines for mutagenesis has revealed mutations in signaling pathways not identified earlier 
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by conventional screening techniques (Ishitani et al., 1997). The mitotic cell cycle reporter line 

CYCB1;1:uidA line (Ferreira et al., 1994b) was subjected to chemical mutagenesis using ethyl 

methanesulfonate (EMS) (I). The M1 plants were self-fertilized and 300 of the M2 plants were 

screened for altered patterns of CYCB1;1:uidA promoter activity. For the mutant screening, root 

tissue was excised for GUS assays. During the mutant screening severe growth phenotypes were 

excluded as the altered expression pattern may be due to secondary effects on growth. From the 

mutant screening six lines showed enhanced CYCB1;1:uidA expression and five showed reduced 

expression. The mutant screen was likely not saturated as no allelic mutations were encountered 

in the initial screen. From the eleven candidate mutants, defected in CYCB1;1 promoter activities, 

one was chosen for further characterization. The mutant showed dramatically reduced 

CYCB1;1:uidA expression (acronym rcb, for Reduced CYCB1;1 expression) in the root apical 

meristem (I; Figure 1A and 1B). Based on the analysis of root growth rate and lateral root number 

in in vitro grown two weeks old seedlings no growth defects were observed.  

 

3.1.2  rcb mutation acts in trans to alter CYCB1;1::uidA promoter activity 
Ethylmethane sulfonate (EMS) is a chemical mutagenising agent that adds an ethyl group to DNA 

bases, causing point mutations, preferentially changing G/C bases to A/T. The mutation 

frequency has been estimated being one mutation per 10 000 kb, with variation depending on the 

strength and length of the EMS treatment. Therefore, several mutations can occur in the genome 

and performing backcrosses is necessary. To limit the possibility of several mutations causing the 

observed GUS expression phenotype of rcb, the mutant line was subjected to three successive 

back-crosses with the starter line (I).  

Analysis of the GUS staining patterns in the F1 and F2 populations indicated that the rcb mutation 

was semidominant (I). In the F1 population gain of CYCB1;1::uidA expression in the root cap was 

detected in all of the progeny. In the F2 population three classes of expression patterns were 

observed (I; Figure 1A- 1C). When compared to the homozygous wild type (RCB/RCB) and 

homozygous mutant plants (rcb/rcb), the heterozygous mutants (rcb/RCB) showed intermediate 

expression patterns. As in the homozygous mutants, the heterozygous mutants (F1 100%, F2 

50%) showed a gain of expression in the lateral root cap. In the root apical meristem intermediate 

intensities of the CYCB1;1 expression were observed, whereas in the homozygous mutants no 

expression was detected in this tissue.  

In the mutagenesis of the CYCB1;1::uidA line a mutation could also hit the transgenic promoter 

construct altering the expression pattern or profile. Therefore, the promoter sequences of the wild 

type and rcb mutant plants were isolated by PCR and sequenced but no differences were 
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observed (I). This result indicates that a mutation independent from the promoter fusion was 

affecting the CYCB1;1::uidA promoter in rcb.  

To further confirm that the rcb mutation was independent from the CYCB1;1::uidA promoter, test 

crosses were performed by introducing the rcb mutation in wild type (C24) plants. The F1 

population resembled that observed in the backcrosses, although the expression often appeared 

much weaker and the meristematic activity was difficult to detect. In the F2 population 

CYCB1;1::uidA expression pattern of wild type, heterozyous and rcb mutant genotypes were 

encountered. This result confirms again that the mutation is independent from the promoter fusion 

itself as the wild type expression patterns could be recovered without introducing wild type alleles 

of the CYCB1;1::uidA construct. However, the segregation patterns of the GUS negative plants 

from these crosses did not fit with the hypothesis that the starter line had contained one T-DNA 

insertion of the CYCB1;1::uidA. In the F2 population only 5 % of the progeny showed no GUS 

staining and was sensitive to kanamycin, the selectable marker for the T-DNA. This result also 

confirmed that the rcb mutant line contains two independent T-DNAs of CYCB1;1::uidA. This 

observation again underlines the fact that the rcb mutation resides outside the CYCB1;1:uidA 

fusion as the mutation was able to re-localize the CYCB1;1::uidA expression driven by two 

independent T-DNAs.  

A rough map position was obtained for the rcb mutation by using AFLP (Peters et al., 2001) and 

SSLP  (Bell and Ecker, 1998) based genetic mapping techniques (I). The two analysis of the 

markers showed linkage with markers located in the lower arm of the chromosome 2 for the rcb 

mutation, while the CYCB1;1 gene (At4g37490) itself is located in chromosome 4 (I).  

Taken together, the genetic analysis clearly showed that, the rcb mutation was not located in the 

CYCB1;1:uidA promoter fusion, but affected in trans the CYCB1;1:uidA expression. Also the 

different chromosomal loci of both the mutation and the endogenous CYCB1;1 gene argue for an 

independent mutation.  

 

3.1.3 Mislocalized CYCB1;1::uidA expression in rcb mutant 
CYCB1;1 expression is a marker for mitotic activity in plant tissues (Hemerly et al., 1992, Ferreira 

et al., 1994b). In Arabidopsis, the CYCB1;1 expression has been shown to occur at the sites of 

lateral root initiation, in actively dividing domains of the shoot apex, at the base of leaf primordia, 

in axillary buds, developing sepals and other flower organs as well as in developing embryos 

(Ferreira et al., 1994b). In mature leaves and embryos no expression can be seen. Also in other 

species the expression has been described to be restricted to the meristematic tissues. Only in 

Petunia hybrida the CYCB1;1 expression is restricted to flower organs (Porceddu et al., 1999b). 

To characterize the cellular pattern and specificity of CYCB1;1::uidA expression in more detail in 
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Arabidopsis anatomical sections from the wild type and rcb roots were analyzed (I). In the primary 

root apical meristem of the wild type plant, the CYCB1;1::uidA expression was detected only in 

the dividing cortical and epidermal cell files (I; Figure 1D), whereas in the newly developed 

meristems of lateral root primordia the expression was uniform as reported previously (Ferreira et 

al., 1994b; Beeckman et al., 2001). In the rcb mutant, the expression pattern was strongly 

affected. The characteristic expression was absent from the meristematic cortical cell files in the 

primary root apex and was ectopically induced in the lateral root cap initials and their daughter 

cells (I; Figure 1E), where no expression in the wild type was detected (Ferreira et al., 1994b). In 

lateral root initiation sites and adventitous root primordia of the rcb a low level of expression was 

observed only after prolonged (overnight) staining (data not shown). 

In addition to the dramatic changes in the expression patterns in the roots, also other tissues of 

wild-type and rcb plants showed differences in CYCB1;1::uidA expression. In young wild-type leaf 

primordia the basipetal gradient of active cell production was marked by CYCB1;1::uidA 

expression (I; Figure 1G; see also Donnelly et al., 1999) and in the stomata the expression was 

restricted to the meristemoids (I; Figure 1H, see also Serna and Fenoll, 1997). In the rcb mutant 

no expression of CYCB1;1::uidA was observed in the meristematic cells of the shoot apex, leaf 

primordia or young leaves (I; Figure 1I). Instead, in rcb strong expression was present in the area 

of hydathodes (I; Figure 1J) and the expression was ectopically induced in the palisade 

parenchyma cells beneath each developing stomata (I; Figure 1K). In the flowers of the wild type 

plants, CYCB1;1::uidA expression was limited to the ovules (Ferreira et al., 1994b, I; Figure 1L), 

while in the rcb mutant, no GUS staining was detected in the pistils, but the tip of the anthers and 

the nectarium were stained irrespective of the developmental stage (I; Figure 1M). 

Thus in different tissues and organs of the rcb mutant a shift in CYCB1;1::uidA localization takes 

place in comparison with the wild-type situation. Both in the root and shoot apical meristems the 

strong meristematic CYCB1;1::uidA expression was lost in rcb, whereas an ectopic expression 

was induced in tissues which usually have no high mitotic activity. The semidominant nature of 

rcb mutant indicates that RCB could encode a dose-dependent regulator of CYCB1;1 promoter 

activity in meristematic tissues and perhaps a repressor outside the meristems. 

  

3.1.4 During root cap maturation rcb shows an "inverse" developmental regulation of 
the CYCB1;1:uidA expression compared to that in wild-type plants 

The most striking aspect of rcb phenotype was the ectopic expression of CYCB1;1:uidA in the 

root cap cells wherein no expression in wild-type plants could be detected. The results indicate 

that the CYCB1;1:uidA expression pattern is strictly localized in specific cell types, depending on 

the developmental stage of the particular organ. In wild-type plants the young, meristematically 
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active lateral root primordia showed high CYCB1;1::uidA expression (I; Figure 2A) until starch 

accumulation started in the newly forming root cap cells (I; Figure 2B). Upon differentiation of 

statocyte layers in the columella, the expression started to diminish (I; Figure 2C) and in the 

mature wild-type root cap no CYCB1;1::uidA expression was detected (I; Figure 2D). In rcb, the 

CYCB1;1::uidA expression followed an opposite pattern and appeared to be tightly linked with the 

development of the statolith tissues. In young lateral root primordia, before development of the 

statocytes, the CYCB1;1::uidA was not expressed (I; Figure 2, E and F). The induction of the 

CYCB1;1::uidA expression in rcb lateral root cap cells appeared concomitant with the maturation 

of the statocytes in the columella (I; Figure 2G). At the time the statolith layers in the columella 

were fully developed, the lateral root cap cells showed strong GUS staining, whereas the 

columella remained without staining (I; Figure 2H).  

In pea, the activity of the root cap meristem is regulated independently from the primary root 

apical meristem and is programmed to produce a species-specific amount of root cap cells 

(Hawes et al., 1998). When the root cap reaches a certain size, cell production ceases. The cells 

differentiate progressively through a series of developmental stages until the cells at the 

periphery of the root cap separate as border cells. The separation of these metabolically active 

cells is dependent on the environmental conditions, such as water potential. When incubated in 

water with gentle agitation, the border cells respond immediately by expansion and are released 

from the root cap, whereas in dry conditions they remain attached to the root. When the border 

cells remain attached to a mature root cap, the root cap meristem arrests in the G1 phase of the 

cell cycle (Brigham et al., 1998). As a sign of the G1 arrest the mature root cap cells fail to 

express the Histone H2 gene (Tanimoto et al., 1993). However, upon removal of the border cells 

a cell division marker gene is induced within 15 min (Woo and Hawes, 1997). 

In Arabidopsis, the border cells appear to be tightly associated with the root cap and do not get 

released during the water-agitation treatment (Hawes et al., 1998). The slow growth rate of the 

root cap indicates that the cell division activity is generally low. This conclusion is supported by 

lack of CYCB1;1:uidA (our observations) and CYCA2;1 expression, as well as triated thymidine 

labeling in wild-type root caps (Burssens et al., 2000). In rcb, an opposite development was 

observed, as the marker gene for mitotic activity, CYCB1;1:uidA, was ectopically expressed in the 

lateral root cap cells.  

