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1. Introduction 

This work is a compilation of publications to which I have contributed either as the first 

author,  the  last  and/or  corresponding  author,  respectively  (see  the  list  of  enclosed 

publications, page 39). The introductory part presents an overview of the contribution by my 

colleagues  and  me  to  the  field  of  molecular  and  developmental  plant  biology,  and 

particularly  with  regard  to  elucidating  hormonal  regulations  of  plant  development.  This 

overview serves to facilitate the reader’s understanding of our results in the contexts of time 

and  the  findings of  the broader  research  community. To obtain a detailed understanding, 

however,  careful  reading  of  the  original  publications  would  be  necessary.  In  these 

publications, all figures and explanatory schemes can also be found. 

The enclosed publications include three reviews which may serve to acquaint the reader 

with the recent status of our knowledge on two important topics of my work: i) the role and 

underlying molecular mechanisms of signalling and its specificity via multistep phosphorelay 

in Arabidopsis (Horák et al., 2011), and ii) the role and molecular mechanisms of interactions 

of two principal regulators of plant development, the phytohormones auxin and cytokinins  

(Pernisová et al., 2011) and/or  interactions of other phytohormones (Benkova and Hejatko, 

2009). The enclosed six papers and one submitted manuscript describe original results that I 

have obtained together with my colleagues in our efforts to understand the aforementioned 

topics in the field of hormonal regulations of plant development. 

 

2. Postembryonic De Novo Organogenesis in Plants 

2.1. Postembryonic De Novo Organogenesis as a Plant Adaptation Strategy 

The general problem of developmental biology is to decipher the molecular mechanisms 

that  allow  formation  of  a multicellular,  fully  differentiated  organism  from  a  single‐celled 

zygote.  In most animals, the majority of these processes take place during embryogenesis, 

wherein all tissues and organs are formed. By contrast, the embryogenesis of seed plants (to 

which the term embryogenesis will refer throughout the text) results  in the formation of a 

simply organized embryo, wherein primordia of only a few organs (i.e. root, hypocotyl and 

cotyledons) are briefly specified. Hence, in plants, most of the tissues, cell types and organs 

differentiate during postembryonic development. 
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An  important  prerequisite  for  the  aforementioned  developmental  strategy  is  a 

developmental  plasticity  of  plant  cells  that  allows  substantial  changes  of  their 

developmental  status.  Thus,  virtually  any  cell  of  the  fully  differentiated  plant  body  could 

become the progenitor of an entire new organism. Connection of regulatory mechanisms of 

this developmental plasticity with environmental inputs provides a sessile plant an ability for 

developmental  adaptation  to  changing  environmental  conditions  that  include  both  biotic 

and abiotic stresses. While the involvement of plant hormones, namely cytokinins and auxin, 

in  these  processes  has  been  known  for  decades  (Skoog  and Miller,  1957),  the molecular 

nature  of  this  developmental  strategy  has  begun  to  be  elucidated  only  recently.  The 

identification of molecular mechanisms regulating cell division and differentiation in plants is 

of  general  biological  importance,  and  comparison  of  such mechanisms with  those  being 

identified  in  animals  can  provide  us  with  understanding  of  the  basic  developmental 

principles employed by self‐organizing living systems on planet Earth. 

 

2.2. The Concept of Meristems 

Postembryonic plant development  is accomplished via  the action of  specific  structures 

known as meristems. There are  two apical meristems  in plants,  the  shoot and  root apical 

meristem (SAM and RAM, respectively), secondary meristems (i.e. inflorescence meristems, 

floral meristems,  axillary meristems  in  shoots,  and  lateral  root meristems  in  roots),  and 

lateral meristems formed by the (pro)cambium in vascular tissues. Apical meristems ensure 

the apical growth of the root and shoot, while secondary and lateral meristems allow radial 

plant expansion. 

SAM  undergoes  several  developmental  switches,  first  forming  what  is  called 

inflorescence  apical meristem  that  later  allows  formation  of  individual  floral meristems. 

After the onset of flowering, axillary meristems, the secondary inflorescence meristems, are 

formed  and  give  rise  to  lateral  inflorescences  (coflorescences)  in  the  axils  of  2–5  cauline 

leaves in Arabidopsis (Dubova et al., 2005). 

The two apical meristems share structural similarities. SAM and RAM contain what are 

called  organization  centres  that  are  formed  by  the  expression  domains  of  the  homeobox 

genes WUSCHEL (WUS) and WUSCHEL‐RELATED HOMEOBOX 5 (WOX5) in the SAM and RAM, 

respectively. The activity of complex  regulatory circuits  involving WUS and WOX5 controls 
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the equilibrium between cell division and cell differentiation  in  the pool of stem cells  that 

are  under  direct  control  of  the  organization  centres  in  a  cell‐nonautonomous  way  (for 

review, see e.g. (Carles and Fletcher, 2003; Petricka and Benfey, 2008)). Thus, meristems act 

as sources of pluripotent stem cells  that differentiate  into newly  formed plant  tissues and 

organs.  The  tight  control  between  cell  division  and  cell  differentiation  as  well  as  the 

providing of positional information in meristems determine postembryonic plant growth and 

development. Both of these processes are under direct control of the cytokinins and auxin 

phytohormones (for more details, see enclosed publication #1 (Pernisová et al., 2011)]). 

 

2.3.   The Origin of Meristems  

The meristems  in plants can be of two principal origins: embryonic and postembryonic. 

During embryogenesis,  formation of  the  two apical meristems  is an  important part and a 

consequence of apical‐basal symmetry acquisition. The first asymmetric zygote division leads 

to formation of a smaller apical cell and a larger suspensor. The smaller apical cell undergoes 

an additional three rounds of division, which result in formation of the octant embryo stage. 

The upper four cells (the upper tier) will further develop into the shoot part, while the lower 

four cells (the lower tier) together with the uppermost cell (hypophysis) of the twice‐divided 

suspensor will  result  in  formation of  the  root  (Capron et al., 2009). One of  the  important 

molecular  determinants  as  to  the  further  developmental  fate  of  individual  embryo  cell 

lineages  is  the  expression  of  genes  from  the WUS  gene  family, which were  found  to  be 

differentially expressed  immediately after  the  first asymmetric  zygote division  (Haecker et 

al., 2004; Nawy et al., 2008; Capron et al., 2009). Auxin  signalling  is necessary  for proper 

acquisition of  shoot  and  root  identity  (Hamann et  al., 2002;  Szemenyei et  al., 2008),  and 

formation of  local auxin maxima was  found  to be  critical  for determination of  the apical‐

basal axis (Friml et al., 2003). Differential formation of auxin maxima seems to be instructive 

for determination of  the  apical‐basal  axis,  and WUS  genes were  shown  to be  among  the 

potential molecular  targets  of  auxin‐dependent  regulations  (Ding  and  Friml,  2010).  Auxin 

and its interaction with cytokinins was also found to be important for positioning of the root 

pole  and  particularly  the  RAM  organization  centre  (Muller  and  Sheen,  2008).  The  role  of 

auxin  in  positioning  of  the  SAM  organization  centre  remains  unclear,  but  the  recently 

identified auxin/cytokinins interaction in the regulation of SAM activity (Gordon et al., 2009; 
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Zhao et al., 2010) suggests that similar mechanisms might play a role in the specification of 

WUS expression during embryogenesis. 

Lateral root formation is an example of postembryonic meristem formation. Lateral roots 

in Arabidopsis develop from the pericycle founder cells (for review, see (Peret et al., 2009) 

that are located at the pericycle xylem pole (pericycle cells located opposite the xylem). The 

pericycle  founder  cells  divide  and  allow  formation  of  lateral  root  primordia, which might 

eventually  emerge  and  form  lateral  root.  Recently,  it was  found  that  specification  of  the 

pericycle  founder  cells  could be  induced by  auxin  in  the  region  located proximally  to  the 

RAM (De Smet et al., 2007) that is referred to as basal meristem or transition zone (Dello Ioio 

et al., 2007; Peret et al., 2009). This process, also called priming, occurs in a regularly cyclic 

way,  approximately  every  15  hours.  Later,  the  pre‐specified  pericycle  founder  cells 

accumulate auxin that triggers lateral root formation (Dubrovsky et al., 2008). Under normal 

conditions,  only  primed  cells  of  the  xylem  pole  pericycle  become  pericycle  founder  cells. 

However, exogenous auxin application might also activate other xylem pole pericycle cells 

(Boerjan et  al.,  1995; Dubrovsky  et  al.,  2008).  In  addition  to  the  auxin‐mediated priming, 

there  is  also  auxin‐independent,  mechanically  induced  priming  that  allows  induction  of 

lateral root primordia in a response to environmental inputs, e.g. gravistimulation (Ditengou 

et al., 2008; Lucas et al., 2008b; Peret et al., 2009). 

The pericycle xylem pole cells  that eventually become pericycle  founder cells might be 

considered  as  ‘extended meristem’  (Casimiro  et  al.,  2003).  In  contrast  to  pericycle  cells 

located at the phloem pole, which remain  in the G1 phase of the cell cycle, the xylem pole 

pericycle  cells  leave  the  apical meristem  in  the  G2  stage  (Beeckman  et  al.,  2001),  thus 

maintaining their ability to divide. It remains a question, therefore, whether auxin‐mediated 

induction  leads  to  complete,  de  novo  re‐specification  of  the  developmental  fate  of 

completely differentiated cells or whether  the auxin‐mediated  induction of postembryonic 

organogenesis  allows  activation  of  meristem  pre‐programmed  cells  with  higher  mitotic 

potential.  In  that regard,  it  is worthy of note  that  in addition  to doing so  in  the roots,  the 

exogenously applied auxin might induce postembryonic de novo organogenesis also in other 

organs, e.g. hypocotyls, petals or cotyledons (Pernisova et al., 2009; Sugimoto et al., 2010). 

Even in the shoot‐derived tissues, however, auxin‐induced organogenesis is accompanied by 

the expression of pericycle marker, suggesting that the auxin‐induced organogenesis occurs 
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by default  through  the  root developmental pathway  (Sugimoto et al., 2010). Despite  that 

neither the cell cycle status nor the lineage origin of the auxin‐responsive cells in the shoot 

has  been  determined,  the  expression  of  pericycle‐specific marker  (Sugimoto  et  al.,  2010) 

implies the possible existence of specific, meristem‐derived cell lineages with higher mitotic 

and auxin‐response potential throughout the plant body.  

  

3. Auxin and Cytokinins as Principal Regulators of Plant Development 

The plant hormones auxin and cytokinins are key regulators of plant development during 

both embryogenesis and the postembryonic stage. Auxin has been described as a principle 

regulator of plant cell polarity and cell patterning during embryogenesis and postembryonic 

development  (Sachs,  1991;  Sabatini  et  al.,  1999;  Friml  et  al.,  2002c;  Blilou  et  al.,  2005; 

Pagnussat  et  al.,  2009),  plant  tropic  responses  (Friml  et  al.,  2002b;  Lucas  et  al.,  2008a), 

phyllotaxis (Reinhardt et al., 2003), and vascular tissue formation (Sachs, 2000; Scarpella et 

al., 2006; Donner et al., 2009). Cytokinins were originally identified as factors promoting cell 

division  (Miller  et  al.,  1955).  Similar  to  auxin,  cytokinins  are  involved  in  regulating many 

important developmental processes, e.g. regulation of both shoot and root meristem activity 

(Medford et al., 1989; Smigocki, 1991; Higuchi et al., 2004; Nishimura et al., 2004; Kurakawa 

et al., 2007; Kuroha et al., 2009), activity of axillary meristems  (Sachs and Thimann, 1967; 

Tanaka et al., 2006), senescence (Hewelt et al., 1994; Kim et al., 2006), stress response (Tran 

et al., 2007), and vascular tissue formation (Matsumoto‐Kitano et al., 2008; Nieminen et al., 

2008;  Hejatko  et  al.,  2009b).  Both  cytokinins  and  auxin  are  important  regulators  of 

postembryonic  de  novo  organogenesis,  including  regulation  of  the  root  architecture  via 

modulation of the lateral root formation (Medford et al., 1989; Smigocki, 1991; Himanen et 

al., 2002; Benkova et al., 2003;  Li et al., 2006; De  Smet et al., 2007;  Laplaze et al., 2007; 

Dubrovsky  et  al.,  2008; Kuderova  et  al.,  2008) or  in  vitro  induced de novo organogenesis 

(Skoog and Miller, 1957; Cary et al., 2002; Gordon et al., 2007; Che et al., 2007; Pernisova et 

al.,  2009).  For more  detailed  description  of  the  aforementioned  regulatory  roles  of  both 

phytohormones and their interactions, see enclosed publication #1 (Pernisová et al., 2011).  

In the following sections, I will describe in more detail regulatory roles of cytokinins and 

auxin in selected developmental processes, emphasizing those for which my colleagues and I 

have contributed to the identification of underlying molecular mechanisms. 
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4. Multistep Phosphorelay Signalling and its Role in Developmental Regulations  

4.1. Multistep Phosphorelay Signalling and Overview of its Role in the Regulation of Plant 

Development 

In  bacteria,  sensor  histidine  kinases  (HKs)  comprise  a  part  of  what  are  called  two‐

component signalling (TCS) systems, which were found to be important regulators of a wide 

spectrum  of  adaptive  responses  in  bacteria,  including  e.g.  nitrogen  and  carbon  usage, 

phosphate assimilation, chemotaxis,  sporulation or virulence  (for  review,  see  (Stock et al., 

1989;  Gao  et  al.,  2007).  TCS  systems  are  composed  of  an  HK  that  is  recognized  by  its 

signalling partner, the cognate response regulator (RR). Upon  interaction of the usually  low 

molecular  weight  signalling  molecule  with  the  extracellular  portion  of  the  HK,  the 

intracellular  (kinase)  domain  is  activated  and  the  conserved  histidine  residue  is 

phosphorylated. The phosphate group is then transferred from the phosphorylated histidine 

to the aspartate of the N‐terminal regulatory or receiver domain of the RR, which  leads to 

the activation of its output domain. In bacteria, the RRs are mostly transcription factors and 

activation  of  their  output  domains  leads  to  the  regulation  of  target  gene  expression. 

However,  bacterial  response  regulators  might  also  be  involved  in  other  processes,  e.g. 

regulation  of  target  effectors  via  protein‐protein  interactions,  interactions  with  RNA,  or 

enzymatic regulations (Gao et al., 2007). 

In some eukaryotic systems, too, TCS systems were adopted. In eukaryotic systems (and 

in  some  bacteria),  however,  modifications  of  the  TCS  were  introduced,  resulting  in  a 

modified signalling pathway known as multistep phosphorelay (MSP).  In comparison to the 

aforementioned TCS, signal transduction via MSP contains two more signalling modules. The 

sensor  histidine  kinases  (called  hybrid  histidine  kinases)  in  MSP  contain  an  additional, 

response  regulator‐like  receiver  domain  and  the  first  phosphotransfer  reaction  is 

intramolecular.  Further,  an  additional  histidine‐containing  phosphotransfer  protein  (HPt) 

serves  as  a  shuttle between  (mostly) membrane‐localized  sensor histidine  kinase  and  the 

nucleus, where it allows phosphorylation of the terminal phosphate acceptor, the response 

regulator.  Thus,  in  comparison  to  simple  His‐to‐Asp  phosphotransfer  taking  place  in 

prototypical bacterial TCS systems, the aforementioned modifications lead to sequential His‐

to‐Asp‐to‐His‐to‐Asp phosphorelay being employed by some bacteria and eukaryotes (Chang 
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and  Stewart,  1998).  For  more  details  on  the  molecular  mechanisms  of  the  signal 

transduction via MSP and related figures, see enclosed publication #2 (Horák et al., 2011). 

In Arabidopsis, 11 HKs, 6 HPts and 23 RRs were  identified  (for review, see e.g.  (To and 

Kieber, 2008)).  Upon interaction with usually low molecular weight signalling molecules, HKs 

trigger  the MSP  signalling  cascade  and  regulate  a  spectrum  of  developmental  responses. 

Hybrid histidine  kinases AHK2, AHK3  and AHK4  act  as  cytokinin  receptors  and  trigger  the 

cytokinin‐regulated  MSP‐mediated  responses  during  both  root  and  shoot  development 

(Higuchi  et  al.,  2004; Nishimura  et  al.,  2004;  Riefler  et  al.,  2006;  Dello  Ioio  et  al.,  2007; 

Gordon et al., 2009), vascular tissue formation (Matsumoto‐Kitano et al., 2008; Nieminen et 

al., 2008; Hejatko et al., 2009b), senescence (Kim et al., 2006), abiotic stress response (Tran 

et al., 2007), and postembryonic de novo organogenesis (Kakimoto, 1996; Inoue et al., 2001; 

Higuchi et al., 2004; Nishimura et al., 2004; Pernisova et al., 2009). In addition to cytokinins, 

receptors of another phytohormone, ethylene,  reveal  similarity with  the histidine kinases, 

and ETR1 was proven also to affect developmental responses in Arabidopsis via MSP (Hass et 

al.,  2004;  Scharein  et  al.,  2008;  Voet‐van‐Vormizeele  and  Groth,  2008;  Pernisova  et  al., 

2009). In addition to hormonal regulation, the MSP in Arabidopsis mediates osmoregulation 

(AHK1)  (Urao et al., 1999; Urao et al., 2000; Tran et al., 2007),  stomatal  signalling  (AHK5) 

(Desikan  et  al.,  2008),  root  growth  (AHK5)  (Iwama  et  al.,  2007),  and megagametogenesis 

(CKI1) (Pischke et al., 2002; Hejatko et al., 2003; Deng et al., 2010). Six HPt proteins mediate 

the  signal  transduction  via  MSP  in  Arabidopsis.  Five  of  these,  ARABIDOPSIS  HISTIDINE 

PHOSPHOTRANSFER PROTEIN 1‐5  (AHP1‐5), are positive regulators  (Hutchison et al., 2006; 

Deng et al., 2010) and act to shuttle between the membrane‐located HKs and the nuclear‐

located RRs. AHP6 has  lost the conserved His and was  found to be a negative regulator of 

MSP‐mediated cytokinin signalling in the vascular tissue development in the root (Mahonen 

et  al.,  2006b).  There  are  two  types  of  final  phosphate  acceptors,  the  RRs  in Arabidopsis, 

encoded  by  ARABIDOPSIS  RESPONSE  REGULATOR  (ARR)  genes.  Type‐B  RRs  act  as 

transcription factors and are activated by phosphate transferred from AHP1‐5.   Type‐A RRs 

are among  the  targets of  type‐B RRs, and, based on  the  very  rapid up‐regulation of  their 

transcription by cytokinins (D'Agostino et al., 2000), they are considered as cytokinin primary 

response genes. Type‐A RRs are negative regulators of cytokinin signalling and mediate the 

negative feedback loop in MSP signalling (To et al., 2004). 
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4.2. Isolation of the CKI1 Gene 

In spite of cytokinins’ general importance for plant development, about 10 years ago the 

signalling  machinery  involved  in  transduction  of  the  cytokinin  signal  from  the  plasma 

membrane  to  the  nucleus was  still  completely  unknown.  The  first  evidence  of  a  possible 

molecular  mechanism  for  the  cytokinin  signalling  came  from  work  of  the  exceptional 

Japanese scientist Tatsuo Kakimoto. Tatsuo used an activation mutagenesis approach to find 

genes  potentially  involved  in  the  cytokinin  signalling.  He  transformed  Arabidopsis  with 

tetramer of the cauliflower mosaic virus 35S rRNA gene promoter (CaMV35S) and performed 

a genetic screen for the Arabidopsis hypocotyls that would show the cytokinin‐like response 

(i.e.  formation  of  shoots  from  the  hypocotyl  explants  in  vitro,  a  process  also  called 

‘shooting’)  but  in  the  absence  of  exogenously  added  hormones.  Cloning  of DNA  in  close 

proximity  to  the  integration  site of  the T‐DNA with 35S  tetramer  led  to  the  isolation of a 

gene encoding a putative amino acid sequence with similarity  to bacterial sensor histidine 

kinases.  It  was  proven  that  ectopic  overexpression  of  its  cDNA  leads  to  cytokinin 

independent  shooting  and  hence  the  gene  was  designated  CYTOKININ‐INDEPENDENT  1 

(CKI1) (Kakimoto, 1996). 

 

4.3. The Role of CKI1 in Female Gametophyte Development 

At the time of CKI1’s cloning, the role of bacterial TCS‐like sensor histidine kinases was 

also known in yeast and some other eukaryotes (for review, see (Chang and Stewart, 1998)) 

and even  in hormonal  regulations by ethylene  in Arabidopsis  (Chang et al., 1993). On  that 

basis, Tatsuo concluded that CKI1 might be a cytokinin receptor, the overexpression of which 

leads  to  higher  sensitivity  to  endogenous  cytokinins  and  thus  the  cytokinin  independent 

phenotype (Kakimoto, 1996). 

We used the reverse genetics approach to  identify the potential regulatory role of CKI1 

in the development of Arabidopsis (see enclosed publication #3 (Hejatko et al., 2003)). We 

identified  insertion of maize transposable element En‐1  in the coding sequence of CKI1 via 

screening of a mutant library constructed by Ellen Wisman (Wisman et al., 1998) and found 

out  that  plants  homozygous  for  the  insertion  allele  cki1‐i  cannot  be  identified  in  the 

segregating  population,  thus  leading  to  a  distortion  of  expected Mendelian  segregation 

ratios. Based on the results of reciprocal crosses, we found that cki1‐i cannot be transferred 
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through the female germ line. In good agreement with that, the plants heterozygous for the 

insertion allele were semi‐sterile, having the seed set reduced to approximately one‐half of 

that  found  in  the  sibling wild  type  (WT)  lines.  That  led  us  to  conclude  that  the  female 

gametogenesis  (megagametogenesis)  might  potentially  be  compromised  in  female 

gametophytes  (embryo  sacs)  carrying  the  cki1‐i  allele.  That  hypothesis was  confirmed  by 

detailed microscopy analysis which proved that half of the embryo sacs in CKI1/cki1‐i plants 

aborted  their development at a  specific  stage of megagametogenesis  (FG5). Based on  the 

mutant phenotypes, we found that the most probable primary effect of the absence of CKI1 

is  a  collapse  of  the  central  vacuole  that  might  lead  to  subsequent  and  probably  only 

secondary effects (e.g. abnormal mitosis, cellularization defects, and final degradation of the 

entire  embryo  sac).  Thus,  based  on  these  data, we  concluded  that  “the  integrity  of  the 

central vacuole is important for the timing and spatial distribution of specific cellular events 

(e.g. mitosis)  during  female  gametophyte  development“  (Hejatko  et  al.,  2003).  However, 

what is the exact role of CKI1 in maintenance of the central vacuole remains to be clarified. 

Interestingly, the expression of CKI1 as revealed by analysis of transgenic  lines carrying 

transcriptional  fusion  of  CKI1  promoter  with  the  bacterial  β‐GLUCURONIDASE  (GUS) 

encoding  gene  (ProCKI1:GUS)  suggested  the  transcriptional  activity  of  CKI1  from  the  very 

beginning of female gametophyte development (FG0 or FG1). That was confirmed by in situ 

localization of CKI1 mRNA according to the protocol that we have adopted (Hartmann et al., 

2000) and further optimized (see enclosed publication #4, (Hejatko et al., 2006) and (Brewer 

et  al.,  2006)).  Thus,  CKI1  might  be  involved  in  processes  that  take  place  throughout 

megagametogenesis  but  become  manifest  only  later  during  female  gametophyte 

development. Alternatively, the signalling molecule recognized by CKI1 might appear later, in 

stage FG4 or FG5 (Hejatko et al., 2003). 

We have  further  inspected the expression of CKI1  in the newly developing sporophyte, 

immediately after  fertilization. To avoid possible  contamination of  the developing embryo 

and  seed  sporophyte by GUS originating  from gametophytic expression, we  inspected  the 

GUS activity in WT developing seeds after pollination with pollen from ProCKI1:GUS lines. In 

that experimental setup, we detected the GUS activity as soon as 12 hours after pollination 

(HAP).  The  expression was most  prominent  at  24  HAP  and  further  decreased, with  only 

residual GUS  staining being detectable  at 48 HAP. At 72 HAP, no more GUS  staining was 
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detectable,  suggesting  transient  transcriptional  activation  of  CKI1  during  early  seed 

development. At  that  time,  there was published  the hypothesis about genome‐wide male 

imprinting, based upon which the male genome is completely silenced in the early stages of 

seed development  (Grossniklaus and  Schneitz, 1998;  Luo et al., 2000). However, our data 

together  with  that  of  others  (Weijers  et  al.,  2001)  have  strongly  suggested  that  the 

hypothesis should be revised. 

Taken  together,  we  have  shown  that  CKI1  expression  starts  very  early  in  female 

gametophyte  formation  and  that  CKI1  is  critical  for  proper  female  gametophyte 

development (Hejatko et al., 2003). Similar results were obtained by the competing group of 

Professor Sussman for cki1‐5 and cki1‐6 alleles (Pischke et al., 2002). As CKI1 is supposed to 

act through the MSP in Arabidopsis, these data might also suggest involvement of HPTs, the 

predicted downstream  signalling partners of CKI1,  in  the  female gametogenesis. That was 

recently confirmed by the Chinese group of Professor Zuo. In their publication by Deng et al. 

(2010)  they  have  shown  that  pentaple  ahp1,2,3,4,5  mutant  ovules  reveal  a  phenotype 

similar  to  that  of  cki1‐i.  Interestingly,  ahk2,3,4  ovules  carrying  multiple  mutations  in 

cytokinin  receptors  similar  to  wol  ovules  (see  next  section)  showed  no  substantial 

phenotypic  alterations,  thus  suggesting  specificity  of  CKI1‐mediated MSP  signalling  in  the 

female gametophyte development (see also section 4.7). 

 

4.4. MSP and Vascular Tissue Formation 

During  our work  on  identifying  the  role  of  CKI1  in  female  gametogenesis,  additional 

sensor histidine kinases were isolated in Arabidopsis. ARABIDOPSIS HISTIDINE KINASES 2, 3, 

and  4  (AHK2, AHK3  and AHK4,  respectively) were  proven  to  activate MSP  in  a  cytokinin‐

dependent way and to act as cytokinin receptors in planta (Inoue et al., 2001; Suzuki et al., 

2001; Ueguchi et al., 2001b; Ueguchi et al., 2001a; Yamada et al., 2001; Higuchi et al., 2004; 

Nishimura  et  al.,  2004;  Riefler  et  al.,  2006).  The  first  of  these, AHK4, was  identified  as  a 

wooden leg (wol) allele. The wol mutant was identified in a screen for lines deficient in radial 

organization of the root (Scheres et al., 1995). Out of the vascular tissue cell types normally 

present  in  the WT  (i.e. phloem  [PH], protoxylem  [PX]  and metaxylem  [MX]), only PX was 

identifiable  in  the  vascular  tissue  of  the wol mutant  (therefore  the  designation  ‘wooden 

leg‘). The WOL gene was cloned (Mahonen et al., 2000) and later it was found to be allelic to 



15 

 

CYTOKININ RESPONSE 1 (CRE1), the gene for the sensor histidine kinase responsible for the 

cytokinin response  in Arabidopsis hypocotyls (the ‘shooting’ described  in section 3.1 (Inoue 

et al., 2001)) and to AHK4 (Suzuki et al., 2001). Importantly, AHK4/CRE1/WOL was proven to 

mediate the MSP activation in yeast and in E. coli in a cytokinin‐dependent way (Inoue et al., 

2001; Suzuki et al., 2001; Yamada et al., 2001) and  the extracellular domain of AHK4 and 

AHK3,  containing  what  is  called  the  CHASE  domain  (Anantharaman  and  Aravind,  2001; 

Mougel and Zhulin, 2001), was found to directly bind cytokinins (Yamada et al., 2001; Spichal 

et al., 2004).  

Later,  the  role  of  cytokinin  signalling  in  the  vascular  tissue was  corroborated  by  the 

group  of  Yka  Helariutta.  Ari  Pekka  Mahonen  et  al.  (2006b)  have  shown  that  cytokinin 

signalling via AHK4  is necessary for PH and MX formation  in the vascular tissue of the root. 

According  to  this  scenario,  in  the absence of  cytokinin  signal,  the  ‘default’ developmental 

pathway leads to formation of PX cells. However, AHK4‐mediated cytokinin signalling results 

in  inhibition or perhaps  rather modification of  this  ‘default’ developmental pathway,  thus 

allowing  formation  of  PH  and  MX  cell  types  (Mahonen  et  al.,  2006b).  As  previously 

mentioned  in  section  3.1,  the  spatiotemporal  specificity  of  the  cytokinin  pathway  is 

modulated  via  multiple  negative  regulators  and  feedback  loops.  Specific  expression  of 

negative  regulator  AHP6 was  proven  to  delimit  the  activity  of MSP  to  the  pericycle  cells 

outside the xylem poles, where PX cells differentiate (Mahonen et al., 2006b). 

 

4.5. The Role of CKI1 in Shoot Vascular Tissue Development  

As  mentioned  in  section  4.3,  we  have  found  the  expression  of  CKI1  throughout 

megagametogenesis and transient CKI1 expression was detectable in the sporophytic tissue 

during  early  seed  development  (Hejatko  et  al.,  2003). We  have  seen  the  transcriptional 

activity of CKI1 also during  the generative growth phase, however, and dominantly  in  the 

shoot  vascular  tissues.  Based  on  the  analysis  of  GUS  activity  in  ProCKI1:GUS  and  in  situ 

localization  of  CKI1  mRNA,  the  expression  was  detectable  in  vascular  tissue  of  the 

inflorescence  stem  and of  all  floral organs, while weak but distinct GUS  activity was  also 

detectable  in  the  tapetum  (see  enclosed  publication  #5  (Hejatko  et  al.,  2009b)).  In  the 

vascular  tissue  of  the  inflorescence  stem,  the  expression  of  CKI1  (both  CKI1  promoter  

activity and CKI1 mRNA localization) was detectable in cells adjacent to the vascular bundles 
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forming what is called the vascular bundle sheath and in the xylem. To prove the presence of 

CKI1 protein  in those tissues, we prepared an antibody recognizing the extracellular part of 

CKI1. Surprisingly, using these antibodies, we have detected the presence of CKI1 not only in 

the aforementioned cells revealing CKI1 transcription, but also in adjacent procambial cells. 

That  implied  potential  presence  of  localization  signal  in  the  CKI1  protein,  which  was 

confirmed in lines with ectopic overexpression of CKI1 (Pro35S:CKI1 lines), where the signal 

was localized dominantly also in the procambial cells.  

Thus, these data on expression of CKI1 in specific cell types of vascular tissue suggested a 

potential  role of CKI1  in  vascular  tissue  formation. That was  confirmed by  the phenotype 

analysis of Pro35S:CKI1 lines, where we have detected increased number of procambial cells 

forming the stem cell pool of the lateral meristem. The opposite phenotype (i.e. reduction in 

the number of procambial cells) we found in lines with down‐regulated CKI1 activity via RNA 

interference  (RNAi)  as  well  as  in  lines  heterozygous  for  the  cki1‐6  allele. We  observed 

reduction in the number of procambial cells also in the single mutants ahk2 and ahk3, with 

more pronounced phenotype  in the ahk2 ahk3 double mutant  line. Similar phenotype was 

found also in transgenic lines with depleted endogenous cytokinins via overexpression of the 

gene encoding cytokinin degradation enzymes, CYTOKININ OXIDASE/DEHYDROGENASE 2 and 

3 [Pro35S:AtCKX2(3)]. Complementary results regarding the cytokinin action in the cambium 

activity  were  obtained  in  parallel  by  two  other  groups  (Matsumoto‐Kitano  et  al.,  2008; 

Nieminen et al., 2008). 

Taken together, our results provided experimental evidence that CKI1 acts together with 

cytokinins  as  a  positive  regulator  of  procambial  cells  division  and/or  the maintenance  of 

their  identity,  thus  directly  affecting  radial  plant  growth.  These  results  are  important  not 

only as a part of our knowledge of molecular principles  involved  in regulating fundamental 

developmental processes in plants, but they might be used also to improve the quality of our 

life. Knowledge of molecular mechanisms regulating plant growth might be employed in the 

development  of  novel  technologies  that  would  decrease  our  dependence  on  petroleum 

products  and  increase  the  use  of  biomass  production  as  a  sustainable  alternative  energy 

resource (Hejatko et al., 2009a).  
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4.6. The Mechanism of CKI1 Action and Its Role in Cytokinin Signalling 

CKI1 was originally  supposed  to be a cytokinin  receptor. Our  findings as  to  the  role of 

CKI1  in  the  vascular  tissue  development  have  suggested  that  CKI1  acts  together  with 

cytokinins in the regulation of vascular tissue formation and radial plant growth (Hejatko et 

al.,  2009b).  Nonetheless,  neither  cytokinin  binding  (Yamada  et  al.,  2001)  nor  cytokinin‐

dependent activation of MSP by CKI1 has been shown. CKI1 was found to be able to activate 

MSP  in E. coli and yeast, however,  in a cytokinin‐independent way  [T. Kakimoto, personal 

communication], thus impugning a role for CKI1 in cytokinin perception.  

To find the molecular mechanism of CKI1’s action, we analysed its ability to mediate MSP 

signalling  in plant protoplast assay.  In this assay, established  in the  laboratory of Professor 

Jen  Sheen,  plant  protoplasts  are  transformed  by  the  DNA  construct  carrying  the  gene 

encoding  firefly  LUCIFERASE  (LUC)  under  control  of  the  cytokinin  primary  response  gene 

ARR6 (ProARR6:LUC) and the activity of MSP signalling is quantified in proportion to the LUC 

activity (Hwang and Sheen, 2001). Using that assay, it was shown that CKI1 is able to induce 

MSP signalling  in a cytokinin‐independent way  (Hwang and Sheen, 2001).  In our work, we 

have shown that CKI1 lacking the conserved His residue (CKI1H405Q mutant) has a dominant 

negative role in MSP signalling and interferes with cytokinin‐dependent signalling mediated 

by the cytokinin receptor AHK4. Further, we have shown that CKI1 phosphorylates ARR2, a 

type‐B response regulator that is involved in cytokinin‐mediated two‐component responses, 

(again,  however,  in  a  cytokinin‐independent  way).  Finally,  we  have  shown  that  the 

expression of type‐A RRs, the expression of which is considered to be a measure of the MSP 

signalling,  is affected  in  the CKI1/cki1‐5(6) mutants and  in  transgenic  lines overexpressing 

both WT  CKI1  and  CKI1H405Q  (Hejatko  et  al.,  2009b).  Thus,  our  data  have  provided  clear 

experimental  evidence  that  CKI1  acts  through MSP  signalling  in  Arabidopsis  and  shares 

common regulatory proteins with the cytokinin signalling pathway. That was later proven by 

an  independent  group  using  analysis  of  pentaple  ahp  mutants  (Deng  et  al.,  2010),  as 

mentioned  previously  in  section  4.3.  However,  CKI1  seems  to  act  independent  of  the 

presence or absence of cytokinins. Thus,  the potential  regulatory  role of CKI1  in  cytokinin 

signalling remains to be clarified. One of the possibilities could be a direct interaction of CKI1 

with some of the cytokinin receptors and  formation of heterodimers, as was shown  in the 

case  of  ethylene  receptors  (Grefen  et  al.,  2008).  That might  eventually  lead  to  changed 
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binding specificity and/or kinase activity of such heterodimers. We have shown formation of 

CKI1 homodimers both in vitro and in vivo, but no interaction of CKI1 has been proven with 

either AHK3 or AHK4 (Hejatko et al., 2009b). Thus, most probably, CKI1  interferes with the 

cytokinin signalling at the level of interaction with its closest downstream signalling partners, 

the HPt proteins.  

A similar model was predicted in the work of Mahonen et al. (2006a). In their work, they 

have shown that AHK4 might act as a kinase or phosphatase dependent on the presence or 

absence of cytokinins,  respectively. This ability  to switch between kinase and phosphatase 

activities might be unique to AHK4 among all cytokinin receptors, as AHK2 and AHK3 seem 

able only  to act  in  the kinase mode  (Mahonen et al., 2006a). According  to  this model,  the 

final  output  of  the MSP  comprises  a  combined  contribution  of  both  types  of  sensor HKs 

(kinases/phosphatases  and  kinases),  both  cytokinin‐regulated  and  cytokinin‐independent 

(Mahonen  et  al.,  2006a). Although  phosphatase  activity of  the CKI1  receiver  domain was 

proven  in vitro  (Nakamura et al., 1999),  the potential  regulatory  role of CKI1 phosphatase 

activity in the MSP remains to be clarified. Finally, differential regulation of CKI1 expression 

might  be  another  regulatory  mechanism  of  the  CKI1‐dependent  modulation  of  both 

cytokinin signalling and MSP in general, which is a subject of our recent work. 

 

4.7. Specificity of Multistep Phosphorelay Signalling 

As  mentioned  in  section  4.1,  MSP  signalling  in  plants  seems  to  integrate  different 

signalling pathways into a common output. Accordingly, the individual members of the MSP 

(i.e. HK, HPt proteins and RRs) appear, at  least  in part,  to act  redundantly  (Higuchi et al., 

2004; Nishimura  et  al.,  2004;  To  et  al.,  2004; Mason  et  al.,  2005; Hutchison  et  al.,  2006; 

Riefler et al., 2006). For  review,  see  (Horák et al., 2011).  In addition  to  signal  integration, 

however,  the  independence  and  specificity  of  individual  signalling  pathways  must  be 

preserved. Accordingly, signalling through the MSP  in Arabidopsis reveals a certain  level of 

specificity,  as  manifested  e.g.  by  the  ligand  specificity  of  individual  cytokinin  receptors  

(Spichal  et  al.,  2004)  and/or  their  involvement  in  different,  spatiotemporal‐specific 

developmental  regulations  (Dello  Ioio  et  al.,  2007).  For  more  details,  see  enclosed 

publication #2  (Horák et al., 2011). However, the developmental specificity and underlying 

molecular mechanisms in plant MSP signalling remain mostly elusive. 
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4.8. Structure and Binding Specificity of the Receiver Domain of CKI1 

In our work on identifying potential specificity in the MSP signalling in Arabidopsis and of 

its molecular  determinants  (see  enclosed  publications  #6  and  #7  (Klumpler  et  al.,  2009; 

Pekárová et al., 2011)), we have been  inspired by  the mechanisms of specificity  that have 

evolved  in ancestors of MSP,  the TCS  in bacteria. The prototypical TCS systems  in bacteria 

are  formed  by  rather  rigid  couples  of  cognate  signalling  partners,  consisting  of  histidine 

kinase and corresponding response regulator. In spite of their high sequential and structural 

similarity, physiologically relevant cross‐reactivity among non‐cognate signalling proteins  in 

bacterial TCS is usually not detected (Laub and Goulian, 2007). The molecular recognition of 

the  individual  pairs  is mediated  by  protein‐protein  interaction  between  the  dimerization 

histidine‐containing  phosphotransfer  domain  (DHpD)  of  the  histidine  kinases  and  the 

receiver domain of response regulators. This molecular recognition  is a prerequisite for the 

effective  support  of  TCS  specificity  by  such  other molecular mechanisms  as  phosphatase 

activity of bifunctional histidine kinases or substrate competition (for review, see (Laub and 

Goulian,  2007;  Horák  et  al.,  2011).  Taking  into  account  the  evolutionary  relationship 

between TCS and MSP, one could predict that similar mechanisms could be at least partially 

preserved in the plant MSP signalling. 

To prove that hypothesis, we performed screening of the protein‐protein interactions of 

CKI1 with all six Arabidopsis HPt proteins. Using two independent in vivo assays – the yeast 

two‐hybrid  (Y2H) and bimolecular  fluorescence complementation  (BiFC) assays – we  found 

that CKI1  interacts with only a subset of Arabidopsis HPt proteins: AHP1, AHP2 and AHP5. 

The same results were obtained using full‐length CKI1 and only the receiver domain of CKI1 

(CKI1RD), suggesting that CKI1RD is sufficient and responsible for molecular recognition of the 

specific signalling partner of CKI1. These results were confirmed by ELISA measurements of 

apparent dissociation constants. While Kds of the interaction between CKI1RD and AHP2 and 

AHP3 were  comparable  (9.17  ±  0.49  and  10.5  ±  0.73,  respectively),  the  Kd  of  the  CKI1RD 

complex with AHP5 was an order of magnitude higher (108 ± 18) (Pekárová et al., 2011).  

To  elucidate  determinants  of  these  specific  interactions  at  the  atomic  level,  we 

determined the structure of CKI1RD using X‐ray diffraction (Klumpler et al., 2009). Similarly to 

receiver domains from the CheY‐like superfamily (Wilson et al., 2009), CKI1RD was found to 

be folded  in an (α/β)5 manner with the central β‐sheet formed from five parallel β‐strands 
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(β2‐β1‐β3‐β4‐β5), and surrounded on both sides by two (α1, α5) and three (α2, α3, α4), α‐

helices. Secondary structure elements are connected with five loops, L1–L5, on the face side 

of the domain and by four loops ℓ1–ℓ4 on the opposite side (Pekárová et al., 2011).  

Magnesium ions (Mg2+) are necessary cofactors for both the kinase autophosphorylation  

and transphosphorylation reactions (Lukat et al., 1990). Binding of the Mg2+ to the receiver 

domain of bacterial response regulators and subsequent phosphorylation was shown to be 

associated with structural rearrangements (Bourret et al., 1993; Stock et al., 1993; Lee et al., 

2001; Rogov et al., 2008). To  investigate the potential Mg2+‐mediated structural changes of 

CKI1RD, we  analysed  the  structure of  a  co‐crystal of CKI1RD with Mg2+. We  found  that  the 

secondary structure of the CKI1RD complex with Mg2+  in comparison to the structure of the 

free CKI1RD protein was only  slightly affected. The most dramatic changes occurred  in  the 

position  of  the  side  chain  of  the  conserved  Asp  that  is  directly  involved  in  the 

transphosphorylation reaction (change of the chi angle of the D1050 side chain [C‐terminal 

part  of  strand  β3]).  Upon  magnesium  binding,  the  side  chain  of  D1050  rotates  by  90° 

towards  the divalent  cation. As  the D1050  is  connected  via  a  salt bridge with K1105,  the 

rotation of D1050 induces rotation of K1105 (see also supplemental video, enclosed with the 

electronic version of this work). This change induces a 3.4 Å shift of Nζ (K1105) and 2 Å shift 

of Oδ  (D1050),  thus  resulting  in an appropriate geometry  in  the acidic pocket  required  for 

acceptance of the phosphate group (Pekárová et al., 2011).  