Spanning of tissue with root cap identity upwards from the root tip is known to be caused by 

treatment with auxin transport blocker NPA (naphtylphtalamic acid, Sabatini et al., 1999). In the 

rcb mutant the treatment with 10–5 M NPA led to expansion of the root cap with the rcb 

characteristic CYCB1;1::uidA expression (data not shown). Synthetic auxin 2,4-D  

(2,4-dichlorophenoxyacetic acid) was used to induce uncontrolled cell division in the meristem. 
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Treatment of wild-type and rcb plants with 2,4-D increased the meristematic tissue in both plant 

types and induced a strong expression of CYCB1;1::uidA in the expanded meristem in wild-type 

plants but not in the rcb root. In the mutant the typical restricted pattern of CYCB1;1::uidA 

expression was observed (I; Figures 2 I and J, respectively).  

 

3.1.5 Redundancy in plant cell cycle 
No effects on seedling root growth rate was observed till the age of two weeks, indicating that 

CYCB1;1 was not limiting factor the root apical meristem activity, although RCB seems to be 

necessary to maintain CYCB1;1 promoter activity in a strictly developmental and tissue specific 

manner.  Ectopic expression of CDKA regulating genes, such as CAK and CKS, have been 

shown to reduce the size of the root apical meristem and thereby also root growth rate (Umeda et 

al., 2000, De Veylder et al., 2001). These transgenes likely cause impaired activity of CDK, which 

in turn results in reduced activity of the root apical meristem. In rcb the repression of the mitotic 

cyclin caused reduction in the meristem activity only in the inflorescence. It is, however, possible 

that in the older root systems changes could take place. In addition to down regulation of 

CYCB1;1, the mutation caused a down-regulation of the mitotic phase-specific genes (CYCB1;1, 

CYCB2;1, and CDKB1;1) at the transcriptional level (I; Figure 4). The fact that the rcb mutant was 

still able to grow indicated that the essential functions of these genes had probably been taken 

over by other genes. These data thereby indicate a high level of redundancy for cell cycle genes 

in plants. 

Among the three G1 cyclins (CLN1, CLN2, and CLN3) of yeast Saccharomyces cerevisiae, high 

level of functional redundancy has been observed. Only loss-of-function of the CLN3 causes a 

slight delay in entry to S phase, however, cells that are double mutants for certain combinations 

of these genes have a more severe cell cycle delay than the single mutants (Thomas, 1993). Also 

the four mitotic B-type cyclins of S. cerevisiae, CLB1, CLB2, CLB3, and CLB4, are highly 

redundant (Tjandra et al., 1998). Only deletion of CLB2 causes a retardation of mitosis, whereas 

any of the other three mitotic cyclins can be deleted without noticeable phenotypes (Amon et al., 

1993). Nevertheless, only deleting the three other genes can create a CLB2-dependent genetic 

background. In addition, the yeast cyclins appear to be capable of complementing each other's 

functions, despite of which cell cycle phase they normally regulate. In S. cerevisiae two additional 

B-type cyclins, CLB5 and CLB6, are expressed at the onset of S-phase but whether they still 

display functional redundancy with the other four B-type cyclins is not known (Segal et al., 1998). 

In mammals such flexibility does not seem to exist. In mice deletion of one of the two B-type 

cyclins (CycB1), is lethal, although the function of the other, CycB2 can be compensated 

(Brandeis et al., 1998). 
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Not much is known about the redundancy between plant cyclins. Immunolocalization studies in 

maize have revealed different subcellular localization for several closely related plant cyclins 

(Mews et al., 1997, 2000) and strictly localized patterns have also been reported for the D-type 

cyclins in the floral meristems of Antirrhinum majus (Gaudin et al., 2000). Such data have been 

discussed as a demonstration, that plant cyclins would not be redundant (Mironov et al., 1999). 

However, based on genomic sequence analysis of Arabidopsis, at least 30 cyclins are predicted 

(Vandepoele et al., 2002). Such a high number of cyclins is more than has been reported for any 

other organism to date. The actual function of all the cyclins still remains to be studied but 

plant-specific features of growth (no cell migration) and development (post-embryonic organ 

development) may require special regulation of the cell cycle with specific cyclins for each 

developmental phase.  

 

3.1.6 In rcb inflorescence growth but not organ initiation is affected 
Although the root growth pattern was not altered in the rcb mutant plants, significant changes 

were observed in the inflorescence stem growth pattern probably due to the effect of rcb mutation 

on the expression of CYCB1;1. The longitudinal growth of the inflorescence stem was repressed 

(I; Figure 3A).  Instead the stem diameter was enlarged compared to wild type (I; Figures 3B and 

3C). Analysis of the transverse sections through the inflorescence stem showed that in the 

periphery of the stele cells were expanded both around and between the vascular bundles (I; 

Figures 3D to 3G). In addition, similar response was observed in the siliques that remained 

shorter but boarder than in wild type. The development of other vegetative organs was normal (I; 

Table 1).  

The rcb mutation did not cause reduction of the number of leaves produced in the shoot apical 

meristem (SAM, I; Table 1). However, upon induction of flowering the reduction of the 

inflorescence stem growth indicated that the cell production rate in SAM was affected by the lack 

of CYCB1;1 expression. The radial expansion of the stem could represent a compensatory effect 

of a cell cycle block by cell expansion.  

 

3.1.7 Molecular phenotype of rcb  
An explanation for the pleiotropic effects of rcb mutation was sought by a microarray experiment. 

Material from one-week-old seedlings was hybridized on microarrays of 6000 Arabidopsis 

unigene cDNAs (www.microarray.be).  After normalization of the data altogether 284 genes were 

shown to be differentially expressed in rcb, with significant level of 0.05%. From these genes 109 

were upregulated and 112 downregulated in rcb seedlings and 21 and 42 genes were up- and 

downregulated in rcb roots, respectively. The differentially expressed genes are presented in 
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Tables 3.1.1.-3.1.4. (see Appendix) To get an insight in metabolic activities in rcb, the data set 

was submitted to the web tool of analysis of metabolic pathways of TAIR 

(http://www.arabidopsis.org/tools/aracyc/). Striking effects were observed on the energy 

metabolism of rcb. Several genes encoding genes involved in Calvin cycle and glycolysis were 

down regulated in rcb. Glycolysis has been shown to be the predominant energy metabolic 

pathway in shoot apical meristem, while in mature tissues pentose phosphate pathway is more 

important (Lyndon, 1998). Induction of two lipases and two lipid transfer proteins encoding genes 

and down regulation of two vegetative storage protein genes (Vsp1 and Vsp2) in rcb indicated 

that the repression of the glycolytic pathway as a source of energy was compensated by 

mobilization of lipids and storage proteins. Down regulation of the energy metabolism pathway of 

glycolysis in rcb may have caused repression of the meristem function and cell division. This 

could explain that the inflorescence stem growth was slowed down in rcb. The repression of 

CYCB1;1 expression in the SAM may be linked with the reduced meristem activity for cell 

production. Ectopic expression of B-type cyclin alone has been shown to shorten the G2 phase 

and to be sufficient to drive the, normally unicellular, trichomes into mitosis (Weingartner et al., 

2003, Schnittger et al., 2002). Roots in which the cell cycle duration has been shortened show 

increased growth rate (Van’t Hof and Ying, 1964). In reverse, down regulation of CYCB1;1 in the 

SAM could reduce the rate of mitotic events thereby slowing down the growth rate of the 

inflorescence stem. It is not known what is the driving force of the cell cycle and likely many exist. 

External signals facilitate the G1-to-S transition phase and promote the biosynthetic pathways 

required during the cell division cycle. It is also possible that the active cell cycle process drives 

metabolic activities. Therefore it is difficult to say whether the down regulation of CYCB1;1 in the 

meristems is the cause or the consequence of the reduced meristem activity.  

In addition to the repression of inflorescence stem elongation, the peripheral cells of the stele 

were expanded causing an overall enlargement of the stem diameter. Cell division and cell 

expansion are tightly linked and ectopic cell divisions can be induced solely by facilitating cell 

enlargement (Pien et al., 2001). In addition, repression of CDKA;1 activity by dominant negative 

mutation in tobacco led to development of leaves with normal shape and size but containing 

fewer, considerably enlarged cells (Hemerly et al., 1995). In the case of rcb repression of 

meristem activity may keep extra growth substrates available to be utilized in enlargement of the 

existing cells. It is also worth noticing that the organ development was not affected in rcb SAM 

since normal amount of leaves were initiated during the rosette development. 
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3.1.8 New candidate cell cycle regulatory genes from microarrays? 
The microarray study on seedlings represented the transcriptomic changes in green tissues in 

rcb. In addition to the seedlings, the transcripts of rcb root systems were also analyzed using 

microarrays of 4,575 Arabidopsis genes. In the downregulated clusters of rcb root systems a 

putative cell cycle regulatory gene, NFYC1 (Hap5a) transcription factor, was identified. This 

transcription factor belongs to a NF-Y class of transcription factors characterized from yeast, 

vertebrates and plants. These transcription factors bind CCAAT promoter elements, which are 

present in 30% of eukaryotic promoters. The NF-Y transcription factor is composed of 3 subunits, 

-A, -B and –C, which are all required for binding on the CCAAT element. Unlike in other 

organisms with single genes for each component, multiple genes for each NF-Y (A, B, C) 

subunits exist in Arabidopsis, indicating that multiple alternative forms of NF-Y complexes are 

formed in plants. Gusmaroli et al., (2001, 2002) have identified altogether 10 genes representing 

each class of the subunits. These genes show variable expression patterns in different tissues 

and developmental stages, suggesting ubiquitous roles during plant growth and development 

(Edwards et al., 1998, Gusmaroli et al., 2001).  

 

3.1.9 Could a constitutive stress response cause SAM repression in rcb? 
In the up-regulated clusters of both root and shoot samples a considerable amount of stress 

response genes were observed. These genes included genes related to stress responses, 

antioxidant metabolism and cell wall biosynthesis. From the rcb phenotype no obvious indication 

of a stress could be detected. On the other hand the increased rigidity of the rcb inflorescence 

stem can be considered as a common downstream effect of stress response. The induction of a 

number of stress response genes such as thioredoxin, and monodehydroascorbate reductase 

indicates that in rcb mutant redox balance and antioxidant metabolism are being modulated. 

Alterations in cellular redox status directly affect many enzymatic activities, such as those of 

photosynthesis and Calvin cycle. In rcb a set of genes involved in photosynthetic electron 

transfer, Calvin cycle and further sugar metabolism were down regulated. Despite of these effects 

on the expression of genes encoding proteins of photosynthetic machinery no chlorotic or other 

indications of impaired photosynthetic capacity were observed in rcb, indicating that the effects 

were mild or that the suggested stress responses were not linked with actually existing stress. In 

addition, cell wall biosynthesis and lignification related genes showed induced patterns in rcb. 