To  determine  the  potential  structural  changes  of  CKI1RD  induced  by  Mg2+  or 

phosphorylation in solution, a 13C, 15N‐labelled CKI1RD sample was prepared. Backbone amide 

as well  as  13Cα  and  13Cβ  resonances were  assigned  using  standard  triple  resonance NMR 

experiments in the presence and absence of Mg2+ and phosphorylation mimicking BeF3
‐. The 

major effect observed after addition of Mg2+ was  loss of the conformational heterogeneity 

observed  in  the  loop  3.  In  general,  the  chemical  shift  changes observed  suggest  that  the 

Mg2+ might be  responsible  for major structural  rearrangements, while phosphorylation  (as 

mimicked by the binding of BeF3
‐) results  in rather minor structural modifications. This  is  in 

contrast  to  what  could  be  seen  in  bacterial  MSP,  where  phosphorylation  in  e.g.  RcsC‐

PR/RcsD‐mediated MSP  was  identified  as  inducing major  structural  rearrangements  and 

subsequent changes in the protein affinity (Rogov et al., 2006). 
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Finally,  we  have  inspected  potential  influence  of Mg2+‐  and  BeF3
‐‐induced  structural 

changes on the binding specificity of CKI1RD.  In comparison to  free CKI1RD, the presence of 

Mg2+ ions slightly favoured interactions with AHP2 at the expense of interactions with AHP3, 

thus resulting  in a two‐fold preference for AHP2 when compared to AHP3.  In contrast, the 

addition of phosphorylation mimicking BeF3
‐  in  the presence of Mg2+  reversed  the binding 

affinities,  leading to 1.5‐fold higher preference for AHP3 as compared to AHP2. Thus, while 

either  the  presence  of  Mg2+  or  beryllofluoridation  has  only  limited  influence  on  the 

interactions  between  CKI1RD  and  AHP  proteins,  these  can  further modulate  the  relative 

specificity of CKI1RD to individual AHPs (Pekárová et al., 2011). 

Taken together, our work proves for the first time a certain level of specificity in the MSP 

signalling in plants and allows first insights into the structure of the CKI1 receiver domain as 

a molecular determinant of  this  specificity. Our work  thus provides an  initial platform  for 

identifying molecular factors determining signalling specificity in various plant MSP signalling 

pathways. 

 

5. Molecular Mechanisms of Auxin‐Dependent Regulations of Plant Development 

Detailed  description  of  all  developmental  processes  controlled  by  auxin  and  their 

molecular mechanisms is beyond the scope of this work and can be found in several recent 

reviews (e.g. (Teale et al., 2006; De Smet and Jurgens, 2007; Vieten et al., 2007; Benkova et 

al., 2009; Peret et al., 2009; Vanneste and Friml, 2009; Bennett and Scheres, 2010)). Here, I 

will only briefly describe the essential features of auxin‐mediated developmental regulations 

for the better understanding of our work and its background.  

Auxin  is synthesized  in cotyledons,  leaves and roots.  It  is actively transported  from the 

place  of  its  biosynthesis  by  influx  and  efflux  carriers.  Of  these,  AUX1  and  PIN  proteins, 

respectively, are among the best characterized (Bennett et al., 1996; Galweiler et al., 1998; 

Muller et al., 1998; Marchant et al., 1999; Friml et al., 2002c; Friml et al., 2002a; Friml et al., 

2003; Mravec et al., 2009). Dynamic polar  localization of auxin carriers  is determinative for 

intercellular auxin distribution and spatiotemporal‐specific formation of auxin concentration 

maxima (Geldner et al., 2001; Benkova et al., 2003; Dhonukshe et al., 2007; Feraru and Friml, 

2008). Localization of auxin maxima may be visualized  in transgenic  lines carrying reporter 

genes under control of auxin‐responsive promoter, e.g. DR5rev:GFP or DR5:GUS (Ulmasov et 
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al.,  1997;  Benkova  et  al.,  2003).  Interference with  formation  of  the  auxin  concentration 

maxima compromises several critical aspects of plant development, e.g. formation of apical‐

basal  axis  during  embryogenesis  (Friml  et  al.,  2003;  Geldner  et  al.,  2003; Weijers  et  al., 

2005), tropic responses (Friml et al., 2002a), lateral root formation (Benkova et al., 2003; De 

Smet  et  al.,  2007;  Dubrovsky  et  al.,  2008;  Kuderova  et  al.,  2008),  positioning  of  root 

meristem stem cell niche (Sabatini et al., 1999; Blilou et al., 2005), phyllotaxis (Reinhardt et 

al., 2003; Bainbridge et al., 2008), or vascular tissue formation and patterning (Scarpella et 

al., 2006; Bayer et al., 2009; Donner et al., 2009).  

The  intracellular  auxin  signal  is  recognized by  the TRANSPORT  INHIBITOR RESPONSE 1 

(TIR1) protein, which upon auxin binding mediates targeted degradation of AUXIN/INDOLE‐

3‐ACETIC  ACID  (AUX/IAA)  proteins.  That  releases  their  inhibitory  effect  on  AUXIN‐

RESPONSIVE  FACTORS  (ARFs)  that  are  thus  allowed  to  initiate  transcription  of  auxin‐

regulated genes (Dharmasiri et al., 2005; Okushima et al., 2005; Overvoorde et al., 2005).  

     

6. Auxin and Cytokinins Interactions 

6.1. Developmental Importance of Auxin and Cytokinins Interactions 

Auxin  and  cytokinins  interactions  are  important  for  several  aspects  of  plant 

development.  In spite of  the  fact  that  the developmental  impact of  these  interactions has 

been  known  for decades  (Skoog  and Miller, 1957),  the molecular nature  and  cellular  and 

tissue  aspects  of  respective  developmental  regulations  are  just  emerging.  These  include 

positioning  and maintenance  of  apical meristem  organization  centres  (Muller  and  Sheen, 

2008; Gordon et al., 2009; Zhao et al., 2010),  regulation of  root meristem  size via control 

over  the  equilibrium  between  cell  division  and  cell  differentiation  (Beemster  and  Baskin, 

2000;  Dello  Ioio  et  al.,  2007;  Dello  Ioio  et  al.,  2008),  and  postembryonic  de  novo 

organogenesis (Cary et al., 2002; Gordon et al., 2007; Che et al., 2007; Laplaze et al., 2007; 

Kuderova et al., 2008; Pernisova et al., 2009). For more details on respective developmental 

regulations and underlying molecular mechanisms, see enclosed publication #1 (Pernisová et 

al., 2011). 
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6.2. Auxin and Cytokinins Interactions During De Novo Organogenesis 

In contrast to most animals, plants evolved postembryonic de novo organogenesis as an 

important developmental adaptation (see section 2.1). The regulatory role of cytokinins and 

auxin  in these processes was  identified  in the early 1950s, when Folke Skoog and Carlos O. 

Miller  showed  that  the  concentration  ratio  of  these  two  phytohormones  determines  the 

developmental  fate  of  plant  tissues  in  vitro. Under  high  auxin‐to‐cytokinin  concentration 

ratios,  roots  were  initiated  from  cultivated  plant  explants.  Under  cytokinin  abundance, 

meanwhile, shooting (i.e. formation of the aerial portion of the plant) was observed (Skoog 

and Miller, 1957). Since then, the  interaction of these two hormones has been found to be 

important also for the regulation of other aspects of development in planta, e.g. regulation 

of the root meristem size (Beemster and Baskin, 2000). However, the underlying molecular 

mechanism of this important phenomenon remained unknown. 

In our work (see enclosed publication #8, (Pernisova et al., 2009)), we have employed a 

well‐established  technique  involving  Arabidopsis  hypocotyl  explants  (Kubo  and  Kakimoto, 

2000). Briefly, the hypocotyls of etiolated seedlings are collected and  further cultivated on 

media with varying ratios of cytokinins and auxin. Using this assay, we have found that, after 

reaching  a  certain minimal  concentration,  auxin  is  able  to  induce  formation  of  root‐like 

organs, even  in  the absence of exogenously added cytokinins. We designated  this minimal 

auxin concentration leading to organogenic response as the auxin threshold (30 ng/mL [135 

nM] for 2,4‐dichlorophenoxyacetic acid [2,4‐D] and 100 ng/mL [537 nM] for naphthalene‐1‐

acetic  acid  [NAA],  (Pernisova  et  al.,  2009)).  By  contrast,  in  the  absence  of  auxin  or  at 

concentrations  below  the  auxin  threshold,  cytokinins  were  unable  to  induce  any 

organogenesis,  even  at  the  highest  concentration  used. At  the  auxin  threshold,  however, 

increasing  concentration  of  cytokinins  led  to  gradual  loss  of  the  organization  of  auxin‐

induced organs. After reaching a certain cytokinin concentration (300 ng/mL of kinetin, [1.4 

uM]), we  observed  formation  of  only  disorganized  calli  and we  referred  to  this  cytokinin 

concentration as the cytokinin threshold. Based on these findings, we have concluded that 

auxin,  but  not  cytokinins,  is  able  to  induce  organogenic  response  and  that  cytokinins 

modulate  the  auxin‐induced  organogenesis. We  have  further  shown  that  the  cytokinin‐

dependent modulation  of  organogenesis  is mediated  via MSP  signalling with  a  dominant 

effect of AHK4, followed by AHK3 and AHK2 (AHK4≥AHK3>AHK2). Position‐specific activation 
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of MSP signalling was detected  in  the newly  formed organs by GUS staining of hypocotyls 

from  transgenic  lines  carrying  the GUS  encoding  gene  under  control  of  the  promoter  of 

ARR5, one of the cytokinin primary response genes (ProARR5:GUS, (D'Agostino et al., 2000)).  

To analyse  the potential  role of endogenous cytokinins, we  inspected  the organogenic 

response in transgenic lines with depleted endogenous cytokinins (Pro35S:AtCKX2(3)). When 

cultivated  at  the  cytokinin  threshold,  Pro35S:AtCKX2(3)  hypocotyl  explants  still  revealed 

formation  of  root‐like  organs  in  contrast  to  WT,  where  only  disorganized  calli  were 

detectable.  Measurements  of  endogenous  cytokinins  confirmed  the  production  of 

endogenous cytokinins in hypocotyl explants showing organogenic response and its decrease 

to approximately half of WT levels in Pro35S:AtCKX2(3) lines. 

Further,  we  were  interested  in  the  possible  mechanism  for  cytokinin‐dependent 

modulation  of  de  novo  organogenesis.  Interestingly,  use  of  NAA  or  2,4‐D  as  auxins  in 

cultivation media led to different organogenic responses. The use of 2,4‐D in the absence of 

cytokinins resulted in the formation of poorly specified organs that only partially resembled 

roots. With  increasing concentration of exogenously applied cytokinins,  these organs were 

gradually disorganized. By contrast, NAA induced production of root‐like structures and the 

increasing cytokinin concentration led to only partial loss of their organization. In hypocotyl 

explants  cultivated  in  the  presence  of  either  2,4‐D  or  NAA  at  the  cytokinin  threshold, 

however, we observed complete loss of organ formation and disorganized calli production.  

NAA and 2,4‐D differ in their mechanisms of cellular transport. While 2,4‐D is transported 

inside the cell via the active transport, NAA enters the cell passively. Conversely, while 2,4‐D 

is only a very poor  substrate of auxin efflux  carriers  that  transport auxin outside  the  cell, 

NAA can leave the cell exclusively via the action of auxin efflux carriers. Thus, the observed 

differences in the sensitivity of induced organs to cytokinins suggested that auxin transport 

might be a potential  target of  cytokinins during  its modulation of de novo organogenesis. 

That  conclusion  was  further  supported  by  our  analysis  of  auxin  concentration  maxima 

formation  as  estimated  in  hypocotyl  explants  from  DR5rev:GFP  and  DR5:GUS  transgenic 

lines. In the 2,4‐D‐induced organs, multiple auxin maxima were detectable that became less 

focused and their spreading and disorganization were observed with the increasing cytokinin 

concentration.  In contrast, NAA‐induced organs  formed single auxin maxima  that, similarly 

to  roots, were  located  in  their  tips,  and  the  presence  of  cytokinins  below  the  cytokinin 
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threshold had only weak effect on their  intensity. Under no circumstances did we observe 

any  changes  in  their  localization.  In  organs  induced  by  either  2,4‐D  or  NAA,  however, 

reaching  the  cytokinin  threshold  led  to  complete  loss  of  the  ability  to  form  auxin 

concentration maxima (Pernisova et al., 2009).  

Taken together, all these data strongly suggested the  involvement of auxin transport  in 

the  observed  cytokinin‐mediated  regulations  of  organogenic  response.  To  prove  that 

hypothesis,  we  used  the  auxin‐transport  assay  system  employing  tobacco  BY‐2  tissue 

cultures  that was  established  in  the  lab  of  Professor  Eva  Zažímalová.  In  that  system,  the 

accumulation  of  [3H]NAA  in  cultured  tobacco  BY‐2  cells  was  proven  to  be  dependent 

exclusively on the auxin efflux (Petrasek et al., 2003). When [3H]NAA was added to the BY‐2 

cells together with cytokinin, no effect on the [3H]NAA accumulation was detected even  in 

the presence of high cytokinin concentrations. When  the BY‐2 cells were pre‐treated with 

cytokinin  for  approximately  16  hours,  however,  we  observed  dramatic  increase  in  the 

[3H]NAA accumulation, thus suggesting cytokinin interference with auxin efflux.  

PIN auxin efflux carriers have been   shown to be rate‐limiting  factors of auxin efflux  in 

plant cells  (Petrasek et al., 2006) and changes  in  their expression have been  suggested  to 

occur in plants treated with cytokinins (Laplaze et al., 2007), potentially leading to changes in 

auxin concentration maxima during  lateral root formation  in transgenic  lines with elevated 

levels  of  endogenous  cytokinins  (see  enclosed  publication  #9  (Kuderova  et  al.,  2008)). 

Therefore,  we  inspected  the  expression  of  PIN  genes  (PIN1‐8)  in  our  system.  In  good 

accordance  with  our  results  from  the  auxin  transport  assay  in  BY‐2  cells,  we  observed 

differential regulation of  individual PIN genes  in hypocotyl explants cultivated at  the auxin 

threshold  and  in  the presence of  increasing  cytokinin  concentrations.  Interestingly,  in  the 

case of PIN1, we detected no apparent changes in the PIN1 mRNA levels. With the increasing 

cytokinin  concentration,  however,  the  PIN1  protein was  internalized  (changing  its  plasma 

membrane  localization  to  internal  cell  compartments)  and  gradually  disappeared,  as 

detected  in  transgenic  lines  carrying  translational  fusion of PIN1 with GFP  (ProPIN1:PIN1‐

GFP). Thus, we have shown  that cytokinins  regulate  the expression of auxin efflux carriers 

from the PIN family at both the transcriptional and post‐transcriptional levels. 

Finally,  to  prove  the  validity  of  the  observed  effects  for  in  planta  developmental 

regulations, we  inspected  the  auxin maxima  formation  in  transgenic  lines with  depleted 
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endogenous  cytokinins.  In  comparison  to  WT,  we  observed  lateral  expansion  of  auxin 

maxima  in both Pro35S:AtCKX2 and Pro35S:AtCKX3  lines associated with decrease of PIN2 

and  PIN4  expression.  This  suggests  that  certain  levels  of  endogenous  cytokinins  are 

necessary  for  expression  of  the  genes  for  PIN  auxin  efflux  carriers  and  thus  proper 

intercellular  auxin  distribution,  as  suggested  in  our  previous  publication  (see  enclosed 

publication #9 (Kuderova et al., 2008)). 

Taken  together,  in  this work we have  identified  a  completely new mechanism  for  the 

regulation of  intercellular  auxin distribution.  Two other  groups obtained  similar  results  in 

parallel (Dello Ioio et al., 2008; Ruzicka et al., 2009), thus confirming an important and novel 

role  of  auxin  and  cytokinins  interaction  in  the  regulation  of  plant  development  (see  also 

enclosed  publication  #10  (Benkova  and  Hejatko,  2009).  Based  on  our  aforementioned 

findings, we suggested a developmental model in which auxin maxima trigger organogenesis 

that  is associated with endogenous  cytokinin production. The  cytokinins produced  in  turn 

regulate expression of PIN genes, thus modulating auxin‐induced organogenic response (see 

enclosed publication #1 (Pernisová et al., 2011)).  

 

7. Future Prospects 

Great  progress  has  been  made  during  the  last  decade  in  the  field  of  hormonal 

regulations of plant development.  Important questions  remain  to be  answered, however, 

and, as a consequence of obtaining new data, novel questions are emerging. In terms of the 

general  regulatory mechanisms,  one  of  the  crucial  questions  is whether  auxin  is  able  to 

induce  de  novo  organogenesis  in  all  the  cells  throughout  the  plant  body  or whether  the 

developmental  plasticity  is  limited  to  a  specific  subset  of  cells  pre‐programmed  in 

meristems, as  suggested by  recent  findings  (De  Smet et al., 2007;  Sugimoto et al., 2010). 

Further,  if  auxin  is  really  the  general  trigger  of  organogenesis  (Benkova  et  al.,  2009; 

Pernisova  et  al.,  2009),  what  determines  the  identity  of  newly  formed  organs?  Most 

probably, the interactions of auxin with other regulatory pathways, including MSP, will play 

important  roles  in  those  processes  (Muller  and  Sheen,  2008;  Gordon  et  al.,  2009; 

Moubayidin et al., 2010; Zhao et al., 2010). Also, the molecular targets of the auxin gradients 

and  molecular  mechanisms  allowing  translation  of  these  gradients  into  spatiotemporal‐

specific regulation of gene expression remain to be identified, although the first mechanisms 
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seem recently to have appeared (Galinha et al., 2007; Parry et al., 2009; Calderon‐Villalobos 

et  al., 2010).  In  terms of MSP  specificity,  the  story has  just begun. To what extent  is  the 

signal  integrated and, on the contrary, to what extent  is signalling specificity maintained  in 

the MSP‐mediated  signalling? What  are  the molecular  determinants  at  the  atomic  level? 

What  is  the  role of potential  structural dynamics of  individual proteins  that mediate MSP 

signalling? Are there any other, yet unknown regulators that would connect MSP with other 

signalling pathways in plants? 

More  intense  use  and/or  implementation  of  several  novel  approaches  in  the  plant 

sciences will be necessary to allow solving these problems.  In particular, the connection of 

structural biology with  recent genetic and molecular biology approaches will be  critical  in 

improving  our  understanding  of  several  aspects  of  hormonal  regulations  of  plant 

development, including the aforementioned specificity of both cytokinin and auxin signalling 

(Calderon‐Villalobos et al., 2010; Horák et al., 2011). Recent technological improvements and 

reductions  in  their costs will allow novel approaches  to be employed  for data acquisition, 

including genome‐wide studies using next‐generation sequencing on the one hand  (Weber 

et al., 2007; Eveland et al., 2008; Lister et al., 2008) and high‐resolution approaches on the 

other,  thus  allowing  transcriptome  and/or  proteome  analysis  at  single‐cell  or  even 

sub‐cellular  resolution  (Schrader et al., 2004; Holmes‐Davis et al., 2005; Zhao et al., 2008; 

Yadav  et  al.,  2009).  Last  but  not  least,  the  growing  complexity  of  our  understanding will 

require  novel  procedures  for  data  processing  and  data  mining,  and  particularly  for 

implementing systemic biology and modelling approaches  (de Reuille et al., 2006; Teale et 

al., 2008; Gordon et al., 2009). 

Recently,  my  colleagues  and  I  from  the  Department  of  Functional  Genomics  and 

Proteomics  have  prepared  a  novel  study  programme,  “Genomics  and  Proteomics”,  to  be 

taught at Masaryk University. That programme will encompass some of the aforementioned 

aspects of recent molecular biology and biochemistry, and it will allow for preparing the new 

generation of students that will be tasked with meeting the future challenges of modern life 

sciences. 
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9. Applicant’s Contribution 

My scientific contributions to the field of plant molecular and developmental biology are 

documented particularly by the enclosed publications (publications #1 to 10), where  I have 

contributed  either  as  the  first  author,  the  last  and/or  corresponding  author,  respectively. 

The principal achievements are summarized as follows: 

• Identification of the importance of the MSP signalling in general and sensory histidine 

kinase CKI1 in particular in the regulation of specific developmental processes during 

development of both gametophytic and sporophytic tissues in Arabidopsis 

o Identification of  the  role of CKI1  in  the maintenance of  the  central  vacuole 

integrity during megagametogenesis 

o Identification  of  paternally  inherited  CKI1  expression  as  a  proof  of 

transcriptional activity of male genome early after fertilization 

o Deciphering  the  role  of  CKI1  and  cytokinin‐mediated MSP  signalling  in  the 

regulation  of  procambial  cells  division  and/or  the  maintenance  of  their 

identity 

o Identification  of  specificity  in  the  CKI1‐mediated  MSP  signalling  and 

determination  of  the  structure  of  the  CKI1  receiver  domain  as  a  potential 

determinant of this specificity 
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• Elucidation the novel mechanism of the auxin and cytokinins interaction in the plant 

development at the level of modulation of auxin efflux via regulation of expression of 

auxin efflux carriers from the PIN family 
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11. Summary 

In  contrast  to animals, plant have evolved postembryonic de novo organogenesis as a 

developmental  adaptation  to  the  changing  environmental  conditions.  The  necessary 

prerequisite of this adaptation is a developmental plasticity of plant cells, i.e. their ability to 

respecify developmental status of differentiated cells. Plant hormones (phytohormones) are 

principal regulators of both embryonic and postembryonic plant development. In this work I 

provide an analysis of molecular factors that regulate particularly perception of the cytokinin 

signal and its interaction with auxin in the regulation of plant development. 

Cytokinin  signalling  in plants  is mediated  via  signalling pathway  that employs what  is 

known  as  a  multistep  phosphorelay  (MSP)  system.  This  signalling  pathway  consists  of 

sensory  histidine  kinases  that  bind  signalling molecule  and  transmit  the  signal  into  the 

nucleus via histidine phosphotrasfer proteins. In the nucleus, the final phosphate acceptors 

are response regulators that regulate the gene expression. One of the first signalling proteins 

form  the  family  of  sensor  histidine  kinases  that  was  identified  in  plants  (Arabidopsis 

thaliana) is CKI1 (Kakimoto, 1996). Originally, CKI1 was implicated to be a cytokinin receptor. 

We  have  shown  that  CKI1  is  necessary  for  proper  female  gametogenesis  (Hejatko  et  al., 

2003). Further, we have shown that CKI1 together with cytokinins  is a positive regulator of 

stem  cell  formation  in  the  lateral meristem,  the  procambium. We  have  found  that  CKI1 

shares its signalling partners with cytokinin signalling pathway and mediates the signalling in 

the aforementioned processes via MSP, however,  in a cytokinin‐independent way  (Hejatko 

et  al.,  2009b).  Further we  found  that  receiver  domain  of CKI1 mediates  specificity  in  the 

CKI1‐mediated  signalling  and using X‐ray diffraction we have determined  the  structure of 

this domain at  the atomic  level  (Klumpler et al., 2009; Pekárová et al., 2011). We  learned 

that Mg2+,  the necessary  cofactors of  signalling via MSP, modify  the  structure of  the CKI1 

active centre. These structural changes are most probably essential for the proper function 
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of  CKI1  and  together  with  structural  rearrangements  induced  by  the  binding  of 

phosphorylation‐mimicking BeF3
‐ result into changes of CKI1 signalling specificity. 

Auxin  regulates  the whole  spectrum of  important developmental processes  in plants. 

For that, formation of what is known as auxin concentration maxima is necessary. We found 

that auxin, but not cytokinins,  is able to  induce de novo organogenesis and that cytokinins 

modulate  the  auxin‐induced  organogenic  response. We  have  also  found  that  the  auxin‐

induced  organogenesis  is  associated  with  production  of  endogenous  cytokinins  that 

contribute  to  the  modulation  of  the  organogenic  response.  Using  assay  employing 

accumulation of  radioactively  labeled auxin  in  tobacco BY‐2  cells and expression assays  in 

hypocotyl explants we have found that cytokinins modulate auxin transport via regulation of 

transcription  of  auxin  carriers  from  the  PIN  family  at  both,  transcriptional  and 

posttranscriptional  levels.  Finally,  we  have  found  that  a  certain  levels  of  endogenous 

cytokinins is necessary for proper expression of genes for PIN proteins and contributes thus 

to the regulation of  intercellular auxin distribution  in the roots. Based on these results, we 

have  suggested  model,  where  the  auxin‐induced  organogenesis  is  associated  with 

endogenous  cytokinins  production  that  in  turn  regulates  the  organogenic  response  via 

regulation of auxin carriers’ expression. 

    

12. Abstrakt 

Rostliny, na rozdíl od živočichů, vyvinuly během evoluce postembryonální organogenezi 

de novo  jako vývojovou adaptaci na změny vnějšího prostředí. Nutným předpokladem této 

adaptace  je  značná  vývojová  plasticita  rostlinných  buněk,  tedy  jejich  schopnost  zásadně 

měnit  vývojové  programy  již  diferencovaných  buněk  a  pletiv.  Rostlinné  hormony 

(fytohoromony)  cytokininy  a  auxin  jsou  důležitými  regulátory  embryonálního  i 

postembryonálního vývoje rostlin. V této práci se zabývám analýzou molekulárních faktorů, 

které řídí zejména vnímání cytokininového signálu a jeho interakci s auxiny v regulaci vývoje 

rostlin. 

 Cytokininové signály  jsou v rostlinách přenášeny signální drahou, která využívá systém 

tzv.  vícekrokového  přenosu  fosfátu  (VPF).  Tato  signální  dráha  sestává  z receptorových 

histidin kináz, které po navázání signální molekuly přenášejí signál do jádra prostřednictvím 

histidinových proteinů přenášejících fosfát, kde finální akceptory fosfátu, regulátory odezvy, 
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řídí  genovou  expresi.  Jedním  z prvních  signálních  proteinů,  patřících  do  skupiny 

receptorových histidin kináz a který byl identifikován v rostlinách (Arabidopsis thaliana), byl 

protein CKI1 (Kakimoto, 1996). Původně předpovězenou funkcí tohoto proteinu bylo vnímání 

cytokininového  signálu.  My  jsme  ukázali,  že  CKI1  je  zásadní  pro  úspěšný  průběh 

megagametogeneze  (Hejatko  et  al.,  2003).  Dále  jsme  zjistili,  že  CKI1  je  společně  právě 

s cytokininy  pozitivním  regulátorem  tvorby  kmenových  buněk  tzv.  laterálního meristému, 

prokambia.  Zjistili  jsme  také,  že molekulárním mechanismem,  kterým  CKI1  přenáší  signál 

během těchto procesů, je na cytokininech nezávislý systém VPF a že CKI1 sdílí v této signální 

dráze proteiny s cytokininovou signální drahou  (Hejatko et al., 2009b). Dále  jsme zjistili, že 

tzv. přijímačová doména CKI1 umožňuje specifický přenos signálu v systému VPF a pomocí 

rentgenové  difrakce  se  nám  podařilo  určit  strukturu  této  domény  na  atomární  úrovni 

(Klumpler  et  al.,  2009;  Pekárová  et  al.,  2011).  Zjistili  jsme,  že  hořečnaté  ionty,  které  jsou 

nezbytnými  kofaktory  v systému  VPF,  způsobují  strukturní  změny  v aktivním  centru  CKI1, 

které  jsou pravděpodobně  zásadní pro  správnou  funkci CKI1 a které  společně  se  změnami 

vyvolanými  ionty  BeF3
‐,  které  napodobují  fosforylaci  CKI1,  vedou  ke  změně  signální 

specificity CKI1 (Pekárová et al., 2011).    

 Auxin reguluje celou řadu důležitých vývojových procesů u rostlin a pro tuto regulaci je 

zásadní  tvorba  tzv.  auxinových  koncentračních maxim.  Zjistili  jsme,  že  auxin,  nikoliv  však 

cytokininy, je schopen vyvolávat organogenezi de novo a že cytokininy modulují tuto auxiny 

vyvolanou organogenní odpověď. Zjistili jsme také, že auxinem indukovaná organogeneze je 

doprovázena  tvorbou  endogenních  cytokininů,  které  přispívají  k regulaci  organogenní 

odpovědi. Pomocí  systému měření  akumulace  radioaktivně  značeného  auxinu  v tkáňových 

kulturách tabáku a pomocí expresních analýz v hypokotylových explantátech jsme zjistili, že 

cytokininy regulují transport auxinu prostřednictvím regulace exprese auxinových přenašečů 

z rodiny PIN  a  to  jak na úrovni  transkripce,  tak na úrovni posttranskripční. V transegnních 

rostlinách  se  sníženými  hladinami  endogenních  cytokininů  jsme  ukázali,  že  určitá  úroveň 

endogenních cytokininů  je nebytná pro normální míru exprese těchto přenašečů a přispívá 

tak  k  regulaci mezibuněčné  distribuce  auxinů  (Pernisova  et  al.,  2009). Na  základě  těchto 

výsledků  jsme navrhli model,  ve  kterém  je  auxiny  indukovaná organogeneze doprovázena 

produkcí  cytokininů,  které  pak  zpětně modifikují  organogenní  odpověď modulací  tvorby 
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auxinových maxim prostřednictvím regulace exprese auxinových přenašečů (Pernisová et al., 

2011). 
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Abstract: Auxin and cytokinins have been identified as key regulators of plant development. Recently, these 

phytohormones have been shown to interact during important developmental processes, including positioning, 

identity acquisition and maintenance of meristem organizing centres, regulation of balance between cell division 

and differentiation, and postembryonic de novo organogenesis. Here, we discuss recent advances in our 

understanding of the underlying molecular mechanisms at the levels of regulating metabolism, signalling, gene 

expression and protein stability.  
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Cytokinins and auxin, the key regulators of plant development 

Two major principles evolved in the formation of multicellular organisms: The “animal” type relies on 

the formation of all tissues and organs during embryogenesis. The “plant” type, on the other hand, is based on 

the strategy that only a basic body plan is established during embryonic development and most of the tissues and 

organs are formed during post-embryonic de novo organogenesis. Consequently, the latter model allows much 

greater regenerative ability, which is a major adaptation of sessile plants to changing environmental conditions.  

The plant hormones known as auxin and cytokinins are key regulators of plant development during both 

embryogenesis and the postembryonic stage. Auxin has been described as the principle regulator of plant cell 

polarity and cell patterning during embryogenesis and postembryonic development [1-5], plant tropic responses 

[6, 7], phyllotaxis [8], vascular tissue formation [9], as well as postembryonic de novo organogenesis including 

lateral root formation [10-13] and in vitro induced de novo organogenesis  [14, 15]. Cytokinins were originally 

identified as factors promoting cell division [16]. Similarly to auxin, cytokinins are involved in regulating many 

important developmental processes, e.g. regulation of both shoot and root meristem activity [17-22], activity of 

axillary meristems [23, 24], senescence [25, 26], stress response [27], vascular tissue formation [28-30], as well 

as regulation of post-embryonic de novo organogenesis including regulation of root architecture via modulation 

of lateral root formation [21, 22, 31-33] or in vitro induced de novo organogenesis [14, 15, 34-36]. 

Recently, important crosstalk between the actions of auxin and cytokinins has been revealed in several 

important developmental processes in plants. During embryogenesis, shoot and root apical meristems (SAM and 

RAM, respectively) are established. Both apical meristems contain organizing centres (OCs) that are surrounded 

by a supply of pluripotent stem cells. The OCs control spatial organization of cell division and differentiation, 

thus allowing proper growth and novel organ and tissue formation. Formation, localization and maintenance of 

OCs all represent crucial developmental processes in which both auxin and cytokinins were recently shown to 

interfere [37-39]. Maintenance of the equilibrium between cell division and cell differentiation is also under 

control of these two important phytohormones: while auxin induces cell division, cytokinins induce cell 

differentiation in the root meristem [40-42]. Another important developmental process in which cytokinins and 

auxin have been shown to interact with one another is regulation of postembryonic de novo organogenesis. 

Interaction of cytokinins and auxin was demonstrated in the case of  de novo organogenesis induced in vitro 

from stem explants, a phenomenon known for decades [34]. The molecular nature of these interactions has been 

recently revealed [14, 15, 35, 36], and it implies common developmental regulations of both root and shoot [14, 

31, 42-44]. 

Auxin/cytokinin crosstalk is evident at several levels (i.e. metabolism, signalling, transport, gene 

expression and protein stability) and it depends on their concentrations. Here we summarize recent advances in 

our understanding as to the molecular nature of the crosstalk between auxin and cytokinins and its consequences 

for the developmental processes mentioned above. 

 

Interactions between auxin’s and cytokinins’ metabolism 

 Metabolism represents one of the possible regulatory areas in which cytokinins and auxin have been 

shown to interact. Metabolism of cytokinins includes their biosynthesis, degradation and modification. The 

current model for cytokinin biosynthesis suggests two possible pathways: one using free adenine nucleotides and 

another derived from tRNA degradation. The initial step of isoprenoid cytokinin biosynthesis is catalysed by 
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ATP/ADP-ISOPENTENYLTRANSFERASE (IPT) and involves the transfer of an isopentenyl residue from 

dimethylallyl diphosphate (DMAPP) onto an ATP or ADP to form N6-isopentenyl-adenine (iP) nucleotide or iP 

riboside [45-47]. However, a DMAPP-independent pathway might also exist [48]. In Arabidopsis thaliana, nine 

IPTs have been identified (AtIPT1 – AtIPT9), with distinct functions and spatial localizations in the plant [46, 

47, 49]. Hydroxylation of the prenyl side chain of the iP nucleotide in a trans position by cytokinin hydroxylase 

then leads to formation of trans-zeatin (tZ) [50] that is, together with iP, the major form of active cytokinins in 

Arabidopsis [20]. A second possible biosynthetic pathway gives rise to cytokinins of a cis-zeatin (cZ) type 

through tRNA degradation. DMAPP serves as a substrate and tRNA-IPT catalyses the reaction via prenyl-tRNA 

to final active cZ [51]. The mechanisms and enzymes for these conversions, however, have not yet been 

characterized. Similarly, enzymes leading to biosynthesis of the aromatic cytokinins (6-benzyl adenine [BA] and 

its hydroxyl derivatives known as topolins) have not yet been identified and the origin of aromatic cytokinins in 

plants is still unknown. The final step in formation of the most active forms of cytokinins, the free nucleobases, 

is mediated via the action of the cytokinin riboside 5’-monophosphate phosphoribohydrolase, encoded by the 

LONELY GUY (LOG) gene family in rice and Arabidopsis [18, 20]. Irreversible cytokinin degradation is 

catalysed by CYTOKININ OXIDASE/DEHYDROGENASE (CKX), which cleaves the unsaturated N6 

isoprenoid side chain from Z, iP, and their ribosides [52]. CKX activity was first observed about 30 years ago in 

tobacco [53], and since then it has been characterized in many plant species. The Arabidopsis genome contains 

seven CKX genes (AtCKX1 – AtCKX7), which differ in the specificity of their expression and cellular 

localization [54], substrate specificity [55], or pH optimum [56] of AtCKX proteins. These spatial, and probably 

also temporal, differences in AtCKX gene expression and protein localization [54, 57] point to an importance as 

to the specificity of cytokinin degradation during plant development. 

Auxin biosynthesis occurs in young leaves – that place with the highest synthetic activity – as well as in 

cotyledons and roots [58]. Indole-3-acetic acid (IAA) is proposed to be synthesised by several biosynthetic 

routes, designated according to their intermediates. There is one Trp-independent pathway and four Trp-

dependent pathways: the indole-3-pyruvic acid (IPA) pathway, the indole-3-acetamide (IAM) pathway, the 

tryptamine (TAM) pathway, and the indole-3-acetaldoxime (IAOx) pathway [59, 60]. TAM and IPA pathways 

were described to function in plants, and it is still not clear whether they represent independent or overlapping 

routes for auxin biosynthesis. In addition to free auxin, its conjugates to sugars, amino acids and small peptides 

were identified [61], including indole-3-butyric acid (IBA), which can be a source of free IAA by hydrolysis or 

by β-oxidation in peroxisomes. These conjugates might have roles in storage, transport, compartmentalization, 

IAA detoxification, and protection against degradation [61]. Several IAA conjugates are physiologically active, 

representing thus probably not just intermediates in IAA degradation. Another possibility for inactivating IAA 

besides conjugation is oxidative catabolism. This process is based on chemical modification of the indole 

nucleus or side chain and results in loss of auxin activity. To date, this is the only known irreversible step 

regulating IAA levels in plants [62]. Degradation, biosynthesis, conjugation and deconjugation, together with 

intercellular transport, provide a multistep control over auxin levels.  

It is well known that cytokinins and auxin mutually regulate their endogenous levels, but little is thus 

far known about the molecular mechanisms of these interactions. Exogenous auxin in tobacco cell lines can 

inhibit cytokinin accumulation and its levels [63], and the overproduction of IAA in transgenic tobacco plants 

results in reduction of the cytokinins pool size [64] (Fig. 1). More than 20 years ago, auxin was shown to affect 
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the stability of zeatin riboside [65]. Freshly excised tobacco pith explants grown on incubation medium 

supplemented with higher auxin (1-naphthaleneacetic acid (NAA)) concentration contained higher levels of 

degraded zeatin riboside metabolites [65]. Similarly, conversion of Z-type cytokinins to adenine derivates by 

NAA treatment has been observed [66]. In vitro experiments using partially purified CKX supported an idea that 

auxin can regulate cytokinin levels via stimulation of CKX activity [65]. Recently, genes for AtCKX enzymes 

were shown to be differentially regulated by auxin. NAA slightly down-regulates mRNA levels of AtCKX1, 2, 4, 

5 and 7, but it up-regulates levels of AtCKX3 and 6, as determined by semiquantitative RT-PCR [57]. AtCKX4 

was also identified among IAA-repressed genes in Arabidopsis transcriptome studies [67, 68]. On the contrary, 

the Arabidopsis microarray gene expression database [69] reports AtCKX1 and AtCKX6 expression as being up-

regulated by IAA. Interestingly, auxin transport inhibitor 1-naphthylphthalamic acid (NPA) strongly decreases 

transcripts of both these genes [57], thus pointing to possible regulation connected with auxin transport. 

Furthermore, auxin up-regulates AtCKX6 expression [70] induced by a low ratio of red to far-red light in the 

vasculature of developing leaf primordia [71] (Fig. 1). Besides its effect on cytokinin degradation, auxin also 

influences endogenous cytokinin levels by regulation of cytokinin biosynthesis. NAA treatment of Arabidopsis 

seedlings resulted in a relatively quick repression of cytokinin biosynthesis via an isopentenyladenosine-5-

monophosphate-independent pathway in a dose-dependent manner. The pool of Z-type cytokinins was strongly 

decreased after 24 h of NAA treatment, while the pool of iP-type cytokinins was nearly unaffected [72]. In 

contrast, gene expression of cytokinin biosynthetic enzymes AtIPT5 and AtIPT7 is up-regulated by auxin [49]. 

Induction of AtIPT5 expression has been shown to occur through SHY2-mediated signalling [42] (see also 

below). However, not just cytokinin biosynthesis or degradation is influenced by auxin. Beta-glucosidase, 

releasing free cytokinins from cytokinin-O-glucosides, can also be inhibited by IAA-glucose esters [73, 74]. 

 On the other hand, little is known about the effect of cytokinins on auxin metabolism. Exogenous 

cytokinin application or transgenic lines overproducing cytokinins via a bacterial IPT gene demonstrate increase 

in auxin content [75-77]. On the other hand, another study shows decreased auxin levels in bacterial IPT-

expressing transgenic plants [64]. There is also evidence of indirect cytokinin regulation of auxin biosynthesis. 

Cytokinins have been shown to enhance ethylene biosynthesis [78, 79] and ethylene to stimulate auxin 

biosynthesis [80-83]. 

 These results point to complex mutual interactions in the regulation of endogenous auxin and cytokinin 

levels. Auxin seems to regulate endogenous cytokinin levels via inhibition or stimulation of cytokinin metabolic 

pathways both at the levels of biosynthesis and degradation. This regulation is very probably tissue- or even cell-

specific and may depend on hormone concentration or developmental stage. Spatiotemporal specificity should be 

considered in future studies to avoid often even contradictory results in describing the effects of auxin on the 

cytokinin pool (see Fig. 1). On the other hand, cytokinin effect on auxin levels is rather slow and probably 

occurs through changes in plant development.  

 
Interactions through signalling pathways 

The cytokinin signal is transduced by a modified two-component signalling system, originally described 

in bacteria. In plants and some other eukaryotes, a complex multistep phosphorelay (MSP) signalling system has 

evolved (for review see [84]). In the MSP, dimers of hybrid histidine kinases (hHKs) – cytokinin receptors – 

perceive the signal and autophosphorylate. The phosphoryl group is further transferred via histidine-containing 
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phosphotransfer proteins (HPts) to the nucleus, where it activates the final phosphate acceptors, the response 

regulators (RRs). There are two major types of response regulators in plant MSP: The type-B RRs act as 

transcription factors, while type-A RRs lack the DNA-binding domain and act as negative regulators of 

cytokinin signalling or interact with target effector proteins, e.g. light receptors (reviewed in [85] and Horák et 

al., this issue). The genome of Arabidopsis encodes three cytokinin receptors (ARABIDOPSIS HISTIDINE 

KINASES; AHK2, AHK3 and AHK4), six HPts (ARABIDOPSIS HISTIDINE-CONTAINING 

PHOSPHOTRANSFER PROTEINS; AHP1-6), and 23 RRs (ARABIDOPSIS RESPONSE REGULATORS; ARRs). 

In contrast to cytokinin signalling that employs phosphorylation cascades, auxin signalling acts by 

regulating protein degradation. In the current model, four intracellular receptors TRANSPORT INHIBITOR 

RESPONSE 1 (TIR1) and AUXIN SIGNALLING F-BOX PROTEIN 1-3 (AFB1-3) [86-88] bind auxin and 

trigger the auxin response by inducing the degradation of AUXIN/INDOLE-3-ACETIC ACID (AUX/IAA) 

proteins, the repressors of auxin signalling. AUX/IAA proteins suppress the activity of AUXIN RESPONSE 

FACTORs (ARFs) by heterodimerisation under low auxin concentration. ARFs released from linkage with 

AUX/IAA regulate expression of auxin-responsive genes in a positive or negative manner [89-91]. 