Induction of these genes is in agreement with the observed increase in the stem and silique 

diameter by production of larger cells.  A cell wall associated peroxidase cross-linking glycine rich 

protein (GRP2) and alcohol dehydrogenase were among the induced genes that are directly 

associated with lignification. In addition, a cellulose synthase catalytic subunit was induced in rcb.  
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3.1.10  rcb has enhanced tolerance to oxidative stress  
The microarray study indicated that rcb mutant phenotypes might be caused by a mild stress 

response constitutively active in the mutant leading to down regulation of CYCB1;1 expression 

and meristem activity. If the mutant would express constitutive stress defence activity one could 

expect it to be more tolerant to an applied stress. To test this hypothesis, rcb and wild type plants 

were subjected to oxidative stress treatment using methyl viologen, MV (Kurepa et al., 1998). The 

growth responses and resistance of rcb and wild type plants were compared in 1-week-old 

seedlings by observing the general appearance and by performing GUS assays to evaluate if the 

stress treatment has a direct effect on the CYCB1;1:uidA expression. Transferring 1 week old rcb 

and wild type seedlings on MV containing media did not cause visible effects, nor did it affect 

CYCB1;1:uidA expression after 6 h, 12 h or 24 h treatments of all four MV concentrations. 

However, when germinated on MV-containing media the growth and general appearance of rcb 

were clearly better than that of wild type seedlings. At concentration of 2 µM MV, germination of 

wild type was clearly delayed, the stunted seedlings did not show greening (Figure 3.1.1. a-d). In 

contrast, in rcb, the cotyledons were able to expand and to become green, indicating better 

resistance to the stress (Figure 3.1.1. e-h). When wild type seedlings, germinated on 2 µM MV, 

were analysed by GUS staining re-localisation of CYCB1;1:uidA expression was observed 

(Figure 3.1.1. i, j). The expression was ectopically induced in the lateral root cap initials, 

resembling the pattern observed in rcb. This result strongly suggests that in rcb the constitutive 

oxidative stress defense response status was responsible for the altered CYCB1;1 localization in 

root cap tissue.  

 

 
Figure 3.1.1.  Wild type (a-d, i) and rcb (e-h, j) plants 2 weeks after germination on 2 µM MV containing media. 
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3.1.11  rcb mutation does not confer salt stress tolerance 
rcb showed enhanced stress tolerance in oxidative stress treatments. To verify the resistance of 

rcb to other stress conditions we subjected rcb and wild type plants to salt stress as described in 

IV. In salt stress treatment the size of root apical meristems is reduced along with its reduced 

activity, as indicated by reduced CYCB1;1::uidA activity (IV). Accordingly, in wild type plants 

treated with 1% NaCl, the reduced meristem size was correlated with reduced CYCB1;1::uidA 

expression. Similarly the root cap specific expression of CYCB1;1::uidA in rcb mutant was 

reduced and no changes in the CYCB1;1::uidA localization were observed. Rcb did not show 

enhanced resistance to the salt stress and the morphological changes induced by the salt stress 

were equal to those observed in wild type, suggesting that the responses of oxidative and salt 

stress are mediated via different signaling pathways.  

 

3.1.12 Root cap shows enhanced activity in low nitrogen conditions 
Nitrogen is an important mineral nutrient greatly affecting root growth. When plants were grown in 

low nitrate conditions the root growth appeared wavy, indicating that the roots were actively 

adjusting the growth direction similarly to gravity responses (Sedbrook et al., 1998). In rcb very 

strong CYCB1;1::uidA expression and expansion of the root cap tissue was observed indicating 

for its increased activity, perhaps to support the active re-direction of growth. The wild type root 

cap looses the CYCB1;1::uidA expression during the maturation. In the wild type roots, grown on 

low nitrate, the cap retained the CYCB1;1::uidA expression longer than in normal conditions. This 

result indicates that during wavy growth the root cap remains active longer, perhaps due to 

altered signaling activated by the continuous reorientation of the growth upon gravity stimuli. 

 

3.1.13 Model of RCB function in mediating stress signals to the cell cycle  
The rcb plants showed different phenotypes depending on the organs being analyzed. For 

example, in roots and in leaves, where changes in CYCB1;1:uidA expression were detected, no 

growth phenotypes were observed. On the other hand, in the stem where the change of 

CYCB1;1:uidA expression could not be detected (probably because of the few number of cells 

involved) a strong growth phenotype was encountered. Thus it seems that altered CYCB1;1 

expression per se did not cause the phenotypes in rcb but that this might be due to a mutation 

higher upstream in a regulatory pathway. This conclusion is supported by the fact that the 

phenotype of a CYCB1;1 knockout mutant is different from that observed in rcb, showing mainly 

decrease in number of rosette leaves and rosette branches (C. Reuzeau and M Freire, 

unpublished data). Unfortunately, the identity of rcb mutation is not known and therefore its 

effects on CYCB1;1 regulation are not yet fully understood, but it appears that the RCB gene 
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functions upstream from transcriptional regulation which leads to both positive and negative 

response known for stress responses. 

The microarray data obtained from rcb suggested elevated levels of oxidative stress response 

gene activities and fewer differences in cell cycle regulatory genes. Environmental stress is 

known to cause modulation of cellular functions such as growth, differentiation, energy 

metabolism and gene expression. During oxidative stress for example reactive oxygen species 

(ROS) activate downstream regulatory pathways leading to both activation and repression of 

transcription of variable groups of genes (Morel et al., 2000).  As a result defense genes are 

activated, while some growth and development related genes are repressed. In animal systems, 

NF1 transcription factors have been reported being repressed by micromolar concentrations of 

H2O2 (Morel and Barouki, 1999). ROS molecules can act via activation of specific kinases but 

they also affect transcription factors directly through redox mechanism. Similarly in plants, a direct 

link between induction of defense responses and repression of DNA synthesis has been 

suggested (Logemann et al., 1995). We have adopted the models of Morel and Barouki (1999) 

and Barouki and Morel (2001) and placed stress signal upstream of general transcriptional 

activation and repression, while RCB may be positioned at any level above the cell cycle gene 

responses (Figure 3.1.2 A). While we are fully aware that the model is based on (too) numerous 

assumptions, a similar mechanism could explain the observed rcb phenotypes. In the rcb mutant 

all three transcriptional consequences can be observed that are predicted by the models. 1) 

activation of defense 2) repression of cell cycle 

and growth, and 3) repression of toxicity 

producing processes, such as photosynthesis and 

mitochondial activities.  
 
 
 
 
 
 
Figure 3.1.2. Model of signaling during stress response. A, 
Stress perception initiates transcriptional activating and 
repressing regulatory mechanisms and RCB may function 
upstream of these activities. Downstream of transcriptional 
activation defence mechanism are activated and production of 
toxic molecules is limited by transcriptional repression of 
photosynthesis and mitochondrial enzymes. In addition, cell 
cycle regulation is down regulated in meristems to allow the 
acclimation processes without increasing energy demand.  B, 
in CYCB1;1::uidA wild type plants GUS activity is detected in 
gray area of meristem, while no activity is detected in the root 
cap. C, in rcb mutant CYCB1;1::uidA expression is only 
detected in the root cap. D, in heterozygous rcb/RCB plants in 
intermediate expression pattern is observed with weak GUS 
staining in the meristem and strong staining in the root cap. 
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Such coregulatory mechanism allows defense responses without increase in total protein 

synthesis and also protects the genetic information from potential damage during the stress.   

In rcb the postulated stress response caused downregulation of NFYC component of the NFY 

heterotrimeric transcription factor complex. In animals, the A and B partners have been 

suggested to be responsive to developmental and environmental regulation. The expression 

levels of some of the other NFYC partner candidates were analysed in rcb and atleast NFYB1 

showed reduced expression (data not shown). In animal systems NFY has been shown to inhibit 

CycB1, CycB2 and Cdc25 transcription by binding their promoters upon induced G2 arrest (Manni 

et al., 2001). DNA damage typically leads to a genotoxic stress response causing G2 arrest. NFY 

transcription factor together with a general Sp1 transcription factor have been shown to recruit 

negative regulators on the repressed promoters (Hu et al., 2000). In addition to negative 

regulation, CCAAT binding transcription factors also mediated positive regulation of cell cycle 

phase specific CycB1;1 expression (Katula et al., 1997, Sciortino et al., 2001). Together with 

other transcription factors NFYs mediate balancing between activation and repression of genes, 

sometimes in tissue-specific manner (Gilthorpe et al., 2002). The effect of rcb mutation on the 

CYCB1;1::uidA expression pattern suggests that RCB could function upstream of NFYs. 

Analysis of CYCB1;1:uidA expression patterns during root cap maturation revealed that this 

promoter is regulated in a tissue-specific manner during developmental processes. Also a shift of 

the promoter activity in different organs was observed, namely in the root apex, young leaves and 

in siliques. In all of these tissues the characteristic meristematic expression pattern was absent 

and the expression was re-localized into tissues that can be described by supporting the organ 

function. Based on the CYCB1;1::uidA expression patterns in wild type and rcb mutants we 

propose a model for the RCB in the cell cycle regulation. In this model RCB plays a dual role both 

as a positive regulator for CYCB1;1 promoter activation in root apical meristems and as a 

repressor in root cap cells (Figure 3.1.2. B). This conclusion is based on the observed loss of 

CYCB1;1::uidA expression in the root apical meristem and on the other hand on the gain of 

expression in the lateral root cap in rcb (Figure 3.1.2. C). Further support for the model comes 

from the analysis of the heterozygous mutants in which the meristematic expression has been 

reduced to an intermediate level in combination with a gain of root cap expression (Figure 3.1.2. 

D). It is interesting that a similar change in CYCB1;1::uidA expression patterns has been 

observed in the shoot of rcb. The typically strong expression pattern of wild-type plants in the 

shoot apical meristem is absent in rcb; instead, a shift to parenchyma cells beneath the 

developing stomata is observed. It is tempting to speculate that RCB encodes a trans-acting 

factor that could be both an activator and a repressor depending on the interaction with other 

proteins. The existence of transacting factors, which act both positively and negatively on the 

expression of cell cycle genes, is not unprecedented. One such regulator is the NFY transcription 
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factor complex, which as described above, mediates both positive and negative regulation of cell 

cycle and other genes and is involved in mediating external signals to the cell cycle. 

 

 

3.2 Lateral root initiation is a model system to study cell cycle regulation during plant 
development 

 

Pericycle specific cell cycle progression precedes the lateral root initiation, which is marked by 

asymmetric transverse divisions in the pericycle to create a pool of founder cells (Dubrowsky et 

al., 2000, Beeckman et al., 2001). The primordium development proceeds by rounds of periclinal 

divisions and establishment of cell types of a functional meristem (Malamy and Benfey, 1997). 

Identifying factors involved in the early regulation of lateral root initiation is essential for 

understanding the activation of pericycle cell division. The current knowledge of regulation of 

lateral root development has emerged from genetic studies by the identification of mutants 

deficient in both auxin responses and lateral root development (recently reviewed by Casimiro et 

al., 2003). These studies have indicated the importance of the proteolytic pathway in mediating 

auxin responses (Estelle et al., 2001, Xie et al., 2000, 2002). In addition, regulation of auxin 

homeostasis via auxin biosynthesis and transport, including active influx and efflux, was shown to 

have an important role in mediating auxin responses (Boerjan et al., 1995, Sabatini et al., 1999, 

Marchant et al., 2002). Altogether auxin appears to control each individual step of lateral root 

development in a concentration and polar transport dependent manner (Blakely et al., 1982, 

Celenza et al., 1995, Laskowsky et al., 1995, Reed et al., 1998, Casimiro et al., 2001). Despite 

the large amount of data gathered around the interactions between auxin and lateral root initiation 

the signaling cascades from auxin towards lateral root initiation are still poorly understood (Xie et 

al., 2000, Scheres et al., 2002). Auxin signaling is complex and the various responses, such as 

cell division and cell expansion, appear to be mediated by different pathways (Celenza et al., 

1995, Chen et al., 2001).  