The auxin-cytokinin interactions at the level of signalling pathways were discovered to be crucial for 

the specification and/or maintenance of both root and shoot apical meristem OCs. 

 In the dermatogen stage of Arabidopsis embryo development, a switch from the originally acropetal to 

basipetal auxin transport leads to auxin accumulation at the future root pole of the proembryo and in the 

suspensor [92]. Later on, the maximum auxin concentration is in the hypophysis, the uppermost cell of the 

suspensor that divides, leading to formation of basal and lens-shaped cells. The lens-shaped cell becomes an OC 

of the future root apical meristem, the quiescent centre (QC). Root-specific regulators such as homeodomain 

transcription factors encoding WUSCHEL-RELATED HOMEOBOX (WOX) genes, particularly WOX5 [93] or 

PLETHORA (PLT) genes, are expressed there and interact with the SCARECROW (SCR) and SHORTROOT 

(SHR) pathways to control proper positioning of the QC and root meristem patterning [94].  

Immediately after hypophysis division, the cytokinin signalling was found to be activated particularly in 

the lens-shaped cell, mirroring the auxin-response maximum in the basal cell [37]. The molecular mechanism of 

this mutual interaction seems to be based on the auxin-dependent regulation of cytokinin signalling. Auxin was 

shown to antagonize the output of cytokinin signalling in the hypophysis-derived basal cell lineage through up-

regulation of two type-A ARRs, ARR7 and ARR15, the cytokinin primary response genes and negative regulators 

of cytokinin signalling. Auxin directly activates transcription of ARR7 and ARR15 via a conserved TGTC 

sequence, thus interfering with the cytokinin-mediated feedback loop, which results in an auxin-mediated 

inhibition of cytokinin output specifically in the basal cell. Accordingly, RNAi-mediated down-regulation of 

ARR7 in an arr15 background led to defects in root patterning and organization of stem cell files that are 

associated with misexpression of WOX5, SCR and PLT1 [37]. A similar effect was achieved via ectopic 

induction of cytokinin signalling in the embryonic basal cell. Therefore, it seems that control over spatiotemporal 

specificity of cytokinin and auxin response is critical for proper QC and root stem cell niche specification [37]. 

Regulations of an opposite type were identified, however, in the interaction of auxin with cytokinin 

signalling in the positioning of the shoot meristem OC, the expression domain of homeodomain transcription 

factor WUSCHEL (WUS).  WUS acts cell non-autonomously via an as yet unknown signal as a positive regulator 

of the stem cell pool in the SAM [95]. The equilibrium between cell division and cell differentiation in the SAM 
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is maintained via feedback regulation between CLAVATA (CLV)-mediated signalling and WUS [96]. The 

CLV3 peptide is produced and processed by stem cells and binds to the heterodimer of leucine-rich repeat (LRR) 

receptor-like kinases CLV1 and CLV2, which lack the kinase domain. The interaction of CLV3 with 

CLV1/CLV2 triggers a signalling cascade that leads to inhibition of WUS expression (Fig. 2; reviewed in [97]). 

Expression of WUS has recently been found to be specified by the cytokinin-response domain that acts both 

through CLV-dependent and CLV-independent paths. Cytokinins were shown to negatively regulate expression 

of CLV1, the negative regulator of WUS that in turn represses several A-type RRs, the negative regulators of 

cytokinin signalling (Fig. 2 [98]). This self-potentiating and complex feedback regulatory loop, together with the 

gradient of AHK4 expression, allows spatially delimited up-regulation of cytokinin signalling output. That 

contributes to the restricted expression of WUS and formation of SAM OC [39]. In contrast to the situation in the 

root, however, auxin response mediated by MONOPTEROS/AUXIN RESPONSE FACTOR 5 (MP/ARF5) 

negatively regulates the expression of ARR7 and ARR15 in the shoot [38]. Interestingly, in the shoot OC, auxin 

was shown to down-regulate ARR7 and ARR15 through the same AuxRE-like TGTC DNA motifs that were 

identified in the auxin-mediated up-regulation of the ARR7 and ARR15 in the QC specification, as mentioned 

above [37]. Thus, very probably, AuxRE-like motifs are recognized by different auxin responsive factors 

(ARFs), depending on the tissue context [38] (Fig. 2). 

Establishment and maintenance of plant meristems is dependent on the balance between cell division 

and cell differentiation.  The root meristem size seems to be controlled by equilibrium of the antagonistic effects 

between auxin and cytokinins. Cytokinins have been suggested to induce cell differentiation, while auxin has 

been considered a positive regulator of cell division [41]. Recently, the molecular mechanisms of this process 

have been revealed [40, 42]. AHK3/ARR1 and AHK3/ARR12 cytokinin signalling pathways were shown to 

transmit the cytokinin signal in the vascular tissues of the root meristem transition zone. This auxin/cytokinin 

interaction was found to occur through SHORT HYPOCOTYL 2 / INDOLE-3-ACETIC ACID 3 (SHY2/IAA3), 

an Aux/IAA auxin signalling repressor. The cytokinin signalling pathway mediated by AHK3 perception induces 

expression of the type-B response regulator ARR1. ARR1 binds directly to the SHY2 promoter region and 

activates SHY2 expression. SHY2 negatively regulates expression of auxin efflux carrier genes from the 

PINFORMED (PIN) family. That leads to redistribution of auxin from the transition zone and induction of cell 

differentiation. On the other hand, auxin induces SHY2 degradation, thus sustaining the PIN expression and 

auxin intercellular distribution. Taken together, all these mechanisms and mutual interactions contribute to the 

balance between cytokinin-induced cell differentiation and auxin-mediated cell division in the root transition 

zone, which results in the proper regulation of the meristem size [42, 99]. 

Another possible auxin/cytokinin interaction at the signalling level can be explained by auxin-mediated 

pH control. Cytokinins’ association with their receptor depends on pH [100]. Auxin is known to influence pH in 

plant tissues through the induction of proton efflux from cells and acidification of the apoplast [101]. The 

acidification can significantly reduce the affinity of a receptor for cytokinins, by which it may contribute to the 

cytokinin-antagonistic activity of the auxin. Therefore, it seems that pH may contribute also to the cytokinin/ 

auxin crosstalk [100]. 

 

Regulations of gene expression, protein stability and transport 
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 The importance of auxin-cytokinin crosstalk in postembryonic de novo organogenesis is a phenomenon 

that has long been known. Skoog and Miller showed that the auxin-to-cytokinin concentration ratio determines 

the identity of de novo formed organs in vitro [34]. The molecular nature of the underlying mechanisms was 

further revealed in experiments using Arabidopsis hypocotyl explants. Auxin was shown to induce de novo 

organogenesis while cytokinins were observed to modulate the morphogenetic response. Thus, the 

developmental output of auxin-induced de novo organogenesis seems to be dependent on spatial- and tissue-

specific action of the cytokinin signalling pathway and changes in endogenous cytokinin levels. The cytokinin 

effect in this in vitro system is mediated via AHK2-4 and reflects the sum of both endogenous and exogenous 

cytokinins [14]. 

 Further analysis identified cytokinin-mediated control of auxin transport as an important part of the 

cytokinin modulation of auxin-induced organogenic response. The molecular mechanism of this cytokinin-

mediated modulation was identified to be concentration-dependent differential regulation of PIN genes 

expression [14]. This mode of auxin-cytokinins interaction seems to be generally valid in plant development. In 

roots with endogenous cytokinins depleted by overexpression of the AtCKX genes, changes in the local auxin 

maxima were associated with significant decrease in PIN2 and PIN4 mRNA levels, suggesting that endogenous 

cytokinin levels are important for proper expression of PIN genes and subsequent auxin maxima formation [14]. 

The aforementioned experimental evidence leads us to the formulation of a hypothetical model suggesting auxin 

accumulation as a trigger for organogenesis. According to our model, production of endogenous cytokinins is an 

intrinsic part of the auxin-induced organogenic response. The endogenous cytokinins in turn regulate auxin 

accumulation through regulation of auxin transport by cytokinin-mediated control of PINs expression (Fig. 3).  

The interaction of cytokinins and auxin at the level of PIN genes’ expression was simultaneously 

published by two different research teams. Apart from the identification described above of cytokinin-regulated 

PINs expression via modification of auxin signalling [42], quantitative RT-PCR showed fluctuating PIN genes’ 

expression during the first 6 h after BA treatment [43].  

However, cytokinins also seem to interfere with regulation of PIN-mediated auxin transport at the 

post-transcriptional level. While PIN1 mRNA was nearly unaffected, PIN1-GFP internalized and gradually 

diminished with increasing kinetin concentration during in vitro organogenesis [14]. Similarly, decrease in the 

PIN1-RFP signal was detected also in BY-2 tobacco suspension cells treated by increasing BA concentration 

[43]. In root tips, long-term (24 or 48 h) BA application resulted in down-regulation of PIN1, PIN2 and PIN3 

and up-regulation of PIN7 protein [43]. This suggests that cytokinins can differentially regulate the expression of 

PIN genes and/or of PIN proteins stability and/or localization.    

Postembryonic lateral root (LR) formation represents a further example of the hormone-dependent 

developmental plasticity of plant cells. In Arabidopsis thaliana, the process of LR initiation has been reported to 

naturally occur in an acropetal pattern within a spatially defined “developmental window”, a region close to the 

primary root meristem [102, 103]. The first LR can initiate its formation as early as 30 h after germination [10] 

by division of pericycle cell files adjacent to protoxylem poles [104]. Xylem-pole pericycle cell files are the only 

cell files of the differentiation zone that retain the capacity to progress through the cell cycle and are competent 

for LR formation. They are looked upon as “extended meristem” [105, 106]. Once initiated, LR primordia (LRP) 

progress through specific stages of development until they emerge from the primary root [107] or their growth 

may be arrested while having the potential to recontinue later [102].  
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In the light of recent studies, LR formation may be divided into several stages, including i) pre-initiation 

or what is called priming of the xylem-pole pericycle founder cells, ii) the first anticlinal division of the founder 

cells (LR initiation), iii) morphogenesis of LRP within the primary root, and iv) LRP emergence. These distinct 

phases are all regulated by auxin (reviewed in [108]). While auxin has been proven to be a key positive regulator 

of LR formation (reviewed in [109]), cytokinins have been reported to negatively affect this process (reviewed in 

[110-112]). The important question is whether these two hormonal pathways control particular phases of lateral 

root development independently of one another or if they interact. The aforementioned classification of LR 

development correlates well with data on auxin transport. In previous studies, LR initiation had been observed to 

be positively correlated with basipetal auxin transport (from the root tip to the root base [104]), while LR 

emergence had been shown to be dependent on functional primary root acropetal auxin transport via the phloem 

(originating in the shoot [104, 113]). Between these two stages, during LRP patterning, LRPs of 3–5 cell layers 

have been shown to temporarily acquire an independent auxin-autonomous status [114].  

Recently, positive roles of root- and shoot-derived auxin in LR initiation and emergence, respectively, 

have been described in more detail. Basipetal auxin transport in the established root meristem [1, 115],  

controlled by auxin efflux carriers encoded by the PIN gene family (see above) and auxin influx carrier AUX1, 

has been proposed as controlling retainment of auxin’s recycling flow in the root tip and LR initiation [1, 10]. A 

model has been hypothesized of AUX1-mediated auxin transport targeted from the apex to the base of the 

meristem along lateral root cap cells, which, together with PIN-mediated local auxin accumulation (the inverted 

fountain model), triggers pericycle cells adjacent to protoxylem cells for LR initiation. According to this model, 

the actual LR initiation occurs later, in the differentiation zone, when the previously primed xylem-pole 

pericycle cells receive an additional pulse of auxin, before the mitotic marker cycB1:1::uidA becomes expressed 

and the cell division occurs [10, 104, 106]. Under experimental conditions, every pericycle xylem-pole cell has 

the capacity to divide because of locally elevated auxin levels [11, 13]. Prior to pericycle cell division, auxin 

induces many cell-cycle-related genes [11, 116]. This supports the idea of a local cell-specific regulation of the 

cell cycle before LR initiation. In contrast to auxin’s positive role, cytokinins have been proposed as inhibiting 

LR initiation through blocking pericycle founder cells at the G2 to M transition phase [33].  

Benkova et al. (2003) [12] demonstrated the importance of polar auxin transport and establishment of 

the PIN-mediated, auxin-graded distribution during LRP development. Individual pin mutants exhibited changed 

frequencies of initiated LRPs and abnormal development of LRPs without established DR5 gradient [12, 117].  

Exogenous cytokinin application, or endogenously elevated cytokinin levels due to tissue-specific or ectopic 

overexpression of the IPT gene [31] [32], resulted in increased frequencies of LRP with disturbed auxin-graded 

distribution and abnormal morphology. Do cytokinins negatively modulate polar auxin transport? At what stages 

of LR formation does this happen? Is it during priming of the LR founder cells, LR initiation or LRP 

morphogenesis? Based on the data of Laplaze et al. [31] the disturbed auxin maxima and abnormal patterning of 

LRP seem to result from cytokinin action prior to LR initiation, i.e. before the first anticlinal pericycle cell 

divisions. Xylem-pole pericycle cell-specific (J0121) and LRP-specific (J0192) GAL4-GFP enhancer trap lines 

were used to define the stage at which cytokinins act. LRP density of the J0121>>IPT plants was reduced by 

42%, whereas that of the J0192>>IPT was not significantly changed. These results prove the direct effect of 

cytokinins on LR founder cells but not on proliferating cells in forming LRP from stage I to IV. Auxin did not 

rescue the J0121>>IPT LR phenotype. That is consistent with previous results of Li et al. [33] indicating that 
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auxin cannot rescue the cytokinin-mediated inhibition of LR initiation. Treatment with auxin (2,4-D) induced 

LRP formation along the entire length of the control root [31] whereas J0121>>IPT plants showed a strong 

phenotype of a continuous layer of cells in front of the xylem poles but no discrete primordia. Laplaze et al. [31] 

thus suggest that cytokinin accumulation in pericycle cells does not prevent the auxin-mediated activation of cell 

division but blocks the developmental program of LR initiation.. Cytokinins did not, however, perturb auxin 

perception in xylem-pole pericycle cells, thus excluding direct interaction with the molecular factors mediating 

auxin perception. Laplaze et al. [31] further demonstrated that, unlike primary root elongation, LR development 

is blocked by cytokinins independently of ethylene.  

LRP of developmental stage III to V can form LRs even after their excision from the root, suggesting 

that they have developed autonomous promeristem. These excised LRPs feature the established DR5 gradient 

and they grow on media without auxin [12, 114]. Exogenously applied cytokinins [31] and their endogenously 

raised levels [32] result in the arrest of LRP at developmental phases IV to V, and this effect is dose-dependent. 

LRP of heterozygous IPT-expressing plants or plants growing on media with intermediate cytokinin 

concentration do not emerge, and the initiated LR founder cells progress through additional disorganized cell 

divisions leading to abnormal morphology and disturbed DR5 gradient. This suggests that enhanced cytokinin 

levels may shift the homeostatic balance of presumed auxin-induced cell division to cytokinin-stimulated 

premature cell differentiation. What cannot be excluded in this in vivo experimental system, however, is that the 

observed patterning defects of LRP may also be a result of the cytokinin-induced PINs misregulation [31] and 

disturbance of the DR5 gradient [31, 32] at stages of their development that include and follow LR initiation. 

Application of cytokinins to sections of the meristem/auxin-autonomous LRP grown in vitro within the 

experimental system of Laskowski et al. [114] might provide the answer.  

Li et al. [118] have presented results of indirect cytokinin-auxin interaction during LR initiation but 

occurring through another hormonal pathway. They examined brevis radix (brx-2) mutants, defective in a 

protein that had been characterized as a regulator of cell proliferation and elongation in the root. BRX belongs to 

a five-member gene family and regulates expression of CONSTITUTIVE PHOTOMORPHOGENESIS AND 

DWARF (CPD), a rate-limiting enzyme in brassinosteroid biosynthesis [119] that is highly underexpressed in 

brx-2 mutants. brx-2 were insensitive to exogenous cytokinin-induced inhibition of LR initiation. The expression 

of cytokinin signalling genes (AHKs, AHPs and ARRs), CKX, IPT and LOG was not changed in brx-2, 

suggesting that cytokinin signalling and the biosynthesis pathway were not impaired in the mutant. The authors 

have also demonstrated that the cytokinin-insensitive LR phenotype is not directly dependent on brassinosteroid 

level. On the contrary, brx-2 mutants exhibited altered auxin response (IAA2::GUS) and auxin-graded 

distribution (DR5::GUS) in LR founder cells and LRP. While cytokinin-treated wild-type roots exhibited down-

regulated auxin response in presumptive LR founder cells compared with untreated wild-type roots, cytokinin-

treated brx-2 LR founder cells were positively stained as founder cells in untreated brx-2 roots. These results 

support the general notion that cytokinin-mediated inhibition of LR initiation is due to loss or decrease of local 

auxin accumulation or sensitivity in LR founder cells.  

 Further results demonstrating that cytokinin signalling is repressed in xylem-pole pericycle cells [120], 

that increased cytokinins repress LR initiation [31-33], and that CKX genes are expressed in LRPs [54] indicate 

the importance of mechanisms suppressing cytokinin functioning during LRP initiation. Additional support for 

that view may be seen in the fact that double mutants in cytokinin sensor histidine kinase genes (AHK genes) 
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exhibit significantly increased number of the first- and second-order LRs [121]. On the other hand, the IPT5 

gene has been shown to be expressed both in pericycle cells and in developing LRPs [49]. That would mean that 

the expression of crucial genes involved in cytokinin and auxin metabolism, signalling or transport act in concert 

to keep balance between cytokinin and auxin levels, thereby ensuring proper cell patterning during LR 

development. This resembles, at least in part, what has been described in the main root, where a certain level of 

endogenous cytokinins was shown to be important for proper PINs expression and intercellular auxin 

distribution [14]. 

 

Conclusions and future prospects 

Sequencing of Arabidopsis and other plant genomes together with establishment of several other 

molecular tools, in particular marker lines, allowing analysis of hormonal outputs at tissue, cellular or even 

subcellular levels, has led to a dramatic explosion in our knowledge about the molecular mechanisms of 

hormonal regulation during plant development. Consequently, this “molecular revolution” opens new horizons 

and raises many novel and exciting questions. Also, in spite of the fact that the dominant role of auxin maxima 

as a general trigger of organogenesis is being accepted [13, 14, 122], it is not yet clear what really are the 

determinants of the developmental fate of induced organs. Auxin maxima were shown to correlate with 

postembryonic de novo organogenesis in both root and shoot [8, 12]. Remaining to be answered, however, is the 

question of what the downstream molecular events are that differentiate organ identity. The possible role of 

cytokinins and their interaction with auxin in the process of determining developmental fate has been known for 

decades [34]. One of the possible clues allowing to identify underlying molecular determinants comes from the 

recent findings demonstrating the molecular mechanisms of cytokinin and auxin interactions. The differential 

regulation of repressors of cytokinin signalling ARR7 and ARR15 via identical DNA motif points towards one 

of the possible, simple and elegant molecular mechanisms via tissue-specific recognition of that motif by 

different ARFs. What are the putative molecular targets of these ARFs, however, remains to be identified.  

Recently, we have found that differences between shoot and root occur at the level of proteome 

regulation (Žďárská et al., manuscript in preparation) (Fig. 3). These differences might explain some of the 

aforementioned contradictory results regarding the analysis of auxin and cytokinin crosstalk, e.g. at the 

metabolism level. Thus, the tissue specificity and, as recently demonstrated in the case of QC determination, 

even the specificity of cytokinin signalling at the cellular level must be considered. In this context, however, the 

spatial specificity of the newly identified integration of cytokinins and auxin in the MP-dependent regulation of 

cytokinin signalling and WUS expression [38] is not clear and remains to be clarified. 

Finally, one of the consequences of experimental efforts in the past decade has been to make evident the 

intense crosstalk and cross-regulation among different plant growth regulators. Thus, even in the narrow 

spectrum of cytokinin and auxin interactions, involvement of other regulators (e.g. brassinosteroids [118]) seems 

to be important and must be considered.  
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Figure 1. Putative model of mutual regulations of auxin and cytokinin pool. Exogenous auxin application 

[63, 65, 66] or IAA overproduction [64] leads to reduction of CK pool size. NAA, however, differentially 

regulates levels of iP and Z-type of cytokinins, suggesting certain level of specificity [72]. IBA was shown to up-

regulate gene expression of cytokinin biosynthetic enzymes (IPTs) [49]. Gene expression of some cytokinin 

degradation enzymes (CKXs) is differentially regulated by IAA [67-70] and NAA [57]. Vice versa, the 

exogenous cytokinin application or cytokinin overproduction increases auxin content [75-77]. In contrast to that, 

decreased auxin levels were found in plants with increased cytokinins levels [64], suggesting spatiotemporal 

specificity of observed effects. For details see the text. AtCKX, Arabidopsis thaliana cytokinin 

oxidase/dehydrogenase; AtIPT, Arabidopsis thaliana ATP/ADP-isopentenyltransferase; CK, cytokinin; IAA, 

indole-3-acetic acid; IBA, indole-3-butyric acid; iP, N6-isopentenyl-adenine; NAA, 1-naphthaleneacetic acid; 

NPA, 1-naphthylphthalamic acid; Z, zeatin. 

 

Figure 2. Cross-talk between cytokinins and auxin in determination of shoot and root apical meristem 

(SAM and RAM, respectively) organising centres (OC); SC, stem cells. Complex auxin/cytokinin interactions 

regulate OC positioning and maintenance in RAM and SAM, respectively. In SAM, cytokinins up-regulate WUS 

expression that in turn down-regulates expression of type-A ARRs (ARR5, ARR7 and ARR15) the negative 

regulators of cytokinin signalling. This self-potentiating feedback regulatory loop is further enhanced by the 

auxin-mediated down-regulation of ARR7 and ARR15. In contrast to that, in RAM auxin specifically down-

regulates cytokinin signalling in lens-shaped cell via up-regulation of ARR7 and ARR15, regulating thus 

expression of WOX5 and proper positioning and organization of RAM OC.  

 

Figure 3. Auxin/cytokinin interactions during postembryonic de novo organogenesis in plants. Based on 

ours’ and other’s data we propose a model in which auxin triggers organogenesis that is accompanied by 

endogenous cytokinins production. In turn, endogenous cytokinins control intercellular auxin distribution 

through ethylene-dependent or ethylene-independent regulation of auxin transport and biosynthesis. 
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Abstract 

Multistep phosphorelay (MSP) pathways mediate wide spectrum of adaptive responses in plants 

including hormonal and abiotic stress regulations. Recent genetic evidences suggest both, partial redundancy and 

possible functional crosstalk on one side and certain level of specificity on the other one. Here we discuss recent 

achievements in our understandings to possible molecular determinants of specificity in MSP. We consider 

certain evolutionary conservation of ancestral two-component signalling systems from bacteria in a process of 

molecular recognition that, as we have recently shown, could be applied to a certain level in case of plant MSP, 

too. Besides of that, we discuss possible role of kinase and phosphatase activities, kinetics of both of these 

enzymatic reactions and phosphorylation lifetime. We include also recent results on the expression specificity of 

individual members of MSP pathways and finally, as based on our recent findings, we speculate about possible 

role of magnesium in the regulation of MSP pathways in plants. All these mechanisms could significantly 

influence specificity and signalling output of the MSP pathways.  
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Arabidopsis thaliana, cytokinin, phosphorelay, plant hormone, signal integration, signal specificity, signalling 
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The role of MSP signalling in plants: Straightforward highways or detours and crossroads?  

Recognition of diverse signals via specific pathways belongs to one of the crucial developmental 

adaptations that evolved in all organisms. Two-component signalling (TCS) pathways mediate recognition of the 

wide spectrum of signals in bacteria and regulate adaptive responses ranging from basic metabolic regulations 

like nitrogen, oxygen and carbon usage or phosphate assimilation, through behavioural adaptations including e.g. 

chemotaxis, till the complex changes of developmental programmes of sporulation or virulence; for review see 

[1, 2]. Prototypical TCS system in bacteria consist of a pair of interacting molecules composed of a sensor 

histidine kinase (HK) that is recognized by its cognate partner, the response regulator (RR). Upon interaction of 

the respective signalling molecule with extracellular portion of the dimerized histidine kinase, the intracellular 

kinase domain is activated, which leads to the transphosphorylation of the conserved histidine residue by the 

selfinteracting kinase in the homodimer. The phosphorylated histidine subsequently serves as a target of the 

phosphotransfer activity mediated by the N-terminal regulatory or receiver domain of the response regulator that 

leads to the phosphorylation of its own conserved aspartate and activation of the output domain. In bacteria, the 

response regulators are mostly transcription factors and activation of their output domain leads to the regulation 

of target gene expression. However, bacterial response regulators are also involved in other processes, e.g. 

regulation of target effectors via protein-protein interactions, interactions with RNA or enzymatic regulations 

[1]. 

The TCS signalling systems were adopted by some of the mono- and multicellular eukaryotes like yeast 

(Saccharomyces cerevisiae, Schizosaccharomyces pombe, Candida albicans), fungi (Neurospora crassa), social 

amoeba (Dictyostelium discoideum), and plant organisms including algae and higher plants (Saito, 2001). In 

eukaryotic and in some of the bacterial signalling systems, however, specific modifications of the system 

evolved, leading to what is called multistep phosphorelay (MSP) (Fig. 1). In comparison to the prototypical 

bacterial TCS described above, the signal transduction in MSP contains two more signalling modules. First, the 

modified hybrid histidine kinase (hHK) contains additional, response regulator-like receiver domain and the first 

phosphotransfer reaction is thus intramolecular. Second, additional histidine-containing phosphotransfer protein 

(HPt) serves as a shuttle between (mostly) membrane-localized sensor histidine kinase and nucleus, where it 

allows phosphorylation of the terminal phosphate acceptor, the response regulator. Thus, in comparison to 

simple His-to-Asp phosphotransfer taking place in bacterial TCS systems, the above mentioned modifications 

lead to sequential His-to-Asp-to-His-to-Asp phosphorelay being employed by some bacteria and eukaryotes [3]. 

To better understand fundamental characteristic and advantages of MSP, which were decisive for 

adaptation of the ancient prokaryotic signalling modules by plant eukaryotic cell, it is important to consider the 

functional and structural changes occurring during evolution of phosphorelay signalling. Two-component system 

composed of the histidine kinase and response regulator proteins is a dominant signalling framework in 

prokaryotic cells. Most bacteria usually contain tens of TCS proteins with extreme number in Myxococcus 

xanthus TCS genes 278 (134 RR, 99 HK, 41 hHK, and 4 HPt) [5]. Beyond that, some bacteria and archebacteria 

are TCS-less; for review see [4, 5]. Bacterial cells usually possess 10-30 individual TCS signalling pathways, 

which respond to a variety of different stimuli. Most of the TCS system is simply composed of a specific couple 

of the sensor histidine kinase and its cognate response regulator, which are encoded by genes organized in a 

single operon. Therefore, TCS proteins passed mutual co-evolution. As a consequence of this co-evolution, high 

specificity between histidine kinase and cognate response regulator results into large reciprocal kinetic 



  4

preferences [6]. The signalling specificity of individual pathways in bacterial TCS is further enhanced by 

substrate competition and phosphatase activity of histidine kinases; for review see [7]. 

In prokaryotes, MSP representing the more complex versions of the TCSs are rarely present. Existence 

of this signalling framework relates to the regulation of developmental processes integrating multiple signals. 

The MSP-based global regulatory network controls differentiation of bacterial cells including capsule synthesis 

by Escherichia coli [8], asymmetric cell division by Caulobacter crescentus [9], sporulation by Bacillus. subtilis 

[10] or development of a nitrogen-fixing cell (heterocyst) by Anabena sp. [11]. The sophisticated lifestyle 

correlates with occurrence of hybrid histidine kinases and response regulators with complicated domain 

architecture where signals are integrated via one or few phosphate transmitters (HPt proteins) [5, 12]. Though 

substantial efforts to clarify the integration ability of MSP pathways, it still remains to be elucidated how the 

other signals from various cellular regulatory pathways are merged together with a single valued gene expression 

response.  

Eukaryotic cells acquired MSP most probably from cyanobacterial ancestors, where MSP signalling is 

required for heterocyst maturation [13]. The major adaptive advantage provided by adoption of the MSP to plant 

eukaryotic system could be adaptation to an endomembranous cell compartmentalization and formation of the 

multicellular body [5]. The MSP in plants include wide spectrum of responses, including regulation of both 

intrinsic developmental programmes and physiological adaptations to changing environmental conditions (see 

later in the text). During evolutionary cooption of the MSP systems, the individual modules of bacterial MSP 

pathways were modified. For example, the cyanobacterial phytochrome is a light regulated histidine kinase that 

mediates red and far red reversible phosphorylation of Rcp1 response regulator [14]. Some of these histidine 

kinases altered their substrate specificity from histidine to serine kinase and later evolved into plant red/far red 

light receptors called phytochromes [15]. Additionally, apart from the plant MSP ancestors, the precursors of 

plant CHASE domain [16] or ethylene binding domain [17] are also found in the genome of cyanobacteria. 

These domains with different function in cyanobacteria were later linked with the hHKs and MSP signalling 

module to enable recognition of the new hormonal signals in higher plants [17, 18]. It was reported recently that 

TCS components encoded by both chloroplast and nuclear genes have been preserved in chloroplasts [19].  

In spite of that the MSP network seems to be currently essential regulatory mechanism with important 

integrative property, the sequence of evolutionary events in plant MSP adoption is difficult to follow precisely. 

However, the increasing complexity and terrestrial life adaptation seem to correlate with the number of MSP 

genes. When focused on presumed cytokinin receptors containing the cytokinin binding CHASE domain and 

downstream signalling MSP elements, the genome of green algae Chlamydomonas reinhardtii contains 5 MSP 

genes (CHASE – 0; HPt – 1; RR – 4), the simple land plant Physcomitrella patens includes 19 MSP-related 

genes (CHASE – 3; HPt – 2; RR – 14) and 30 MSP genes (CHASE – 3, HPt – 5; RR – 22) were identified A. 

thaliana [20]. Next to the cytokinin receptors, other histidine kinases were, however, identified in the 

Arabidopsis genome suggesting that the downstream MSP signalling network could be under the control of 

many other environmental and hormonal stimuli as well and function in a highly integrative manner in higher 

plants. Therefore, the lessons taken from the evolutionary analysis of MSP signalling suggest that MSP proteins 

were multiplicated and modified during land expansion and differentiation of plant body. Such a process 

required more complex hormonal regulation and processing of a new set of abiotic stress factors [20]. 

Evolutionary renascence of vanishing signalling system in plant cells was started. 
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In Arabidopsis thaliana, the MSP systems were shown to mediate diverse developmental regulations. 

Hybrid histidine kinases AHK2, AHK3 and AHK4 are cytokinin receptors and trigger the cytokinin-regulated 

MSP-mediated responses during root and shoot development [21-25], vascular tissue formation [26-28], 

senescence [29], abiotic stress response [30] and postembryonic de novo organogenesis [23, 24, 31-33]. In 

addition to cytokinin, receptors of another phytohormone ethylene reveal similarity with the histidine kinases 

and the ethylene receptor ETR1 was proven to affect developmental responses in Arabidopsis via MSP, too [34-

36]. In addition to hormonal regulation, the MSP in Arabidopsis mediates osmoregulation (AHK1) [30, 37, 38], 

stomatal signalling (AHK5) [39], root growth (AHK5) [40] and megagametogenesis (CKI1) [41-43]. 

Several independent evidences suggest signal integration being a dominant charateristic of MSP in 

Arabidopsis. Analysis of protein-protein interactions using combination of yeast two-hybrid and pull-down assay 

revealed that all HPt proteins in Arabidopsis, AHP1 to AHP5, interact with cytokinin receptors AHK2, AHK3 

and AHK4 suggesting that AHP proteins might function as a signalling hub [44]. Similarly, each AHP protein is 

able to interact with several response regulators [37, 44-46], which implicates that MSP signalling pathways are 

highly redundant. Genetic analysis of MSP elements further substantiates these findings. Mutation in two out of 

the three cytokinin receptors is necessary to observe phenotypes linked with decreased cytokinin sensitivity [23-

25]. Likewise, reduced sensitivity to cytokinin was observed only in higher-order ahp and type-B arr mutants 

[47, 48]. Creation of double and higher-order type-A arr mutants results in a progressively increased sensitivity 

to cytokinin as anticipated for their negative regulatory role in the cytokinin signalling [49]. Additionally, recent 

data indicate that integration and redundancy of MSP does not need to be limited only to cytokinin pathway. 

Histidine kinase CKI1 signals through the same downstream signalling elements as the cytokinin receptors. Five 

functional AHPs have to be knocked-out completely to achieve female gametophyte sterility as described for 

cki1 mutants. Moreover, it is possible to bypass the female gametophyte sterility of cki1 via ectopic expression 

of type-B response regulator ARR1, one of the key transcriptional regulators of cytokinin induced genes [41].  

In contrast to findings which prefer integration and redundancy as a dominant concept for MSP 

network, considerable amount of evidences speaks also for a specific mode of signal transduction via MSP 

signalling pathway. Cytokinin receptors AHK2, AHK3 and AHK4 differ in the ligand binding specificity for 

various cytokinin and their glucosides [50, 51], and it is unlikely that a specificity evolved on a receptor level 

would not be evolutionary reflected also in downstream signalling events. In fact, when we trace the 

developmental processes into details, phenotypes coupled with the single gene mutations start to appear. Such 

specific phenotype examples could be traced back for all MSP gene families revealing the specific role of single 

MSP proteins. AHK3, for instance, plays a crucial role in the transition zone of the root meristem [21]. In the 

root meristem development, the specific role of type-B response regulator ARR1 and ARR12 was dissected. 

While ARR12 is important for balanced proliferation and differentiation in root meristem development during 

first five days after germination, ARR1 is necessary to maintain the proper meristem size in mature Arabidopsis 

root (Dello Ioio et al., 2007). Additionally, Arabidopsis HPt protein AHP4 regulates cell wall thickening and 

lignification in the endothecium of anthers during flower development [52]. AHK2 and AHK3 are necessary for 

a proper procambial activity in vascular bundles of inflorescence stem [26], while AHK4 specifically regulates 

cell differentiation in vascular tissue of the root [53, 54]. Finally, the type-A response regulators ARR7 and 

ARR15 are involved in developmental regulatory networks in the shoot and root apical meristems [55-57]. 

AHK2 and AHK4 were identified upstream of these response regulators in the shoot meristem [22, 58]; reviewed 
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in Pernisová et al., this issue. Moreover, additional protein-protein interaction data using bimolecular 

fluorescence complementation and yeast two-hybrid assay probably with the different sensitivity threshold 

shows that CKI1 hybrid histidine kinase and type-C response regulator ARR22 prefer some interaction partners 

within the AHP family [59, 60]; unpublished data. Our data implicate that specific interaction preferences of the 

AHP proteins are common also to other hybrid histidine kinases and response regulators.  

We are convinced that the redundancy, signal integration as well as signal specificity are the 

fundamental characteristic of plant MSP signalling network. It remains to be elucidated how much these 

properties are equilibrated in order to achieve appropriate and fine-tuned response to diverse environmental 

stimuli mediated via MSP signalling in plants. In our review we introduce several molecular mechanisms, which 

might significantly enhance signalling specificity of the MSP while keeping their integration capacity. 

 

Molecular recognition establishes a fundamental framework for specificity of the phosphorelay pathways 

Principal mechanism that is predominantly responsible for the rigid specificity of bacterial TCS systems 

is a molecular recognition of histidine kinase and its cognate response regulator. The molecular recognition is a 

prerequisite for the effective support of TCS specificity by other molecular mechanisms like phosphatase activity 

of bifunctional histidine kinases (see below) or substrate competition; for review see [7]. The molecular 

determinants of the protein surface recognition as well as those directly affecting the other protein kinetic 

parameters have been recently revealed in bacteria and appear as linked with the 3D structure of interacting 

proteins [8, 61, 62]. In MSP systems, a structure of Spo0B:Spo0F complex from Bacillus subtilis [62, 63] and 

YPD1:SLN1 from Saccharomyces cerevisiae [64, 65] were fundamental for understanding the interaction 

between the HPt protein and its cognate receiver domain. 

In spite of several functional differences, the structure of the monomeric HPt protein resembles the 

dimerization histidine-containing phosphotransfer domain (DHpD) of the histidine kinases (Fig. 1); for review 

see [66]. Conserved histidine residue of the DHpD locates to the middle of a structure composed of two 

antiparallel α-helices, which form the four-helix bundle with the second identical subunit of its dimerization 

partner [67]. All HPt proteins follow this conserved up-and-down architecture of 4-helical core, which is 

stabilized by 2-3 additional α-helices in order to exist as a part of soluble monomeric protein (Fig. 2) [68, 69]. 

Receiver domains of both the hybrid histidine kinases and response regulators are structurally formed 

by five-stranded parallel β-sheet surrounded by five α-helices (α/β)5. Catalytical site of the receiver domain is 

characterized by an acidic pocket formed in the area of the loops L1, L3 and L5 surrounding the central β-sheet 

(Fig. 2). Phosphorelay activity of the receiver domain requires coordination of the Mg2+ metal ion into the 

catalytic site to enable phosphorylation of the conserved aspartate residue; for review see [66]. Plant receiver 

domains obviously follow the same (α/β)5 structural organization [70]. Thus, the interplay between the four-helix 

bundle of DHpD and HPt proteins on one side and (α/β)5 fold of hybrid histidine kinase or response regulator 

receiver domain on the other one represent the key-to-lock interaction, allowing proper signal transduction and 

signalling specificity (Fig. 1). 

Resolving of the 3D structure of HPt protein in a complex with the receiver domain provided a platform 

for identification of molecular surfaces responsible for protein recognition in MSP systems. Protein structures of 

Spo0B:Spo0F [62] and YPD1:SLN1 [64] complexes revealed that in case of the HPt protein molecular contacts 

with the receiver domain take place mostly in the region around the conserved histidine residue at the α4 and at 
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the base of N-terminal part of α3 (Fig. 2). Receiver domain interacts with the HPt protein via amino acid 

residues along the α1 and loops L1 to L5 surrounding the active aspartate residue [62-65]. Therefore, it is 

reasonable to expect that amino acid residues responsible for the specific interaction between HPt proteins and 

receiver domains should appear in these regions. Recent experimental data support this hypothesis. Guided by 

the Spo0B:Spo0F-complex structure and a unique method for covariation analysis of co-evolution patterns, the 

amino acids responsible for specific recognition were identified. Change of four of these amino acid residues at 

the specific positions of Escherichia coli histidine kinase EnvZ resulted in a completely shifted specificity of this 

sensor towards a non-cognate response regulator [6]. Covariation analysis of cognate bacterial kinase-regulator 

pairs in bacteria revealed that α1 in the receiver domains is the most important for ensuring interaction 

specificity, although remaining regions could also significantly affect the interaction affinity [6]. Similarly to 

that, the residues in the α1 and loops surrounding the active aspartate were shown to be involved in the 

interprotein contacts in case of RcsD:RcsC in Escherichia.coli [8, 61] (see also bellow) and in YPD1:SLN1 in 

yeast [64]. Our results suggests that L3, possibly with the other loops, might be involved in a fine tuning of the 

interaction specificity of receiver domain in Arabidopsis histidine kinase CKI1 (CKI1RD)[60].  

In summary, it is reasonable to expect that also in the plant MSP systems, the differences in amino acid 

sequence and 3D structures are accompanied with the quantitative differences in interaction affinity. This 

determines the basic framework for MSP signalling, which might be further influenced by additional molecular 

mechanisms that possibly evolved in plants. 

 

Kinase and phosphatase kinetics controls MSP signalling output 

To ensure specific phosphorylation of the response regulator by its cognate histidine kinase and 

suppress the cross-regulation by histidine kinases of the other signalling pathways, many bacterial receptors 

adopted phosphatase activity, which enhances the control over the signalling output [7, 71]. The bifunctional 

histidine kinase receptor dephosphorylates its cognate response regulator in the absence of the signal and 

suppresses the effects of non-specific activation by other TCS pathways. As soon as the ligand is bound to the 

receptor, the bifunctional histidine kinase switches over to the kinase mode, which results in the phosphorylation 

of the cognate response regulator. Mathematical analysis on behaviour of various bacterial TCS proved that 

systems driven by bifunctional histidine kinases were indeed much more specific and effective in preventing 

cross-talk than those with monofunctional histidine kinases [72]. 

The same molecular mechanism might play very important role in plants. Out of the three cytokinin 

receptor in Arabidopsis – AHK2, AHK3, AHK4/CRE1 – only the hybrid histidine kinase AHK4 was proven to 

act as a bifunctional sensor. The AHK4 activity in phosphorelay was explored in vitro as well as in yeast and 

evidences were collected that AHK4 triggers phosphorelay in the presence of cytokinin, whereas in the absence 

of the ligand the receiver domain of AHK4 is involved in dephosphorylation of the AHP proteins [54]. These 

observations correlate well with the phenotypical analysis of different ahk4 mutants. Null mutations in AHK4 do 

not alter the root development due to functional overlaps with the other cytokinin receptors. In contrast, the gain-

of-function class of mutations impairing AHK4 activation cause defects in root vascular tissue differentiation 

described as a wol phenotype [53, 54, 73]. AHK4 protein carrying the wol mutation is unable to bind cytokinins 

and exhibits negative effects towards cytokinin signalling, which are significant particularly in the root stele 

tissues where AHK4 expression dominates over AHK2 and AHK3. Phosphatase activity of AHK4 and the total 
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equilibrium between HK-mediated kinase an phosphatase activities could therefore play a crucial role in 

establishing cytokinin responsiveness of the plant cells [54]. 

Bifunctional mode of action should be considered also for other hybrid histidine kinases in Arabidopsis. 

For instance, truncated CKI1 protein consisting only of the receiver domain shows phosphatase activity towards 

the AHP1 and AHP2 in vitro [74]. In contrast, full-length CKI1 protein reveals dominant histidine kinase 

activity, which upregulates cytokinin responsive reporter gene in the absence of cytokinin when assayed in 

mesophyll protoplast [75]. Functional analysis of CKI1 in Arabidopsis suggested, that CKI1 might act as a 

constitutively active histidine kinase via MSP elements common to cytokinin signalling pathway [26, 32, 41]. 