 

3.2.1 Auxin mediated regulation in the lateral root inducible (LRI) system  
The small number of cells involved in the lateral root initiation event and the lack of synchrony of 

the process has made it difficult to follow the lateral root developmental in systematic way by 

molecular tools (Taylor and Scheuring, 1994). To overcome these problems, we developed a 

system that allowed synchronization of the developmental stages of the pericycle cells and that 

enhanced a simultaneous initiation of several lateral roots (II). The system is based on seed 

germination in the presence of the auxin transport inhibitor NPA and transfer of the young 

seedlings to the exogenously applied auxin 1-naphthalene acetic acid (NAA), to completely 

prevent (II; Figure 1D) and to induce pericycle activation (II; Figure 1, E and F), respectively. The 
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lateral root inducible system (from now on called LRI system) was characterized by following the 

expression of auxin and cell cycle reporter genes after transfer from NPA- to NAA containing 

medium. These experiments indicated that the auxin responses were limited to the pericycle cell 

layer and were followed by fast and uniform cell cycle activation (II; Figures 1 to 4).   

NPA had been previously shown to block the formative divisions for lateral root development 

without interfering with the pericycle tissue identity (Casimiro et al., 2001). In the present study 

the auxin depletion by NPA prevented the correct pericycle priming for lateral root initiation and 

caused aberrant localization of the first lateral root initiation sites upon release from the block (II). 

In transfer experiments from NPA to MS (Murashige and Skoog, 1962) and from NPA to NAA the 

pericycle induction was re-localized to the apical half of the root. In contrast, when transferred 

from MS to NAA the first lateral root induction sites appeared normally in the basal half of the 

roots. Thus the free endogenous auxin appears to be the only determinative factor for the 

pericycle to prime the lateral root initiation, which would also imply that lateral root initiation could 

take place independently from positional control mechanisms from the surrounding tissues.  

In addition to the effects on lateral root positioning along the seedling root, the frequency by 

which the lateral roots were initiated was dependent on auxin concentration (II). In the two 

transfer experiments performed, the number of induced lateral roots was depending on low or 

high auxin concentration at the transfer from NPA to MS and from NPA to NAA, respectively (II, 

Figure 2, F to J). Thus the actual auxin concentration determined the number of lateral root 

initiation sites. The lateral root initiation promoting effect of auxin is well documented (Blakely et 

al., 1982, Boerjan et al., 1995). In the present experiments the responses were characterized with 

the help of the successive NPA and NAA treatments. On NPA, the activity of the auxin responsive 

reporter, DR5::uidA (Ulmasov et al., 1997) was restricted to the root apical meristem where the 

expression was very strong, indicating that NPA blocked auxin transport from the root tip and 

caused its accumulation in the meristem (Müller et al., 1998; Casimiro et al., 2001). Fast induction 

of the DR5 promoter activity was observed in the pericycle after release from the NPA block, as 

the accumulated auxin reserves in the root tips were rapidly redistributed in the root.  

In addition to the pericycle responses to auxin, the auxin sensitivity of different developmental 

stages of the lateral root primordium has been shown to vary. Up to 10 µM NPA is needed to 

block the initial transverse divisions in the xylem-pole pericycle, 5 µM NPA blocks the 

development beyond the 2-cell-layer stage and 1 µM NPA is enough to block the lateral root 

emergence (Casimiro et al., 2001). This increasing sensitivity of the developing meristem cells to 

NPA suggests that the auxin sensitivity or homeostasis changes during the organized cell 

divisions within the developing lateral root primordia.  

Taken together these data, is it apparent that auxin has a key role in activating the pericycle for 

lateral root initiation, determining the frequency and positioning of the first formative division as 

well as regulating the developmental cell divisions during the primordium formation.  
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3.2.2 Cell cycle regulation during lateral root induction 
Unique cell cycle regulation is known to take place in the xylem-pole pericycle cells after leaving 

the meristem (Beeckman et al., 2001). A subset of these cells proceed over the G1-to-S transition 

and arrest in G2 phase of the cell cycle, while the rest of the pericycle remains at G1 phase. In 

the LRI system all NPA treated pericycle cells were arrested in G1 phase of the cell cycle, since 

hydroxyurea treatment allowed no CYCB1;1::uidA activation upon transfer on NAA (II; Figure 3, A 

and B). Upon NAA application the xylem-pole pericycle proceeded to G2 phase of the cell cycle 

and asymmetric cell divisions occurred (II; Figure 3, E to I). Thus normal cell cycle progression 

takes place in the xylem pole pericycle cells. The enhanced cell cycle activation in the pericycle 

promoted lateral root initiation, similarly to what has been described in radish by Blakely et al., 

(1982, III; Figure 3P). 

Cell cycle regulation in the xylem pericycle is mediated by auxin since the inhibition of polar auxin 

transport blocks the first formative divisions for lateral root initiation (Casimiro et al., 2001). Auxin 

is also known to directly affect cell cycle gene activities (Hemerly et al., 1995, Richard et al., 

2002, Stals and Inzé, 2001). The use of the LRI system allowed detailed analysis on the auxin-

mediated cell cycle regulation during lateral root formation (II). The expression of cell cycle 

regulatory genes during pericycle activation was analyzed by semi-quantitative 

reverse-transcription (RT) polymerase chain reaction (PCR). For molecular analysis only the 

lateral root inducible segments were used and the root apical meristems and the adventitious 

meristems were removed by cutting. The following well-characterized cell cycle regulating genes 

were used in the expression analysis: histone 4, E2Fa, CYCD1;1, CYCD3;1, CYCA2;1, CYCB1;1, 

CYCB2;1, CDKA;1, CDKB1;1, CDKB1;2, CDKB2;2 and actin-2 (as control) (II, Figure 4A). At time 

point 0 hr, after 72 hr of germination on NPA, no or low expression of marker genes for active cell 

cycle were detected. At 4 hr after transfer to NAA, cell cycle marker genes for the G1-to-S 

transition, histone H4 and E2Fa, were induced along with the CYCD3;1 cyclin (II; Figure 4, A and 

B). The B-type CDKs, CDKB1;1 and  CDKB2;1, were also early induced, although a clear peak in 

the transcript levels was observed at 8 hr. A similar early induction pattern for the CDKB1;1, 

during late S-phase has also been reported by others (Segers et al., 1996, Menges and Murray, 

2002). At 6 hr, genes involved in the G2-to-M transition, CYCB1;1, CYCB2;1, CDKB1;1, and 

CDKB2;2, showed simultaneous induction. CDKA;1 transcripts were present constitutively 

already from time point 0. These results suggest that the auxin treatment stimulates cell cycle 

reactivation at the G1-to-S transition. This auxin-mediated effect on the cell cycle has also been 

suggested by earlier work in various species and experimental systems (Corsi and Avanzi, 1970; 

Nougarede and Rondet, 1983; Chriqui, 1985).  
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3.2.3 Auxin regulates KRP2 at transcriptional level  
The expression patterns of four KRP genes, which encode CDK inhibitors (De Veylder et al., 

2001), were analyzed by RT-PCR. The transcript levels of KRP1 and KRP2 genes were high at 

0 hr but were down-regulated already after 4 hr on NAA (II; Figure 4A). In previous experiments 

auxin was also shown to decrease KRP2 expression in Arabidopsis cell suspensions, while KRP1 

did not respond (Richard et al., 2001). The KRP4 gene responded less strongly than KRP1 and 

KRP2: the transcripts were present at 0 hr and were only slightly reduced at 4 hr. Unexpectedly, 

the transcript profile of the KRP3 gene deviated from those of the other KRP genes. The 

transcript levels were low at 0 hr and a clear increase in expression was observed at 4 hr, 

suggesting that KRP3 gene is induced upon transfer to auxin. KRP3 is also highly expressed in 

actively dividing cell suspension cultures (De Veylder et al., 2001; Menges and Murray, 2002) 

and, unlike KRP1, does not respond to the growth-inhibiting hormone abscisic acid (Wang et al., 

1998). Thus KRP3 may play a role during active cell division cycle, deviating significantly from 

other KRPs analyzed so far.  

The tissue-specific localization of KRP2 mRNA was analyzed in NPA and NAA treated 

Arabidopsis roots. In Arabidopsis root sections, strong KRP2 signal was observed in pericycle 

cells in the NPA treated roots (II; Figure 5A), while it almost completely disappeared by the 

subsequent NAA treatment (II; Figure 5B). This result indicates that the KRP2 was directly 

affected by application of auxin. The direct effect of auxin on KRP2 expression was further 

confirmed by RT-PCR data from a short time course experiment (0 hr, 1 hr, 1.5 hr, 2 hr, 3 hr, and 

4 hr on NAA after incubation on NPA). In these experiments the KRP2 expression was 

down-regulated already after 1.5 hr on NAA (II; Figure 4C). At that time point, DR5::uidA 

expression revealed that auxin had penetrated the root tissues (II; Figure 2B). These results 

indicate that KRP2 levels are under a transcriptional control. 

In situ localization of KRP2 mRNA was also analyzed in untreated radish seedlings. The 

expression patterns showed clearly variable tissue-specific localization depending on the 

developmental stage of the root tissue. In young tissues, recognizable by the lack of xylem 

differentiation in the center of the stele, phloem pericycle-specific expression for the KRP2 gene 

was observed (II; Figure 5D). In mature parts of radish roots, with fully differentiated xylem, the 

expression had more variable patterns. In some sections, the signal could be detected at phloem 

poles of the pericycle (II; Figure 5E), at xylem and phloem poles (II; Figure 5F), or around the 

whole pericycle (II; Figure 5G). Interestingly. KRP2 expression was also observed opposite a 

developing lateral root primordium (II; Figure 5C). Under normal conditions, lateral roots are 

never formed in opposite positions. These varying expression sites may reflect the spatially and 

temporarily variable competence of the pericycle for lateral root development. The decrease of 

KRP2 transcripts on auxin containing medium in the LRI system and the tissue specific 

localization of KRP2 mRNA in the pericycle at zones free of lateral root suggest that auxin locally 
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mediates down regulation of KRP2 at sites where lateral roots will be formed (Figure 3.2.1., see 

also Casimiro et al., 2003). As such, the spatial expression pattern of KRP2 supports the 

hypothesis that KRP2 plays a role in regulating cell cycle activity in root pericycle cells. Down 

regulation of the CDK inhibitor would allow cell cycle progression over G1-to-S transition and 

thereby lateral root initiation.   

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.2.1. Model presenting the 
regulation of KRP2 in the root 
pericycle. Prior to auxin signal KRP2 
expression is high. Downregulation 
of KRP2 by auxin releases the G1 
cell cycle arrest in the xylem pole 
pericycle.   
 