CKI1 was suggested to be involved in the regulation of the above mentioned equilibrium of kinase and 

phosphatase activities in the cytokinin signalling pathway [54]. Thus, as CKI1 signalling was shown to be 

cytokinin independent [26, 75], the factors regulating CKI1 expression or activity could be integrated in the 

regulation of cytokinin or in general MSP pathways. These factors, however, remain to be elucidated. 

Dephosphorylation of signalling elements in His-to-Asp phosphorelay pathways occurs also in systems 

without bifunctional histidine kinases. Auxiliary phosphatases in bacteria similar to CheZ dephosphorylates 

response regulator by an acid/amid-mediated mechanism [76]. It was proposed that other phosphatase from Rap 

family, RapB, mediates dephosphorylation via direct protein-protein interaction, which promotes 

autophosphatase activity of the receiver domain [77]. Although similar proteins were not identified in plants so 

far, it is possible that some response regulator with strong autophosphatase activity carry out phosphatase 

function towards the MSP network in Arabidopsis. In vitro phosphorelay assay showed that a type-C response 

regulator ARR22 dephosphorylates AHP5 in a phosphorelay-dependent manner, but the radioactively labelled 

phosphate was not detected on the ARR22 protein [78]. In Arabidopsis, overexpression of ARR22 under the 

control of a strong and constitutive 35S promoter results in dwarfed plants, which are reminiscent to those with 

impaired cytokinin signalling. It was proposed that ARR22 act as a phosphatase and could create a phosphate 

sink within the MSP network in Arabidopsis [59, 78]. 

Taken together, experimental data suggests that phosphatase activity could determine both, the 

signalling specificity and signalling output of MSP network. Rates between kinase and phosphatase activity play 

an important role in the signal integration/specification and could represent a target for additional level of 

integration and regulation of cellular responses related to MSP signalling pathways in plants. 

 

Receiver domains differ in phosphorylation lifetime 

Another factor which should be considered as important for overall MSP signalling output is the 

phosphorylation lifetime of aspartate residue within the receiver domain. Though unstable in acid or alkaline 

conditions, acyl phosphates typically have a half-life of about 5 hours at pH7 [79]. To fit the times-scale 

requirements of the specific signalling systems in bacteria, the receiver domains carry out not only phosphorelay, 

but also hydrolysis of a phosphate bond in an autocatalytic reaction and both are absolutely Mg2+-dependent 

[80]. Phosphorylation lifetime varies in the range from seconds to hours and is directly influenced by different 

amino acid residues at defined position within the receiver domain structure [81]. In some cases, the phospho-

aspartate is stabilized far beyond that of typical acyl phosphate, in exceptional cases like SSK1 up to 2 days. 

Phosphorylated yeast response regulator SSK1 forms a stable complex with its HPt protein YPD1 that shields 

the phosphate group from hydrolysis [82]. Autocatalytical phosphate hydrolysis activity of the receiver domain 
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could be also controlled by an allosteric mechanism upon interaction with an auxiliary regulator protein such as 

RapB [77]. Comprehensive characterization of phosphorelay kinetic parameters together with the lifetime of the 

receiver domains could help to indentify new mechanism involved in regulation of the signalling pathway [83]. 

Regrettably, information on kinetic parameters and response regulator phosphorylation lifetime of plant MSP 

signalling elements are missing. On the other hand, phosphatase activity observed for CKI1 receiver domain 

[74], AHK4 bifunctional histidine kinase receptor for cytokinin [54] and type-C response regulator ARR22 [78] 

is carried out by conventional receivers and could be interpreted as an example of very short phosphorylation 

lifetime. Presence of response regulators with different phosphorylation lifetime in the cell at the same time 

might help to canalize phosphate flow into specific branches within the MSP signalling network. 

Characterization of phoshpho-aspartate stability within plant MSP elements should come to the focus of plant 

MSP signalling research soon. 

In the context of presumed differences among plant response regulators regarding the phosphorylation 

lifetime it should be noted, that experimental work on several type-A ARR proteins revealed that these proteins 

differ significantly in protein stability/turnover. Moreover, some of the type-A ARR proteins were stabilized in 

phosphorylation dependent manner [84]. Regulation of protein stability is a mechanism broadly used in plant 

signalling pathways; for review see [85]. Future studies should elucidate the significance of protein turnovers in 

MSP signalling proteins including histidine kinases, HPt proteins and additional types of response regulators.  

 

MSP signalling elements are differentially expressed in plant cells 

Regulation of the gene expression directly influences intracellular protein concentration and could 

represent a potent mechanism to ensure signalling specificity in the plant MSP network. Signal transduction 

involves formation of the signalling complex via protein-protein interactions. Concentration of such a signalling 

complex in the plant cell grows with the decreasing dissociation constant (Kd), which reflects increasing 

interaction affinity of the two proteins as determined by their primary amino acid sequence and 3D protein 

structure. Equally, signalling complex concentration grows with increasing concentration of one or both 

interaction partners. Therefore, quantitative abundance of the different signalling complexes in the cell at certain 

time is determined by Kd of all interaction partners and their immediate concentration. Simply, if two proteins 

differ in the affinity towards the common interaction partner, twice lower Kd of one of the interaction partners 

could be compensated completely as soon as the protein characterized by lower affinity becomes twice more 

abundant in the cell. Resulting concentration of the two signalling complexes will be equal.  

In Arabidopsis, multiple analysis of transcript levels using northern blotting, semi-quantitative or 

quantitative RT-PCR demonstrated that some MSP genes are differentially expressed in various tissues and 

developmental stages [23, 24, 86-89]. However, most of the MSP elements exhibit strongly overlapping 

expression profiles, which could explain high redundancy of the MSP genes. Therefore, construction of multiple 

mutants is often required to observe phenotypical differences between mutant and wild-type plants [25, 47, 49, 

88]. Although RT-PCR expression profile of ethylene receptor proteins is largely overlapping, more detailed 

analysis of transgenic lines carrying reporter genes fusions under the control of native promoters revealed 

significant expression differences at the tissue levels. [86]. In many cases, appearance of a gene specific 

phenotype is accompanied with the specific expression profile, which cannot be fully compensated by 

homologous genes. AHK4 is predominantly expressed in the central cylinder of the root meristem in contrast to 
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the AHK2 and AHK3, which are expressed predominantly in the root tip and only slightly overlap with the AHK4 

expression domain. In result, AHK2 and AHK3 compensate ahk4 null allele, but the AHK2 and AHK3 activity 

in the central cylinder is not sufficient to compensate the negative effects of wol allele towards the cytokinin 

effects on procambial differentiation [54]. The spatiotemporal-specific gene expression patterns were identified 

also in the root meristem transition zone. Cytokinin response in this region is mediated by AHK3 receptor 

histidine kinase and type-B response regulator ARR12 that is expressed in the first five days after germination. 

Later in the root development, ARR1 is expressed there and takes the control over the equilibrium between cell 

division and differentiation in the mature root meristem [21]. In contrast, AHK2 and AHK4 mediated cytokinin 

signalling upregulates WUS transcription in the shoot apical meristem [22]. 

Type-A response regulators might play the crucial role for modulation of the signal flow specificity in 

the MSP network. Transcription of these genes is controlled by the type-B response regulators and rapidly 

induced during primary cytokinin response; for review see [90]. Induction of these genes creates a feedback 

loop, which in turn represses cytokinin signalling probably by two parallel mechanisms. Firstly, induced type-A 

response regulators might compete with type-B response regulators for phosphorylated HPt proteins. Secondly, 

phosphorylated active forms of type-A response regulators could interact with yet unknown proteins, which 

attenuate cytokinin signalling. This would explain why ARR5D87E mutant resembling the activated ARR5 is able 

to partially rescue cytokinin hypersensitivity phenotype of multiple type-A arr mutant  [84]. Another type-A 

response regulators ARR7 and ARR15 are expressed at the specific position, induced by auxin in the root apical 

meristem during embryogenesis, or vice versa downregulated by auxin in the shoot apical meristems. These two 

proteins help to establish feedback loops and integrate cytokinin and auxin signalling, which allows proper 

positioning and maintenance of shoot an root meristem organizing centers [22, 55-58]; for review see Pernisova 

et al., this issue. It is very likely that induction of the type-A ARR proteins could represent a potent tool to 

specifically regulate ways of the phosphate flow through the MSP signalling network, particularly in 

combination with the other molecular mechanisms like molecular recognition and phosphorylation lifetime. 

Though technically rather difficult to address, closer look to the expression dynamic of MSP proteins in the 

tissues would help to elucidate many aspects of MSP regulated processes. 

 

Magnesium (Mg2+) dependent regulation of the receiver domain activity 

The activity of wide range of the proteins is mediated and regulated by an ion metal binding. Many of 

the intracellular proteins are structurally changed by magnesium ion with the direct influence on their function 

and therefore sensitive on Mg2+ level or presence of the other metal ions. Receiver domain-containing proteins 

such as hybrid histidine kinases or response regulators require divalent metal ion in the active site to catalyze the 

phosphotransfer reaction and autocatalytical hydrolysis of phosphorylated aspartate. The necessity of divalent 

ions is not restricted only to magnesium because other divalent metal ions like Mn2+, Zn2+ and Co2+ are also able 

to ensure phosphotransfer from bacterial CheA to CheY though the reaction kinetic might differ significantly 

[80]. In the presence of Mg2+, Ca2+ reduces phosphotransfer activity of CheY response regulator presumably by 

competing with Mg2+ for CheY catalytic site resulting in the decreased phosphotransfer efficiency [80]. 

Metal binding site is localized in the acidic cleft on the surface of the receiver domain. Mg2+ binding is 

coordinated by carboxyl groups from two aspartic acids located at the N-terminus of the receiver domain and the 

catalytical aspartate, which undergoes phosphorylation. In the close proximity of the acidic cleft is located 
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strictly conserved lysine residue, which forms the salt bridge specifically with aspartic acid phosphorylation site 

and which helps to facilitate the formation and stabilization of the transition state during acyl-phosphate 

formation [65]. While histidine-containing domains represents exemplary conformational homogeneity without 

structural rearrangements after histidine phosphorylation, the conformations of receiver domains are flexible and 

provide an ideal platform for phosphorylation-dependent conformation changes regulating signalling output. 

Additionally, flexibility of the receiver domain could be regulatory target for metal ions as well. The most 

prominent Mg2+-dependent structural change was shown to be a loss of internal dynamics and integrity within 

the active site, which is normally stabilized by magnesium ion [8, 60]. 

In bacterial systems, the magnesium-dependent phosphorylation of receiver domain plays a crucial role 

in interaction with its cognate partner. In Escherichia coli, the signalling between RcsC receiver domain and 

RcsD HPt protein regulates capsule synthesis. Mg2+-dependent BeF3
--mediated activation of RcsC which 

mimicks RcsC phosphorylation on the conserved aspartate residue, increased 5-10 times the interaction affinity 

of RcsC to RcsD [8]. Similarly, the phosphorylation-mediated structural changes were reported for other 

bacterial response regulators like FixJ and Spo0A, too [91, 92]. In contrast to that, in case of Arabidopsis 

CKI1RD, the presence of Mg2+ dominantly contributed to observed structural changes, while addition of BeF3
- 

resulted only in minor modifications of CKI1RD structure [60]. Therefore, in comparison to bacteria, it seems that 

the structure of Arabidopsis histidine kinase CKI1 is more sensitive to magnesium then to the magnesium-

dependent phosphorylation. Whether this could be generalized to other plant histidine kinases, however, remains 

to be identified.  

In regard to this, it is important to consider that the intracellular Mg2+ concentration varies between 

different cell types in the range of 0.23 – 3.8 mM [93]. Our results suggest that magnesium dissociation constant 

falls into this range in case of CKI1RD [60]. These findings are in agreement with Mg2+ dissociation constant of 

bacterial CheY (0.5 mM) [80] and implicate that at the physiological conditions, receiver domains might remain 

not completely saturated with Mg2+. Consequently, this could significantly impact their interaction affinities, 

phosphorelay kinetic constants and/or phosphatase activity. Concentration changes in intracellular concentrations 

of free Mg2+ could therefore represent important regulatory checkpoint in regulation of MSP specificity and 

signalling output in plants. 

 

Auxiliary regulators control MSP signalling 

In addition to molecular mechanisms described above, MSP signalling pathways might be influenced by 

other proteins, which are called auxiliary regulators. One group of these proteins modulates phosphorelay by 

acting on histidine kinases. They influence their histidine kinase activity by interaction with its ATP-binding 

catalytic domain or they physically bind to DHpD domain of histidine kinase, the site of phosphorylation, and 

thus block transduction mechanisms. Next group of auxiliary proteins are phosphatases that catalyze response 

regulator dephosphorylation. Auxiliary proteins are also those that regulate nucleocytoplasmic transport or 

mediate interaction with other proteins of phosphorelay pathways (e.g. transcription factors). 

The best characterized example of regulated MSP is the initiation of the sporulation developmental 

pathway in Bacillus subtilis where multiple auxiliary regulators are involved in the control of MSP signalling 

output; for review see [12, 94]. Core MSP signalling pathway consists of KinA histidine kinase, a single domain 

response regulator Spo0F, a HPt protein Spo0B, and finally response regulator Spo0A, which is the transcription 
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activator of sporulation genes [95]. This signalling pathway is negatively regulated by both types of auxiliary 

proteins, which attenuate histidine kinase activity and auxiliary phosphatases, regulating thus a lifetime of 

phosphorylated response regulators. Protein KipI influences KinA activity through interactions with the catalytic 

domain of the histidine kinase and affects the ATP/ADP reactions, which in turn results in the inhibition of KinA 

histidine kinase activity [17]. Sda auxiliary protein interacts with the KinA HPt domain to block 

autophosphorylation and phosphotransfer to the response regulator Spo0F [96]. Functions of Spo0F and Spo0A 

response regulators are controlled by two families of auxiliary phosphatases. Spo0E phosphatase catalyzes the 

dephosphorylation of Spo0A using acid/amid-mediated mechanism, which was described in detail for CheZ 

modulator of CheA-CheY chemotaxis regulating TCS in Escherichia coli; for review see [76]. The other family 

of phosphatases (RapA, RapB, RapE, and RapH) catalyzes dephosphorylation of Spo0F, nevertheless the 

mechanism of the dephosphorylation reaction was not elucidated yet. Experiments carried out with RapB suggest 

that RapB binds directly to the surface of Spo0F and increases autocatalytical dephosphorylation via allosteric 

mechanism [77]. 

The only described auxiliary protein from yeast is MOG1, which is involved in the nuclear-protein 

import [97]. Additionally, MOG1 modulates SLN1-YPD1-SKN7 phosphorelay branch of osmosensing pathway 

in Saccharomyces cerevisiae. The interaction studies showed that MOG1 protein physically interacts with all 

three members of this MSP phosphorelay branch and is required for SKN7 nuclear localization. Subsequent 

studies also suggested that the MOG1 promotes binding of SKN7 to the promoters of osmotic stress target genes 

[98]. Furthermore, the way of MOG1 interaction with all three MSP elements and the fact that MOG1 shares 

some features with scaffold proteins, the question have arisen whether MOG1 could promote formation of 

SLN1-SKN7 signalosome [98]. 

In plants, so far only one protein was identified, which shares some feature with auxiliary regulators 

described above. TCP10 protein, which interacts with AHP2, AHP3, and weakly with AHP1 was discovered in 

yeast two-hybrid screen using AHP2 as a bait. Although TCP10 is homologous to some proteins containing 

similar structural motives, its function in Arabidopsis remains unclear [99]. However, recent findings revealed 

that AHP proteins maintain a nuclear/cytosolic distribution via active transport into and out of the nucleus [100]. 

We can assume that proteins regulating this process will be discovered in plants. Similarly, seeking for the 

molecular mechanisms described in Bacillus subtilis will answer the question, whether these mechanisms have 

evolved also in plants. 

 

Conclusions and future prospect 

MSP represents a signalling system of critical importance in the plant development. Recently published 

results suggest the role of MSP in the integration of multiple signalling pathways. Besides integration of the 

above described hormonal signalling inputs of auxin [21, 56, 57, 101], abscisic acid [30], cytokinin [23-25, 31] 

and ethylene [34-36], MSP mediate sensing of environmental signals, like osmoregulation  [30, 37-39] or 

phosphate availability [102]. This implies that crosstalk and crossregulation together with the signalling 

specificity of individual pathways would be included in the complex developmental control mediated by MSP 

pathways. Here we have summarized a current status of the knowledge of possible molecular mechanisms, 

which might probably contribute to the specificity of signal transduction through the MSP-based signalling in 

plants. We believe that a combination of biochemical and molecular approaches together with structural and 
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protein interaction studies will be necessary for our understanding to the biological codes included in the 

structure of MSP regulatory proteins. Together with that, the comprehensive tools of systems biology, employing 

analysis of large transcriptome and proteome data sets would be critical in the understanding of complex mutual 

interactions involved (not only ) in MSP-mediated adaptive responses. For that, the proper biostatistical tools and 

computational modelling will allow us to predict the non-intuitive conclusions and hypothesis. A good example 

represents the recently identified integration of MSP with previously identified molecular mechanisms of  

control over positioning of shoot apical meristem organizing centre, one of the principal questions of the plant 

developmental biology [22]. Further important discoveries in that direction are on the way in our and other 

laboratories. Finally, recent findings suggest the direct role of MSP in the regulation of plant growth during both 

vegetative [23-28] and generative phases [26, 41, 43]. We believe that our understanding to the molecular 

determinants of MSP specificity will provide us with tools for targeted improvements of plant growth and crop 

yield that will allow feed the exponentially growing human population and improve our life quality on the Earth. 
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Figure legends 

Figure 1. Basic scheme of the multistep phosphorelay signal transduction pathway supplemented with 

the schematic structural models of individual domains participating in phosphate transfer. Signal molecule binds 

to the input domain (ID) of the histidine kinase and triggers transautophosphorylation of a conserved histidine 

residue within the dimerization histidine-containing phosphotransfer domain (DHpD). ATP to ADP hydrolysis 

mediated by catalytic ATP-binding domain (CAD) provides energized phosphate for histidine phoshorylation. 

The phosphate is intramolecularly transferred to the aspartate within the C-terminal receiver domain (RD)and 

subsequently to the histidine residue on the protein consiting of the histidine-containing phosphotransfer domain 

(HPtD). Finally, phosphorylated HPtD serve as a phoshphohistidine substrate in the phosphorelay reaction, 

which results in phosphorylation of the response regulator RD on the conserved aspartate residue. Output 

domain (OD) is attached in most cases to the RD of the response regulator protein and mediate transcription of 

target genes in response to RD phosphorylation. H, conserved histidine residue; N G1 F G2, highly conserved 

motif; D, catalytic aspartate residue; P, phosphoryl group. In the structural models cylinders represent α-helices 

and pentagons represent β-sheets. 

 

Figure 2.Complex of the histidine-containing phosphotransfer protein (HPt, left) and receiver domain 

(right) created with UCSF Chimera visualization system [103] according to the available 3D structures deposited 

in the PDB. HPt protein consists of helices α1 to α6. Helices α3,4,5,6 forms structural core, which resemble to 

dimerization histidine-containing phosphotransfer domain of the histidine kinase receptor dimer. Residues 

involved in the specific interaction lie at base of α3 and α4. Receiver domain consists of parallel β sheets (β1-5) 

surrounded by helices α1 to α5 and with the catalytical acidic pocket on the top. Residues within the α1 and 
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loops L1 to L5 arround the active site contributes to specific interaction with the HPt protein. The histidine (H) 

and aspartate (D) residues that become phosphorylated are shown in the ball-and-stick representation. 
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Abstract Embryo sac formation is a fundamental step in
sexual reproduction in plants. However, the key players
involved in the development of the female gametophyte
remain elusive. We present data indicating that a two-
component sensor histidine kinase, CKI1, originally
implicated in cytokinin perception, is required for com-
pletion of megagametogenesis in Arabidopsis. We iso-
lated a loss-of-function mutation in CKI1 resulting from
an insertion of the En-1 transposon into the CKI1 coding
sequence. Genetic analysis revealed that the mutant al-
lele, cki1-i, could not be transmitted through the female
germ line. Confocal laser scanning microscopy identified
a block in megagametogenesis, characterized by the
abortion of the central vacuole in mutant embryo sacs,
and degradation of the developing female gametophyte
after completion of all mitotic divisions. The recovery of
two independent stable alleles and one revertant wild-
type allele resulting from En-1 excision confirmed
unambiguously the causal link between the cki1-i muta-
tion and the abnormal phenotype. In situ localization of
CKI1 mRNA and histochemical analysis of stable
transformants harboring the uidA gene under the control
of CKI1 promoter revealed that expression of CKI1
starts at the very beginning of female gametophyte

development, and continues until fertilization. This
suggests that the developing embryo sac may remain
sensitive to signals recognized by CKI1 throughout
megagametogenesis. Furthermore, expression of the
paternally transmitted CKI1 was detected early after
fertilization. The results indicate a role for a two-com-
ponent signaling system during female gametophyte
development, and provide the first evidence that game-
tophytic expression of a sensor-like molecule is essential
for specific processes during megagametogenesis.