 

 

3.2.4 KRP2 prevents pericycle activation for lateral root formation 
In animals, CDK inhibitors, such as Kip/Cip p27, have been proposed to act as links between 

developmental control of cell proliferation and morphogenesis (Chen and Segil, 1999). In plant, 

KRP1 and KRP2 overexpression causes reduction in organ growth and specific developmental 

defects in leaves (Wang et al., 2000; De Veylder et al., 2001). To test in vivo the role of KRP2 

during lateral root initiation the lateral root phenotypes of transgenic Arabidopsis lines 

overexpressing KRP2 were analyzed. The KRP2 overexpression prevented pericycle activation 

and reduced the number of lateral roots by more than 60 % (II; Figure 5, H and I). In NAA 
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treatment 35S-KRP2 line failed to induce CYCB1;1::uidA expression even after 12 h incubation 

(II; Figure 5, J and K). These results clearly show that the KRP2 specifically prevents cell cycle 

induction for formative divisions in pericycle necessary for lateral root development. During 

spontaneous lateral root initiation, the xylem-pericycle cells are known to proceed to the G2 

phase of the cell cycle prior to lateral root initiation (Blakely et al., 1982; Beeckman et al., 2001). 

Based on the results from the LRI system it is postulated that, during spontaneous lateral root 

formation KRP2 has an active role in regulating the G1-to-S transition in the pericycle in an auxin 

dependent manner. When the developmental signal, auxin, is absent the pericycle activation is 

prevented by KRP2 and upon auxin signal the pericycle activation becomes possible via down 

regulation of KRP2. During plant development the pericycle competence for lateral root 

development appears to vary depending on the maturation state of the root. This variability 

correlated well with the KRP2 mRNA expression patterns described above. 

                        

3.2.5 LRI system to study cell cycle regulation of lateral root initiation 
The LRI system allowed detailed molecular analysis of the early lateral root initiation events. The 

analysis of transcript profiles and promoter activities of cell cycle-regulatory genes in this system 

demonstrated that synchronous cell cycle progression took place during pericycle activation. The 

expression profiles are very consistent with those described for a partially synchronized 

Arabidopsis cell culture (Menges and Murray, 2002). These results suggest that the system could 

be used as a complementary tool to cell suspension cultures for the analysis of synchronous cell 

cycle progression in plants. In addition, in the NPA pre-treated samples lateral root initiation takes 

place in an auxin dose-dependent manner and therefore, the system can be used to screen auxin 

responses and/or lateral root phenotypes in mutant screenings and in characterization of 

transgenic lines (Ullah et al., 2003).  

 

 

3.3 Auxin mediated signaling towards lateral root initiation 
 

The developmental program of lateral root initiation is dominated by auxin. However, the signaling 

cascades mediating the developmental program of lateral root initiation are poorly understood. 

Putative auxin signaling components for lateral root initiation have been characterized by isolating 

auxin induced cDNA clones from radish and Arabidopsis roots (Sussex et al., 1995, Neuteboom 

et al., 1999) as well as auxin induced proteins upon auxin treatment in lettuce roots (MacIsaac 

and Sawhney, 1990). Only in the case of the radish root study a time course was used, allowing 

monitoring the expression profiles in time. In Arabidopsis and other plants, microarrays have 

proven to be useful tools in characterizing signaling cascades during wood formation and xylem 

differentiation (Hertzkowiz et al., 2000, Demura et al., 2002), in responses of transcription factor 
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upon varia of treatments (Chen et al., 2002) and in identifying signaling components specific for 

hormone treatments (Che et al., 2002, Sawa et al., 2002). To get more insight into the signaling 

that auxin initiates in the pericycle cells the LRI system was used for a transcriptome analysis (III). 

In the following paragraphs the expression profiles of several known and novel marker genes for 

auxin responses and lateral root development will be discussed as they appear on the path 

towards lateral root initiation.  

 

3.3.1 Lateral root inducible samples in the microarray study 
Microarrays spotted with 4608 Arabidopsis cDNA clones (www.microarray.be) were used to 

characterize the transcriptomic changes in the roots during auxin induced signaling towards 

lateral root initiation (III). For the microarray study, the four early stages deduced from the LRI 

system represening the G1 cell cycle arrest during NPA treatment at 0 h time point (stage 0), to 

auxin penetration into the tissue 2 h after transfer on NAA (stage I), G1-to-S transition 4 h after 

transfer on NAA (stage II) and G2-to-M transition 6 h after transfer on NAA (stage III) (III; Figure 

1A). The microarray experiment was set up as a reference design. As reference samples, 

complete root systems of two weeks old in vitro grown seedlings were used, in which most of the 

expressed genes of roots were expected to be present. Each sample was measured using two 

biological repeats, and dye assignments were balanced. The significantly differentially expressed 

data set was obtained using the Genstat REML procedure to perform the LOWESS 

normalization, the normalization and gene model fits, the testing of the Wald-statistic, and the 

mixed-model-based-t-tests (Wolfinger et al., 2001, Yang et al. 2002, III; Figure 1B and Table 1). 

Altogether 906 significantly differentially expressed genes were identified with significance level of 

P<0.005. To validate the reproducibility of the hybridisation signals internal controls were used. 

For six of the genes, spotted on the arrays, two cDNAs were included and their hybridisation 

results were compared. The expression profiles were identical for every gene (III; Figure 1C to H), 

indicating a high reproducibility.  

To verify the significance of the differential expression of genes with low fold changes in their 

transcript levels were tested by reverse transcription-polymerase chain reaction. Analysis of the 

expression profiles of these genes revealed very consistent profiles compared to the results obtained 

by the microarray hybridization (III; Figure 2A-C, see also II; Figure 4A, B). The transcripts of KRP2 

were sharply down regulated at stage I. As a sign of progression through the G1-to-S transition 

phase at the stage II the transcripts of E2Fa and Histone H4 were induced and the CDKB1;1 

transcript appeared showing a gradual induction pattern with peak at stage III together with CYCB1;1 

and CYCB2;1. These data confirmed that the time course followed synchronous cell cycle 

progression upon the auxin application and that the data was very consistent even when significant 

fold changes were low. Furthermore, the TEM analysis showed that only the xylem-pole pericycle 

cells were gained dense cytoplasm indicating meristematic activity (III; Figure 2E, F). 
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3.3.2 Cluster analysis  
The expression profiles of all 906 significantly differentially expressed genes were visualized 

using the hierarchical clustering algorithm of Eisen et al., (1998, III; Figure 3A). In addition, 

adaptive quality based (AQB) clustering algorithm (De Smet et al., 2001) was used to further 

define the clusters. Similar clusters were obtained with both algorithms, representing the major 

expression patterns of induced, down regulated and transient (III; Figure 3B). The contents of the 

eleven AQB-clusters are presented in the Tables 3.3.1.-3.3.11. provided as Appendix. 

The induced clusters based on the AQB algorithm represented four successively induced 

expression profiles (III; Figure 3B clusters 1-4). At the stage I 58 genes showed early up-

regulated expression patterns. This induction profile was followed by a large number (253) of 

gradually induced genes starting from stage II onwards. At the stage III, 51 more genes were 

induced. A small cluster (4) was formed by genes showing stepvise induction with peak at stage 

III. 

In the downregulated clusters (III; Figure 3B clusters 7-10) some genes with cell cycle related 

function, such as CDK inhibitor KRP2 and CKS1 were identified. Another example of genes 

showing down-regulated patterns was a cytokinin response regulators (ARR6). It is difficult to 

assess a putative function for the down-regulated genes but it appears that down regulation of 

signaling from other hormones follows the auxin application.  

In the transiently induced cluster many stress related genes were present (III; Figure 3 clusters 5, 

6). These clusters probably represented a transient stress response induced at the beginning of 

the treatment, which may be due to two factors. Transferring the seedlings from NPA to NAA may 

cause a mechanical stress and might thereby induce touch and wound signaling. In addition, the 

successive applications of NPA and NAA may cause chemical stress responses due to the 

changes in the growth media. However, these stress responses appeared to be limited to the 

well-defined transient clusters and could thereby be analyzed independently.  

 

3.3.3 Early auxin responses are promoting cell divisions and differentiation 
On the LRI microarray several auxin response genes were induced at stage I, indicating that the 

applied auxin was actively transported and perceived. The putative auxin influx carrier, AUX1 

(Bennett et al., 1996) was induced early at the stage I, indicating that it might be involved in 

mediating the movement of auxin in basipetal direction as indicated by gradual induction pattern 

of DR5::uidA expression in the LRI system (II). Localization of DR5::uidA activity correlates with 

the presence of free auxin and the activity of auxin efflux carriers PIN1 and EIR1 (Sabatini et al., 

1999). These efflux carrier proteins regulate cell division and patterning by mediating generation 

of an appropriate auxin maximum (Willemsen et al., 2003). However, no PIN proteins were 

spotted on the arrays disenabling analysis of their involvement in auxin transport in LRI system. 
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Auxin Binding Protein. The putative auxin receptor, auxin binding protein (ABP1), was not 

responding in the LRI system. Auxin regulates cell division and cell expansion in a concentration 

dependent manner. High auxin concentrations promote cell division while in low auxin 

concentrations the same cells expand (Chen et al., 2001a). The perception of these different 

auxin signals is mediated by separate “receptors” with high and low affinity to auxin, for 

expansion and division, respectively. It was recently demonstrated that ABP1 is involved in the 

high affinity perception of auxin signal at low concentrations and mediates signaling towards cell 

expansion (Chen et al., 2001b, Chen, 2001). The lack of ABP1 induction in the LRI system 

indicated that the applied high auxin concentration was promoting cell division rather than cell 

expansion. In addition, the TEM images of the transverse sections of stage I and III samples 

confirmed that no major cell expansion occurred in the LRI system at any tissue layer (III; Figures 

2E and F).  

 

Heterotrimeric G Protein. Another putative auxin signaling component, the heterotrimeric G 

protein alpha subunit (GPA1) of Arabidopsis was strongly induced already at the stage I in the 

LRI system. In Arabiodopsis one alpha (GPA1), one beta (AGB1) and two gamma (AGG1 and 

AGG2) subunits have been identified (reviewed in Assmann, 2002). Recent studies have 

indicated that the Arabidopsis heterotrimeric G protein could mediate low affinity auxin signaling 

towards activation of cell division and lateral root development (Ullah et al., 2001, 2003). These 

activities are counteracted by the beta subunit of the heterotrimeric G protein in an auxin 

concentration dependent manner (Ullah et al., 2003). The comparison of the transcript profiles of 

the experiment of Ullah et al., (2003, supplemental data www.plantcell.org) and of the LRI 

system, indicated only a limited overlap in the responding genes. This was probably due to the 

different microarrays used, spotted with 4600 and 8300 genes in the LRI system and in the 

analysis by Ullah et al., (2003), respectively. In addition, different tissues, lateral root inducible 

root segments or complete seedlings, were used as material (Ullah et al., 2003). Also a different 

duration of auxin treatments was applied, 2 hours (LRI-system) or 20 minutes (Ullah et al., 2003). 

However, common gene families responding in the two experiments were identified representing 

AP domain transcription factors, MADS box transcription factors, small GTPases (RAN2 and 

interacting RanBP1) and glutathione S-transferases. No IAA/aux genes were induced in the 

experiment by Ullah et al. (2003), which indicates that the induction of these genes is 

independent from G protein signaling. 

  

Transcription factors. On the LRI microarray, a MADS transcription factor (AGL18), a close 

homologue of MADS-box factors AGL21 and ANR1, was induced at the stage I. MADS-box 

transcription factors are homeotic transcription factors in plants and their function in development 

of flower organs is well characterized but they have only rarely been implicated in root 
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development. The ANR1 is expressed in roots and has been proposed to function in the 

perception of nitrogen availability for root growth (Zhang et al., 1998). The MADS-box 

transcription factor AGL21 is strongly expressed in lateral root and a related gene AGL12 is 

expressed in the central stele and pericycle, but their function in root tissues has not been 

analysed (Alvarez-Buylla et al., 2000, Burgeff et al., 2002).  

On the LRI microarray at the stage I in addition to the AP2 domain transcription factor two 

ethylene responsive element binding factors and one cofactor were transiently expressed, 

suggesting that an early ethylene response had been initiated upon the auxin treatment. AP2 

domain containing transcription factors have been implicated in floral development and stress 

signaling. The AP2 domain is a plant specific DNA binding domain of 60 amino acids and it is 

highly homologous to the ethylene binding domain EREB. Induction of ethylene biosynthesis is 

one of the immediate responses initiated by auxin (Abel et al., 1995). Ethylene participates in 

mediating stress responses and developmental processes such as flowering and fruit ripening, 

inhibition of stem and root elongation and senescence. The responses could be involved in 

mediating the inhibition of root elongation observed in the LRI-system. As homeotic and 

patterning related genes the MADS box and AP domain transcription factor families could be 

involved in the establishment of de novo root meristem during the lateral root development. 

Identification of target genes for these transcription factors will help to unravel their role in root 

development and clearly the induced genes in the later stages are the primary candidates of 

being activated by these transcription factors. 

 

Aux/IAA genes. At the stage I, three Aux/IAA genes (IAA2, IAA11 and IAA4/Aux2-11; stage II) 

were induced. Induction of the genes encoding these short-lived auxin inducible nuclear proteins 

IAAs is one of the earliest auxin responses (Kim et al., 1997). In the absence of auxin the IAA 

proteins mediate negative regulation of auxin response genes (Liscum and Reed, 2002). The 

presence of auxin promotes both their expression as well as ubiquitination-dependent 

degradation of the IAA proteins (Tiwari et al., 2001, 2003, Dharmasiri and Estelle, 2002). 

Molecular interactions in the SCF (Skp- Cdc53- F-box)TIR1 dependent degradation pathway have 

been shown to be involved in mediating the IAA protein degradation. Dominant mutations in 

AXR2/IAA7, AXR3/IAA17, SHY2/IAA3, SLR/IAA14 and IAA28 all cause defects in auxin-

responses and in each case the mutation results in an amino acid substitution within a domain II 

causing stabilization of the protein. TIR1 component in the SCF complex is a F-box protein, which 

interacts with the target proteins. AXR1 and ECR1 form a RUB activating enzyme (E1) complex 

that activates an ubiquitin-related protein (RUB1) to modify the cullin. Cullin (AXR6) is a cdc53 

homologue in Arabidopsis and a subunit of SCF-type E3 complex. It is expressed in meristematic 

tissues where auxin action and cell cycle are expected to be active.  
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From the Aux/IAA genes, induced on the microarray, IAA2 may be involved in mediating auxin 

induced vascular differentiation as the IAA2::uidA is expressed in root protoxylem tissue (Swarup 

et al., 2001). Its expression can also be used as a marker of vascular loading of auxin in leaves 

(Marchant et al., 2001). IAA4::uidA activity has been localized to the stele along the root and most 

intensely at the sites of lateral root initiation (Wyatt et al., 1993). The late auxin response gene, 

IAA11 shows similar responses to auxin and protein synthesis inhibitor cycloheximide (CHX) 

treatments as IAA2 and IAA4 (Abel et al., 1995). Two other IAA genes, present on the 

microarrays, were not responding in the LRI-system, namely the IAA7/AXR2 and IAA8. These 

genes have also been shown to have different response to CHX as IAA2, IAA4 and IAA11 genes 

(Abel et al., 1995). While the auxin induction of IAA2, IAA4 and IAA11 is enhanced by CHX 

treatment, the IAA7 and IAA8 genes are not responding. Moreover, IAA7 transcripts are barely 

detectable in root tissues (Abel et al., 1995). IAA8 has been suggested to be involved in shoot 

specific responses to auxin (Che et al., 2002). Tissue specific roles have been suggested for the 

numerous Aux/IAA genes and the present data are supporting this hypothesis. Since no 

interaction of the Aux/IAA genes with the two auxin perception systems of ABP1 and the 

heterotrimeric G protein, has been sugested, the Aux/IAA genes appear to mediate an 

independent third type of regulation of auxin responses, perhaps in a tissue specific manner.  

After perception of the auxin signal and the primary responses, the secondary responses to auxin 

are mediated via reprogramming of gene expression. The changes in gene expression profiles 

may be regulated via at least three mechanisms described above; (1) Aux/IAA proteins, (2) ABP1 

or (3) G protein. GPA1. The Aux/IAA and G protein signaling pathways appear to be activated in 

the LRI system and are likely to promote the root specific responses to high auxin concentration, 

involving cell division and lateral root development.  

 

3.3.4 G1-to-S transition during lateral root initiation 
Synchronous cell cycle progression precedes lateral root initiation (II) and the marker genes for 

each cell cycle transition phase were correspondingly expressed in the LRI-microarray (III). 

During spontaneous lateral root formation a xylem pole specific cell cycle progression has been 

shown to take place in the pericycle (Beeckman et al., 2001). These pericycle cells maintain their 

meristematic activity and soon after leaving the meristem they progress over the G1-to-S 

transition. During the G1-to-S transition phase, the strength of the mitogenic stimuli and/or 

nutritional status is mediated by induction level of D-type cyclins and upon adequate signal 

commits the cells for cell division cycle (Francis, 1998, De Veylder et al., 1999). Auxin may act as 

a mitogenic stimulus at the G1-to-S transition by promoting expression and activity of cell cycle 

regulators. Recent studies indicate that auxin also mediates removal of repressor proteins at the 

G1-to-S boundary either at transcriptional level (II) or by promoting ubiquitin-dependent 
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proteolytic pathway (Gutierrez et al., 2002). The balance between positive and negative 

regulators, such as cyclins and KRPs characteristically determine transition from G1 to S phase. 

Upon auxin signal perception KRP2 transcripts were downregulated, followed by induction of cell 

cycle marker genes. Transcripts of E2Fa and histone H4 were induced at the stage II 

accompanied by genes related to transcription facilitation. E2F/DP transcription factors mediate, 

transcriptional activation of cell cycle S-phase specific genes, DNA replication, mismatch repair, 

and ribosomal biogenesis.  

In the gradually induced cluster, from the stage II onwards, genes involved in translation, such as 

ribosomal proteins (RP), translation initiation factors and regulators of ribosomal biogenesis (a 

putative nucleolin and a fibrillarin gene) were induced. Ribosomal protein mRNA levels are 

especially high in cell division active tissues of root and shoot meristems but not anymore in 

tissues with high metabolic activity (Van Lijsebettens et al., 1994). RP gene expression (Sussex 

et al., 1995, Menand et al., 2002) and general accumulation of soluble proteins (MacIsaac and 

Sawhney, 1990) have also been shown to increase during auxin induced lateral root initiation. 

Promoter elements responsive to growth stimulating hormones auxin and cytokinin have been 

identified in RP genes and many of the RPs have also been shown to be directly regulated by 

auxin (Dai et al., 1996, Pérez et al., 1990). During cell division cycle not only DNA needs to be 

duplicated but also cellular organelles are doubled for the two daughter cells. Therefore, the 

dominant housekeeping function of ribosome biogenesis is tightly linked with cell cycle. Unlike the 

transcriptional regulation during cell cycle, the regulation of cell cycle specific translation is poorly 

described (Pyronnet and Sonenberg 2001). The LRI dataset provides a large number of genes 

co-regulated with ribosomal biogenesis factors allowing characterization of their role during 

developmental cell divisions.  

 

3.3.5 Meristem specific energy metabolism activated upon pericycle activation  
Cellular metabolism, including rates of synthesis, degradation and modification of proteins, RNA, 

nucleotides and lipids are needed for growth. To analyze the metabolic changes during the 

pericycle activation for cell divisions and lateral root initiation, the microarray data were subjected 

to metabolic pathway analysis. The differentially expressed data were submitted to the web tool 

of TAIR (http://www.arabidopsis.org/tools/aracyc/). The program identified 299 of the 906 genes 

submitted and was able to point 102 of them to metabolic pathways. The metabolic pathways that 

were highlighted were involved in nucleotide biosynthetic pathways as well as energy 

metabolism. Activation of the biosynthetic pathways for ribonucleotides and nucleotides is in 

accordance with the induction of S-phase specific activities described above. The activation of the 

respiratory pathways, glycolysis, TCA cycle and electron transfer resemple the biochemical 

structure of shoot apical meristem during development of a new organ, while in mature tissues 

pentose phosphate pathway is more active (Lyndon 1998).  
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3.3.6 Calcium signaling in auxin responses 
On the LRI system, a small Ras-like GTPAse was induced at the stage II, together with its 

essential partner RanBP1. Regulatory proteins, such as the Ras-like small GTPases, are 

implicated in a variety of nuclear events such as DNA replication, nuclear transport of RNA and 

proteins, nuclear assembly and cell cycle progression at the mitosis (Smith et al., 2002). RanBP1 

activity is required for nuclear transport of the APC and SCF proteolytic pathway components at S 

phase and metaphase (Di Matteo et al., 1995). In plants, antisense expression of RanBP1 

renders hypersensitivity of root growth to auxin and both lateral root initiation and root growth are 

stimulated at low auxin concentration (Kim et al., 2001). The early induction profiles of both the 

Ras-like small GTPase and RanBP1 at the stage III on the LRI microarray would suggest their 

involvement in mediating cellular responses towards lateral root initiation perhaps at S and M cell 

cycle checkpoints.  

In the LRI–microarray analysis, genes for a calmodulin (CaM) like protein and two calmodulin 

binding proteins were induced at stage II together with a calcium binding protein. The 

physiological role of calcium in auxin responses has been linked to both cell expansion and cell 

cycle regulation (Dudits et al., 1993, Yang and Poovaiah, 2000). Some of the early auxin 

response genes (SAURs) contain CaM binding domains. Maize coleoptile segments incubated in 

10 uM NAA induce SAUR genes in 30 to 60 minutes and in 2 hr cell elongation can be observed. 

CaM antagonist W-7 can prevent this cell elongation. In pea root tips calmodulin accumulates in 

areas of cell division but remains low in regions of cell expansion. These results may reflect the 

tissue specific differences in auxin responses. One of the mechanisms, how calcium affects 

cellular functions is through activating protein kinases.  

The high expression level of the alpha subunit (GPA1) of the heterotrimeric G protein in the 

microarrays of LRI system suggests that auxin signaling through G protein could be involved in 

the release of Ca2+ ions to function as secondary messages as in animal cells. The release of 

Ca2+ involves the activity of phospholipase Cβ that cleaves inositol 1,4,5-triphosphate (IP3) from 

phosphoinisitol (4, 5) biphosphate. IP3 then functions as a signal molecule for the release of Ca2+ 

ions from intracellular sources. Biochemical experiments with G protein activator mastoparan 

have suggested that the G protein alpha regulated Ca2+ release may also take place in plant cells 

(Wang, 2001). Other targets for G-protein signaling are adenyl cyclase, cGMP, 

phosphodiesterase, phospholipase A2, and potassium channels all of which are molecules whose 

functions are still poorly known in plant cells. Phospholipase A2 is important in auxin-stimulated 

growth (Paul et al., 1998) in which fatty acids produced by phospholipase A2 may carry out 

secondary message functions (Wang, 2001). Unfortunately the genes for the putative effector 

molecules of G protein signaling were not available on the present microarrays and the effect of 

auxin on their expression remains to be studied in future. The microarrays contained two 

phospholipase D genes which both showed down-regulated expression pattern in the LRI system.   
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3.3.7 Pericycle in preparation for mitosis  
At stage III, several G2-to-M phase specific cell cycle genes, CDKB1;1, CYCB1;1 and CYCB2;1, 

were induced, indicating cell cycle progression towards mitosis in the pericycle. During 

spontaneous lateral root initiation the xylem pericycle cells, after leaving the meristem, proceed to 

G2 phase of the cell cycle (Beeckman et al., 2000). The importance of G2 phase in perceiving 

auxin signal have also emerged from studies with tobacco plants expressing the fission yeast 

cdc25 gene, a CDK activating phosphatase, show enhanced lateral root phenotypes (Bell et al., 

1993). Although no cdc25 gene has been identified from the Arabidopsis genome a similar 

phosphatase is likely to activate CDKA;1 at the G2-to-M boundary (Zhang et al., 1996). The 

ubiquitin-dependent pathway is also implicated in mediating G2/M specific auxin signaling (Gray 

et al., 1999, Blilou et al., 2002). Mutants with impaired uibiquitin-dependent proteolytic pathways, 

such as tir1 mutant, fail to induce CYCB1;1::uidA in the pericycle and shows 50% reduction in 

lateral root initiation (Gray et al., 1999). Similarly, impaired function of the APC complex causes 

accumulation of Aux/IAA proteins, lack of DR5::uidA expression in the stele and repression of 

lateral root initiation (Biloul et al., 2002).  

Classical studies on cell suspension cultures show that plant cells can arrest not only in G1 phase 

but also in G2 (Van’t Hof et al., 1973, Jacobs, 1997). The G2 phase arrest can take place as a 

part of a developmental program or in response to environmental signals. In the pericycle the G2 

cell cycle arrest may be mediated by auxin depletion in the elongation zone of the root. The first 

formative divisions for lateral root formation occur in the basal half of the root, where the cells 

arrest in G2 (Beeckman et al., 2000, Casimiro et al., 2001), zone that coinsides with high auxin 

concentration  (Bhalerao et al., 2002). It appears that the G2 block is overcome in the basal half 

of the root where the auxin concentration increases. Polar and/or lateral auxin transport further 

mediate generation of an auxin optimum to promote the asymmetric, formative cell divisions for 

lateral root induction. In addition, a genetic program within the pericycle cells must determine the 

faith of the dividing cells and program them for lateral root formation.  

 

3.3.8 Synchronous cell cycle progression in LRI system  
Recently two genome-wide transcriptome analyses were performed in tobacco and Arabidopsis 

cell suspensions (Breyne et al., 2002, Menges et al., 2002). These data were compared to the 

LRI system in order to verify the consistence of the cell cycle progression in the in planta LRI 

system. The estimated timing of cell cycle progression in the LRI system (II) was confirmed by 

these cell cycle studies. Four genes classified as G1 or S phase specific transcripts in the cell 

suspension studies, were induced mainly in the 2 h of the LRI system. Furthermore, eight genes 

classified as G2 or M phase specific genes according to Menges et al., (2002) were induced at 4 

or 6 hr in the LRI system. Some discrepancies were also observed, mainly concerning genes with 

unknown function in cell cycle. These genes were down regulated in LRI system but showed S or 
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M phase specific accumulation in Arabidopsis cell suspension. These genes may be involved in 

regulation of unicellular growth pattern of Arabidopsis cell suspension and not being necessary 

for developmental cell divisions. This is a direct indication that cell suspensions may not be 

sufficient for assessing putative functions in whole plants for unknown genes. In general, 

comparisons with other transcriptome studies can reveal overlaps in signaling pathways and 

complement possible gaps when identifying pathways. 

As a next step the LRI system could be used for studies of responses at the protein level. In the 

end, the big challenge is pointed for functional genomics approaches to unravel the role for all 

Arabidopsis genes (TAIR).  

 

 

3.4 Salt stress perception and primary responses 
 

Excessive mineral salts in the soil disturb plant growth and development through interference with 

their metabolism and water relations. Salinization of soil is common in arid areas but also occurs 

as a result of inappropriate irrigation and nutrient management (Xiong and Zhu, 2001, Umezawa 

et al., 2002). Secondary effects of salt stress are drought, osmotic and oxidative stress 

symptoms. Increase the tolerance of crop plants to salinity requires a better understanding of salt-

tolerance mechanisms in plants. The research should include characterization of plant responses 

to salt stress, comparing the physiology and biochemistry of tolerant and sensitive lines, revealing 

the mechanisms of salt uptake, translocation, distribution and the signal transduction pathways as 

well as mechanisms that lead to plant adaptation to salt stress (Xiong and Zhu, 2001).  

Sodium and chloride ions are not required for plant growth and no specified transporters exist. 

Salt ion, primarily Na+, uptake into plant occurs via cation channels such as voltage dependent K+ 

inward rectifiers. Na+ ions may also leak into cells via non-ion channels such as permeases and 

ABC transporters. When entered the cells, Na+ ions can still be pumped out, prevented from 

loading into xylem vessels or they are compartmentalized into vacuoles (Yokoi et al., 2002). The 

Na+ ion movement to the shoot takes place in the xylem sap and is driven by the transpiration 

stream, leading to accumulation in the shoot (De Boer and Volkov, 2003). The above ground 

parts of plants are more sensitive to salt and therefore, long distance transport is limited by 

closure of the stomata under stress conditions to reduce the transpiration rate and salt 

accumulation. Also tissue specific transporters, such as Na+/H+ antiporter, may actively prevent 

the Na+ from entering the xylem vessel. Once salt ions have reached the shoot they are primarily 

directed to the old or mature leaves, where they are sequestered into the vacuoles. As a result 

radial swelling of the palisade and mesophyll cells is seen on transverse sections of cotyledons 

stressed with 1% NaCl2+ for 2 weeks (IV; Figure 1F and 1G). In addition, in rosette leaves that are 
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formed during stress, the epidermis, mesophyll and palisade cells are radially swollen (IV; Figures 

1H and 1I). 

All plants accumulate osmolytes in response to salt stress. Proline, glycine betaine and polyols 

can greatly reduce the damage caused by stress (ref). They protect proteins from misfolding and 

alleviate the toxic effect of reactive oxygen species generated by primary salt stress. The effects 

can be directly seen in efficiency of enzyme activities. Overproduction of glycine betaine confers 

higher resistance to salt stress. Osmolytes may also act as sinks of reducing power following 

metabolic disturbances. The type of osmolyte, appears to be more important than its 

concentration (Hasegawa et al., 2000). Several stress conditions, including salt stress limit 

carbon fixation by Calvin cycle and as a result, create, additional oxidative stress conditions 

(Vranova et al., 2001). The NAPDH dependent P5C-synthase (P5CS, Savouré et al.,1995), 

provided a protective valve by regenerating NADP+ to provide protective effect against over-

reduced photosynthetic electron transfer chain, caused by reduced carbon fixation. During salt 

stress treatment of Arabidopsis seedlings transcriptional upregulation of P5CS was observed 

after 12 hours (IV; Figure 5), indicating activation of proline biosynthesis upon salt stress 

(Savouré et al., 1997).  

 

3.4.1 Salt stress inhibits root growth  
The inhibitory effect of salt stress on plant growth is exhibited at several levels and induces 

repression of both cell cycle progression and cell elongation (Xiong and Zhu, 2001). In addition, 

different parts of plants respond co-ordinately but differently to stress. The salt uptake takes place 

in the roots, where also the strongest effects are observed. As a result of the vacuole uploading 

of salt ions the cortical cell layer of the roots swell dramatically (IV; Figure 1K). In Arabidopsis, 

progressive drought stress induced radial enlargement of epidermal and cortical cells, which in 

combination with an arrest of cell elongation in all root tissues induced the formation of tuberized 

roots (Couot-Gastelier and Vartanian, 1995). The salt stress-induced changes in maize root 

morphogenesis are very similar to those induced by drought (Kurth et al., 1986). In the Arabidopsis 

root tips, the transcription of all tested cell cycle genes progressively decreased following the root 

swelling that in turn was dependent on the salt stress severity (IV; Figures 4A-4L). The zone with 

CYCB1;1 expression is exclusively associated with actively dividing cells (Ferreira et al. 1994b). In 

salt stressed plants the decrease of CYCB1;1 expression (IV; Figure 4C) indicated a shrinkage of 

the meristematic region. These results imply that the inhibition of root growth is at least partially due 

to a decrease of cell production in the root tips. In agreement, Sacks et al. (1997) reported a 

reduction of the cell division rates within the meristem of the primary root of Z. mays after water 

stress. Moreover, the expression level of CYCB1;1 has been shown to directly affect the growth rate 

of the main roots (Doerner et al., 1996). 
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In Arabidopsis the length of the zone where the promoter of the mitotic CYCB1;1 was active 

corresponded closely to the reduced size of the meristem when determined kinematically 

(Beemster et al., in preparation). Kinematic analysis of cell division and cell expansion in the 

primary root tip, of 9 day old seedlings at day 3 after transfer from control medium to a solution 

with 0.5% NaCl, showed that the root elongation rate was reduced by 32%. This reduction was 

associated with a 24% reduction in mature cortical cell length and an 11% reduction of overall cell 

production. The reduction of cell production at this time was entirely related to a reduction of the 

number of dividing cells whereas cell cycle duration of individual cells was unaffected. In 

accordance, the kinase activity of the CDK complex was reduced in salt stressed roots (Beemster 

et al., in preparation). It has also been shown that in response to water stress CDKA undergoes 

an inhibitory phosphorylation (Schuppler et al., 1998). In response to ABA, a hormone associated 

with drought stress, the expression level of the CDK inhibitor ICK1 is significantly upregulated 

(Wang et al., 1998). In addition, transgenic Arabidopsis plants that ectopically express a dominant 

negative form of the CDKA;1, unable to undergo the inhibitory phosphorylation at the threonine 

14 and 15 residues, have been tested under short-term and long-term salt stress. Under control 

conditions these transgenic plants show no obvious phenotype. However, under short-term (1 

week) salinity stress growth of the shoot of transgenic plants was much less inhibited that of the 

wild type. Leaves in the transgenic plants that grew during the stress treatment, contained a 

much larger number of cells than those of the wild type. When these transgenic plants were 

subjected to prolonged salt stress they were hypersensitive, which indicated that downregulation 

of cell cycle activity is critical for acclimation process.  

Cell cycle activities within the elongation zone of the root were also downregulated as marked by 

repression of cell division competence markers CDKA;1::uidA and CYCA2;1::uidA promoter 

activities (IV; Figures 4D, 4G, 4I and 4K). Partially because of the disturbed cell cycle activity 

within the root and partially due to the reduced root growth the lateral root initiation is also 

impaired during salt stress (IV; Figure 2D and 2F).  

 

3.4.2 ABA mediated cell cycle arrest at G1-to-S transition 
ABA levels increase during salt stress and exogenously applied ABA increases salt tolerance 

(Xiong and Zhu, 2001, Jia et al., 2002). The ABA hormone mediates long distance signaling from 

roots to the shoot under stress conditions and induces gene expression of signal transduction 

components for stress responses and structural products such as H+ ATPase, P5CS and 

aquaporins (Zhu, 2002). ABA is known as a growth-repressing hormone although it can also 

promote root growth at low water potential by restricting ethylene production and the repression 

of root elongation. ABA effect on cell cycle activity appears to be limited to preventing the S-

phase and DNA synthesis. The ABA induced G1 block has been observed in different types of 

cells, such as germinating embryos of pea (Levi et al., 1993), maize endosperm (Setter and 

 61 



Flannigan, 2001) and tobacco BY-2 cells (Swiatek et al., 2002). Accordingly ABA has been 

shown to induce the expression of a CDK inhibitory gene, CKI1 (Wang et al., 1998). Salt stress 

induced ABA accumulation is strongest in roots (Jia et al., 2002). It is likely that ABA mediates the 

G1 block in roots similarly to other tissues upon salt stress. When Arabidopsis seedlings were 

treated with 1.5% NaCl for 2 weeks, the root apical meristem size was reduced and showed 

uniform CYCB1;1::uidA expression, indicating that the cells were not able to proceed over G2 

phase (IV Figure 4C).   

 

3.4.3 Salt stress impairs shoot apical meristem function 
During salt stress a transient down regulation of the expression of two mitotic cyclins CYCB1;1 

and CYCA2;1 was observed in the shoot apical meristem (SAM, IV; Figures 3B and 3G). The 

down regulation may have been due to metabolic changes caused by the salt treatment, or it was 

an active response to allow acclimation processes to take place. In addition, plantlets exposed to 

salt stress displayed many morphologically adaptive changes. The salt stressed plants (IV; 

Figure 1A) were smaller and had shorter leaves than the unstressed plants. In contrast to the 

plants that were treated with 1% NaCl (IV; Figure 1B), only very few plants stressed by 1.5% 

NaCl were able to survive after one week treatment and most of them showed signs of necrosis 

(IV; Figure 1C).   

Reduced cell division activity in leaves was indicated by reduction of the epidermal cell density. In 

the stressed leaves the (total) cell number was lower than in unstressed ones, indicating that a 

decrease in cell division had occurred during stress (IV; Figure 2G). Organ initiation rate was also 

impaired in the SAM. After 2 weeks of 1% NaCl stress, the number of leaves was reduced to 8 

compared to 10 in control plants (IV; Figure 2C). In sorghum and wheat water deficit causes a 

reduction in leaf epidermal cell divisions (McCree and Davis, 1974, Quarrie and Jones, 1977) and 

mesophyll (Schuppler et al., 1998) whereas in tobacco (Clough and Milthorpe, 1975) and barley 

(Nicholls and May, 1963, Husain and Aspinall, 1970), a decrease in leaf initiation rate has been 

found. 

During growth in saline conditions, a strong induction was observed of CYCA2;1 expression in 

the vascular tissue surrounding the SAM. A similar pattern can be mimicked by the addition of 

exogenous cytokinin (Burssens et al., 2000). Upon water stress, increases, but also decreases, in 

cytokinin content have been reported (Hare et al., 1997). In addition Tyr15 phosphorylation of the 

CDC2 complex has been shown to be dependent on endogenous cytokinin levels (Zhang et al. 

1996). It would be interesting to examine changes in cytokinin levels upon salinity in correlation to 

CYCB1;1 and CYCA2;1 expression. Endogenous cytokinin levels may not only be linked with to 

posttranslational modifications of CDC2 activity, but cytokinin may also be involved in a 

transcriptional control of cell cycle genes in response to salt stress. In the SAM, the area showing 

strong CYCA2;1 expression, showed also a radial enlargement of the cells and an increase in 
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vascular tissue surrounding the apical meristem in longitudinal sections from stressed plants (IV; 

Figure 1E) were compared with those from unstressed plant (IV; Figure 1D). If the shoot apex 

would indeed have increased cytokinin content under stress the hormone could be involved in 

mediating the development of the vascular tissue as has been shown in Arabidopsis roots 

(Mähönen et al., 2000). A mutation, wooden leg (wol) affects the formative divisions required for 

the organization of the vascular tissues. The WOL gene encodes a putative signal transducer 

with a histidine kinase activity and recently CRE1/WOL was shown to be a true cytokinin receptor 

(Inoue et al., 2000). WOL expression both spatially and temporally coincides with the divisions of 

the procambial cells of the embryonic and primary root that are defective in the wol mutant. Thus 

cytokinin appears to regulate the procambial cell divisions of the Arabidopsis root through a 

specific signal transduction pathway, which is perhaps activated under stress conditions.   

The shorter hypocotyl and petiole lengths observed after growth in saline medium point to an 

inhibition of cell elongation (IV). The absence of CDKA;1 expression in the petiole of the 

cotyledons and blades of maturing leaves in salt-adapted plants might therefore be correlated 

with an inhibition of cell elongation rather than with cell division. Inhibition of leaf elongation has 

been described in several species upon hyperosmolarity (e.g. Neumann and Rosenheck, 1973, 

McCree and Davis, 1974). CDKA;1 expression has however only been associated with cell 

division or competence to divide (Martinez et al., 1992; Hemerly et al., 1993) and a profound 

analysis would be needed to investigate a putatively functional involvement for CDKA;1 in the 

process of elongation. 

 

 

4 CONCLUSIONS AND FUTURE PERSPECTIVES 
 

The aim of this project was to characterize the integration of cell cycle regulation in 

developmental programs and the cell cycle responses to various environmental conditions. Three 

research lines were chosen; (1) characterization of the transcriptional regulation of Arabidopsis 

CYCB1;1 gene at the level of promoter mediated regulation, (2) cell cycle activation during 

initiation of lateral root development and (3) cell cycle regulation in response to environmental, 

i.e. salt stress conditions.  

In the first work, the rcb mutant identified from the screening of EMS mutagenized CYCB1;1::uidA 

plants, was characterized. The rcb mutation affected the tissue specificity of CYCB1;1 expression 

but the mutants had only a late developmental stage specific growth phenotype. The present 

work revealed that the identification of the rcb mutation is difficult. It’s predicted position at the 

end of chromosome 2 hampers obtaining flanking markers and adequate number of flanking 

recombinants due to lower rate of recombination close to the telomers. In addition, the 

semidominant nature of the mutation creates a situation where the heterozygous plants are 
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difficult to separate from the homozygous ones in the early developmental stages. An alternative 

approach to the map based cloning, would be to take advantage of CYCB1;1::uidA promoter 

deletion constructs, which could be crossed into rcb mutant lacking the reporter gene. The 

promoter element repeating the altered CYCB1;1::uidA expression pattern in rcb genetic 

background could contain candidate elements for binding the RCB, or mediating downstream 

regulation from RCB. Identifying such elements would allow isolation of interacting proteins by 

using for example yeast one hybrid technique.  

However, this work will continue by further characterization of the NFY transcription factors, 

identified from the microarray data with down regulated expression in the rcb mutant. In animals, 

these transcription factors have been implicated in mediating cell cycle regulation but their role in 

plants is not known. In addition, the many unknown genes identified for their differential 

expression pattern in rcb microarrays deserve attention as putative regulators of CYCB1;1.  

In the second part of the work, we aimed to identify genes that are specifically expressed during 

the early phase of lateral root initiation. Despite of previous work (Sussex et al., 1995, 

Neuteboom et al., 1999, MacIsaac and Sawhney, 1990), the molecular mechanisms of auxin 

mediated signaling at lateral root initiation are still poorly understood. To facilitate the molecular 

study of the pericycle activation for lateral root initiation we developed the LRI system. The LRI 

system was used to monitor the time sequence of the activation of cell cycle regulating genes. In 

addition, co-regulated gene expression was studied by means of a microarray study with the aim 

to identify new candidate genes regulating the early phases of lateral root initiation. The treatment 

with high concentration of auxin was shown to promote two of the three characterized auxin 

signaling systems i.e. the Aux/IAA, and the heterotrimeric G protein mediated responses, while 

the ABP1 mediated responses were not activated (Figure 4.1.1.). Our results also support the 

hypothesis that auxin acts at both G1 and G2 cell cycle transition phases to promote the pericycle 

activation for lateral root initiation. 

The microarray results demonstrate that the LRI system is well suited for the analysis of auxin 

signaling in the course of lateral root initiation. The use of this well-defined system may provide a 

mean of dissecting the downstream organizing events from auxin signal. Furthermore, from the 

data set a large number of unknown genes were obtained as being candidate novel regulatory 

factors on the path towards lateral root initiation.  

In the third part of the work, the cell cycle responsiveness to environmental stress conditions was 

investigated using salt stress as a test system. The results clearly show that salt stress resulted in 

modulation of cell cycle activity, and an adaptive growth response including cell expansion. To 

further characterize the role of cell cycle regulation in mediating the adaptation capacity of plants, it 

would be interesting to analyze transgenic lines that ectopically express cell cycle regulatory genes. 

Their differential responses towards salinity, as was shown for the transgenic plants ectopically 

expressing dominant negative form of CDKA;1, can help to unravel the processes involved.  
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Figure 4.1.1. Schematic presentation of the predicted signaling from auxin towards pericycle activation for 
asymmetric cell divisions. At stage 0, pericycle is arrested in G1 phase of the cell cycle. Upon auxin treatment 
two high auxin signaling cascades, involving heterotrimeric G protein alpha subunit (GPA1) and Aux/IAA genes, 
are initiated at stage I. At stage II, the G1-to-S phase transition is marked by activation of translation machinery. 
At stage III, a second auxin signal is perceived by the pericycle to promote the G2-to-M transition.  

 

 

 

In the transcriptomic analysis of stress responses major emphasis has been on early signal 

transduction and defense responses, while the key for survival may lay in the ability to resume 

cell division activity in the new conditions. Adaptation to stress often occurs through accumulation 

of osmolytes. In Arabidopsis sugars are known to accumulate upon salt stress, which may create 

a situation where sucrose responsive D-type cyclins become induced allowing resumption of 

growth. 
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