Keywords Female gametophyte development Æ
Two-component signaling Æ Sensor histidine kinase Æ
Early seed development Æ Genomic imprinting

Introduction

During its life cycle, the plant body passes through two
extreme forms, the highly organized multicellular form
and the single-celled zygote. Identification of the mech-
anisms that guide formation of the complex plant body
from a single cell represents one of the most intriguing
challenges in plant developmental biology. In angio-
sperms the formation of the female gametophyte, which
harbors pre-programmed cell lineages and a putative
position-specific distribution of morphogenetic factors
(Reiser and Fischer 1993; Brown et al. 1999; Chaudhury
et al. 2001; Drews and Yadegari 2002), represents a
fundamental step in plant sexual reproduction. Char-
acterization of the factors that drive the formation of the
complex structure of the female gametophyte in angio-
sperms promises to provide us with deeper insights into
the mechanisms of early embryo and seed development.
However, despite the crucial importance of the mega-
gametogenesis in the plant life cycle, our current
understanding of its molecular aspects remains frag-
mentary. Nevertheless, detailed morphological analysis
has defined several steps in the formation of the embryo
sac, the female gametophyte of angiosperms. After
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initiation of the ovule primordia, an archesporial cell
line is established, resulting in megaspore mother cell
differentiation. Following meiosis, the most proximal
megaspore survives in Arabidopsis (Reiser and Fischer
1993; Christensen et al. 1997). In 70% of the plant
species studied so far, including Arabidopsis, a Polygo-
num -type of megagametogenesis follows (Christensen
et al. 1997, 1998, and references therein). Though several
mutations that have an impact on both ovule sporo-
phyte and female gametophyte tissue have been de-
scribed (Christensen et al. 1998; Drews et al. 1998;
Gasser et al. 1998; Grossniklaus and Schneitz 1998;
Drews and Yadegari 2002), the molecular mechanisms
guiding female gametophyte development remain to be
identified.

In contrast to the naked, non-polarized, female
gametes of fucoid algae (Hable and Kropf 2000, and
references therein), the female gametophyte of angio-
sperms, which is completely surrounded by maternal
tissue, represents a highly organized and polar structure.
Current data suggest tight genetic control of interre-
gional interactions between the developing female
gametophyte and the surrounding sporophytic tissue,
which seems to be crucial for proper embryo sac
assembly and development (Gasser et al. 1998; Western
and Haughn 1999; Chaudhury and Berger 2001). Some
authors (Reiser and Fischer 1993; Grossniklaus and
Schneitz 1998) invoke a role for positional cues trans-
mitted by the sporophytic tissue adjacent to the devel-
oping embryo sac. However, the molecular evidence for
such information exchange, including identification of
the signaling molecules involved, is sparse. Recently,
Hecht et al. (2001) described AtSERK1, which encodes a
receptor-like kinase that is expressed throughout female
gametophyte development and in the early embryo.
Nevertheless, the possible role of this sensor-like mole-
cule during embryo sac formation is unclear, as genetic
data are lacking. Hence, the key players that control
female gametophyte development remain elusive.

Two-component signal transduction systems, con-
sisting of sensor histidine kinases coupled with effector
response regulators, were originally found to mediate
the regulation of a broad spectrum of adaptive responses
in bacteria (Parkinson and Kofoid 1992). In the last
decade, homologues of the bacterial two-component
systems have also been recognized in plants (for a
review, see Urao et al. 2000a). In Arabidopsis, genes for
11 suspected sensor histidine kinases have been identi-
fied. Some of these have been shown to mediate per-
ception and transduction of environmental variables
(e.g. osmosensing) and developmental stimuli (e.g. eth-
ylene and cytokinins; for review, see Urao et al. 2001).
One of the putative Arabidopsis sensor histidine kinases,
CYTOKININ INDEPENDENT 1 (CKI1), was origi-
nally classified as a candidate cytokinin receptor, based
on the fact that overexpression of CKI1 in Arabidopsis
hypocotyl segments resulted in callus proliferation and
shoot differentiation in the absence of exogenously
supplied cytokinin and auxin (Kakimoto 1996). CKI1

was also shown to complement a mutation in the gene
for the homologous bacterial sensor histidine kinase
RcsC (Yamada et al. 2001). In the yeast two-hybrid
system CKI1 interacts with the histidine-containing
phosphotransmitters (HPt proteins) AHP2 and AHP3,
which are thought to be downstream partners of sensor
histidine kinases (Urao et al. 2000b). The C-terminal
part of CKI1, which displays similarities to prokaryotic
signal receiver domains, was also shown to dephos-
phorylate the Arabidopsis HPt proteins AHP1 and
AHP2 in vitro (Nakamura et al. 1999). Finally, con-
served amino acid residues implicated in the deduced
histidine kinase and phosphoryl transfer activities of
CKI1 have been shown to be involved in the CKI1-
mediated constitutive activation of a cytokinin-respon-
sive promoter in Arabidopsis protoplasts (Hwang and
Sheen 2001). Taken together, these results suggest a role
for CKI1 as a sensor histidine kinase in Arabidopsis.
However, neither the endogenous ligand nor the bio-
logical function of CKI1 has been identified.

To investigate the involvement of CKI1 in Arabid-
opsis development, we employed an approach that relies
on the phenotypic analysis of loss-of-function mutants.
Here we report the identification of an allele of CKI1,
cki1-i , which resulted from the insertion of an En-1
transposon into CKI1, and show that the mutation
causes a block in embryo sac formation. Furthermore,
we show that CKI1 is expressed throughout embryo sac
development, and is switched on transiently during early
seed development. These results, together with data
published independently by Pischke et al. (2002), dem-
onstrate for the first time that gametophytic expression
of a sensor-like molecule is essential for specific
processes during megagametogenesis in Arabidopsis.

Materials and methods

Screening primers

An En-1 mutagenized population of Arabidopsis thaliana (ecotype
Columbia 0) was screened by PCR as previously described
(Baumann et al. 1998). A positive signal was obtained using the
primers 1262-3 (5¢-CATCATAAACCACACAAACCATA-3¢) and
67Xho (5¢-CCGCTCGAGCTTTTTAGGGTTTATCATTCTC-
C-3¢), which are specific for the CKI1 cDNA, in combination
with the En-1 specific primers EN205 (5¢-AGAAGCACG-
ACGGCTGTAGAATAGGA-3¢) and EN8130 (5¢-GAGCGT-
CGGTCCCCACACTTCTATAC-3¢), respectively. The En-1
insertion-specific primers 1262-3 and EN205 were used to screen
CKI1 / cki1-i segregating populations. Primers specific for the
stable alleles cki1-s1 (5¢-TTCCTCGTCGAATTCAAGTCGTAC-
3¢) and cki1-s2 (5¢-CTCGTCGAATTCAAGTCGCG-3¢) were then
designed and used in combination with a universal primer
(5¢-GCATCATAAACCACACAAACCATA-3¢) in PCR screens of
families harboring the respective stable mutant alleles.

Microscopy and image analysis

For scanning electron microscope analysis, both mutant (CKI1/
cki1-i) and wild-type (CKI1/CKI1) siliques were carefully slit under
a stereomicroscope using a sharp scalpel, and fixed immediately in
3% glutaraldehyde in 0.1 M sodium phosphate (Na-Pi) buffer

444



(pH 7.1) overnight at 4�C. The tissue was impregnated with
osmium tetroxide (1% in the same Na-Pi buffer) for 2 h on ice,
dehydrated through an ethanol series and critical-point dried in a
CO2 atmosphere. The dried tissue was then gold coated and
examined at 10 kV using a DSM 940 scanning electron microscope
(Zeiss). Confocal microscopy was performed as previously de-
scribed (Christensen et al. 1997) using the upright confocal laser
scanning microscope Sarastro 2000 (Molecular Dynamics). The
confocal images were processed using ImageSpace (Molecular
Dynamics) and Adobe Photoshop (Adobe Systems) software.
Observations on GUS-stained ovules were performed using DIC
optics with a Leica DM R microscope.

Expression analysis

In situ mRNA analysis was performed as previously described
(Hartmann et al. 2000). The CKI1 specific probe was generated by
in vitro transcription of CKI1 cDNA subcloned into the pBlue-
script (Stratagene) vector (a generous gift from T. Kakimoto). As a
control, a sense RNA probe was prepared from the same template.
GUS staining of dissected pistils with 0.2% 5-bromo-4-chloro-3-
indolyl b-D-glucuronide (X-gluc; Roth) and tissue clearing was
performed as previously described (Malamy and Benfey 1997).

Cloning techniques

The primers SII-ckpr (5¢-GTAACCGCGGGAGGAGGCA-
CAAAATGACGAA-3¢) and B-ckpr (5¢-GCTGGGATCC-
TCATATTATCTTCTTCCTCGGAGC-3¢) were used for PCR
amplification of the putative promoter region of CKI1, and the
resulting PCR fragment was subcloned into the Sac II/BamHI sites
in pBluescript. After verification by sequencing, the amplified
promoter region was cloned into the Sst I/BamHI sites upstream of
the uidA reporter gene in the binary vector pVKH35SGUSpA
(Reintanz et al. 2001).

Results

Mutations in CKI1 cannot be obtained
in the homozygous state

We screened a collection of Arabidopsis lines (A. thali-
ana, ecotype Col-0) that had been mutagenized with the
maize autonomous transposable element En-1 for a
CKI1 knockout using a PCR-based method (Baumann
et al. 1998; Wisman et al. 1998). We identified a line
carrying a single En-1 insertion in CKI1 and designated
the mutant allele as cki1-i. The insertion is located in
exon 6, upstream of the deduced histidine kinase cata-
lytic center (Fig. 1 i), suggesting that cki1-i is a loss-
of-function mutation. In the progeny of CKI1/cki1-i
plants the expected 1:2:1 ratio of CKI1/CKI1, CKI1/
cki1-i and cki1-i/cki1-i genotypes was distorted, as
determined by Southern hybridization with a probe
specific for the CKI1 genomic sequence (data not
shown). In a population of 36 plants analyzed, 25 were
homozygous for the wild-type allele (CKI1/ CKI1) and
the remaining 11 plants were heterozygous for the mu-
tant allele (CKI1/cki1-i), as indicated by the shift in the
size of the genomic fragment containing the En-1
insertion on Southern blots, and confirmed by PCR
using insertion-specific primers (see Materials and

methods). Hence we were unable to detect any cki1-i
homozygotes in the population analyzed.

The cki1-i allele cannot be transmitted through
the female germ line

Detailed inspection of siliques in plants heterozygzous
for cki1-i revealed the presence of arrested and

Fig. 1 Panel i. Mutant alleles of CKI1 identified. Schematic
representation of the CKI1 genomic sequence, showing the exact
position of the En-1 insertion in exon 6. Exons (black boxes),
introns (lines) and the locations of putative transmembrane regions
in the gene product (empty boxes) are indicated at the top. The
positions of nucleotides encoding conserved His (H) and Asp (D)
residues proposed to be involved in His-kinase and phospohorelay
activities of CKI1, respectively, are shown. The En-1 sequence is
given in upper case; the 3-bp duplication resulting from En-1
insertion is shaded . a–d. DNA and predicted amino acid sequences
encoded by the wild-type CKI1 and mutant cki1 alleles generated
by imperfect excision of En-1 from the cki1-i (cki1::En-1) allele. a.
CKI1 wild-type allele. b. cki1-r, the wild-type revertant sequence;
the substituted amino acids in products of both CKI1 and cki1-r are
boxed, the footprint DNA sequence is shown in bold. c, d. Stable
mutant alleles (cki1-s1and cki1-s2, respectively) resulting from 2-bp
insertions (in bold) associated with imperfect En-1 excisions; the
unique amino acid residues that distinguish the two alleles are
underlined, and the premature termination codons arising from the
frameshift are represented by asterisks. Panel ii. Morphological
analysis of the cki1-i phenotype by light microscopy (a, b) and
scanning electron microscopy (c, d). a. Semi-sterile siliques found in
CKI1/cki1-i plants. b. Siliques of a CKI1/CKI1 plant (sibling from
the same segregating family as in a). Scale bars 500 lm (a) and
1 mm (b). c. Desiccated arrested ovule in CKI1/cki1-i silique. d. A
normally developing seed from the same silique. Scale bars 50 lm
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desiccated ovules, while no obvious defect was found in
the ovule sporophytic tissue (Fig. 1 ii, c). In CKI1/cki1-
i plants, the average total number of developed seeds
per silique was reduced by half compared to that in
CKI1/CKI1 siblings (22.2±1.3 and 44.6±2.4, respec-
tively). Silique lengths were similar in the two geno-
types (11.1±0.5 mm and 11.7±0.3 mm in the mutant
and wild type, respectively; the 95% confidence inter-
vals are given for both values). The phenotype co-
segregated with cki1-i based on both Southern
hybridization and PCR analysis (data not shown). We
observed no other phenotypic deviations linked with
the CKI1/cki1-i genotype.

To analyze the transmission of cki1-i through the
male and female germ lines a series of reciprocal back-
crosses was performed, and the presence of cki1-i in the
progeny was traced by PCR. In B1 populations resulting
from pollination of wild-type (Col-0) plants with pollen
from lines heterozygous for cki1-i, the frequency of
plants harboring cki1-i was 0.4 (53/131). However, when
lines heterozygous for cki1-i were used as the female
parents and were pollinated with wild-type (Col-0) pol-
len, no individual harboring cki1-i could be identified in
a screen of 88 of the resulting progeny (data not shown).

Mutations in CKI1 disrupt female gametophyte
development

The development of the female gametophyte in Arabid-
opsis has been divided into seven distinct stages (FG1–
FG7; Fig. 2 ii) based mainly on confocal laser scanning
microscopy (CLSM) analysis of wild-type ovules and
recently identified mutants (Christensen et al. 1997,
1998, 2002). To investigate the nature of the defects in
cki1-i female gametophyte development and/or function
at the cellular level, the mutants were double back-
crossed and developing ovules were examined in the
pistils of CKI1/cki-i plants (identified by PCR) using
CLSM. No abnormal ovules (scored by number and
position of nuclei, and formation of a central vacuole)
were identified until FG4 (Fig. 2 i, a–d and Table 1).
However, in late FG5 (FG5 III in Fig. 2 ii), two popu-
lations of ovules were found in the pistils of CKI1/cki-i
plants. In comparison with wild type (Fig. 2 i, e), the
central vacuole was distorted in mutant ovules (Fig. 2 i,
f) and cellularization was hampered, as indicated by the
diffuse structure of the cells. In addition, the antipodal-
like nuclei were improperly positioned in some of the
mutant ovules (Fig. 2 i, f and the corresponding legend).
To analyze the terminal phenotype of the mutant ovules,
flowers were emasculated and the ovule phenotype was
analyzed 24 and 48 h after emasculation (HAE). At
24 HAE, wild-type ovules were found in FG6 and FG7
(data not shown). The mutant ovules still had not
completed the transition from FG5 to FG6, and dis-
played varying degrees of embryo sac degradation. In
the least degraded embryo sacs (classified as phenotype
I, Fig. 2 i, g), the localization and morphology of

synergids and egg cell were almost as expected for wild
type at late FG5 and/or FG6. However, the polar nuclei
were not fused, indicating arrest at FG5. Furthermore,
one of the antipodal-like nuclei was adjacent to the polar
nuclei. In a minor proportion of the mutant ovules
analyzed, a higher degree of embryo sac degradation
was observed (phenotype II, Fig. 2 i, h). Within these
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embryo sacs individual cells could not be identified and
only a few nuclei could sometimes be distinguished. The
central vacuole was completely missing in these mutant
ovules. In a small percentage of ovules from CKI1/cki1-i
pistils (phenotype III, see Table 1) 10–14 nuclei were
identified (data not shown). All the above-mentioned
features of the mutant phenotype (i.e. absence of the
central vacuole and cellularization defects) were also
present. At 48 HAE, all wild-type ovules (approximately
half the total; a goodness-of-fit test confirmed a 1:1 ratio

of mutant to wild-type ovules at a �0.8, see Table 1)
reached the terminal stage of development (FG7) with
fully developed and mature embryo sacs (Fig. 2 i, j). In
the other ovules, embryo sacs with a mutant phenotype
were found. This indicates normal (Mendelian) segre-
gation of the cki1-i trait, and is in a good agreement with
the genetic data, suggesting complete phenotypic pene-
trance of the cki1-i allele (see previous section). Also the
mutants at 48 HAE displayed two major classes of
phenotype (Table 1) resembling those previously

Fig. 2 Panel i. Analysis of female gametophyte development in
CKI1/cki1-i plants by confocal laser scanning microscopy. a. The
embryo sac at the 1-nucleus stage (FG1) that defines the start of
female gametophyte development (megagametogenesis). The func-
tional megaspore is differentiated (arrowhead). Both inner and
outer integuments are developed, inner integuments surround
approximately two-thirds of the nucellus. The bright fluorescence
corresponds to nucleoli, which are referred to as nuclei for
simplicity. b. Female gametophyte at stage FG2. At the distal
pole the highly fluorescent remnants of degenerating megaspores
are still apparent (arrowhead), inner integuments almost completely
surround the nucellus. c. Stage FG3. The central and chalazal
vacuoles have formed (arrowheads), the inner integuments cover
the nucellus completely. d. FG4. The central vacuole is fully
developed. Panels a–c are single 1.5-lm optical sections, panel d
shows a stack of three 1.5 lm CLSM images. e. Stack of five 1.5 lm
optical sections, showing the wild-type phenotype at late FG5 in
CKI1/cki1-i pistils (compare with Panel ii, FG5 III). f. Mutant
embryo sac at late FG5. Note the fuzzy structure of the cells, one of
the antipodal-like nuclei migrates towards the micropylar pole
(arrowhead); the central vacuole starts to degenerate. Five optical
sections (1.5 lm) were superimposed. g. Morphology of the least
degraded cki1-i embryo sacs (phenotype I) at 24 HAE (two 1.5 lm
optical sections). h. The highly degraded cki1-i embryo sac
(phenotype II) at 24 HAE (four 1.5 lm optical sections). At the
micropylar pole, degenerating synergid nuclei can be seen (arrow-
head). i. The cki1-i embryo sac (phenotype I) in the terminal stages
of development at 48 HAE (five 1.5 lm CLSM sections). Seven
nuclei (arrowheads) are distinguishable. j. A single CLSM section
(1.5 lm) showing the mature wild-type embryo sac at stage FG7.
Abbreviations: ii, inner integuments; oi, outer integuments; cv,
central vacuole; SN, synergid nuclei; EN, egg nucleus; PN, polar
nuclei; AN, antipodal nuclei; aln, antipodal-like nuclei; pln, polar-
like nuclei; eln, egg-like nucleus; sln, synergid-like nuclei; slc,
synergid-like cells; elc, egg-like cell; SEN, secondary endosperm
nucleus; EN, egg nucleus; SN, synergid nuclei; ev, egg cell vacuole;
sv, synergid cell vacuole. The scale bars correspond to 10 lm (a–h,
j) and 50 lm (i). In all the micrographs, the embryo sacs are

oriented with the micropylar pole to the right and the chalazal pole
to the left. In a–d, f, h and i the optical sections were taken in the
longitudinal plane and oblique to that in j. In e and g optical
sectioning was performed in the plane perpendicular to the
longitudinal one (abaxial to adaxial side view). Panel ii. Schematic
drawings representing the seven stages of female gametophyte
development (based on data presented by Christensen et al. 1997,
and the data in this paper). The nuclei are depicted in white,
vacuoles in black and cytoplasm in grey. FG1, female gametophyte
at stage 1. Four nuclei, the products of megaspore mother cell
meiosis, are present. Three of these later degenerate. During the
next few stages (FG2 to early FG5) the most proximal nucleus (the
functional megaspore) undergoes three rounds of mitotic divisions,
forming the eight-nuclei of the embryo sac. The central vacuole and
usually another smaller vacuole at the chalazal pole are formed
during FG3. During late FG4, the two chalazal nuclei are
reoriented parallel to the chalazal-micropylar axis. For FG1–FG4
compare with micrographs a–d. In the course of FG5, the nuclei
(originally four at each pole; FG5 I. in our classification) undergo
dramatic movements. Groups of three nuclei are formed at each
pole, and the polar nuclei migrate asymmetrically to the position
where they later fuse (FG5 II.). Cellularization and cell differen-
tiation start, resulting in the seven-celled embryo sac. Two synergid
cells surrounding an egg cell at the micropylar pole (here, only one
synergid is shown) are separated from the three antipodal cells at
the chalazal pole by the central cell with two polar nuclei and a
large vacuole (FG5 III, see micrograph e). The polar nuclei fuse
and form a diploid central cell nucleus (secondary endosperm
nucleus) during FG6. The antipodal cells then degenerate and a
four-celled embryo sac is finally established in FG7 (see micrograph
j). In the drawings the developing embryo sacs are oriented with the
chalazal (proximal) pole at the top and the micropylar (distal) pole
at the bottom, with the abaxial (posterior) side on the left and the
adaxial (anterior) side on the right. The gradual bending of the
developing embryo sac is shown schematically. Abbreviations:
SEN, secondary endosperm nucleus; CV, central vacuole; EC, egg
cell; SC, synergid cell; AC, antipodal cells

Table 1 Phenotypic analysis of embryo sac development in pistils of CKI1/cki1-i plants

Developmental
stage

Number of ovules scored

Wild
type

Mutant
phenotype I

Mutant
phenotype II

Mutant
phenotype III

Total number
of mutants

FG1 37 – – – 0
FG2 14b – – – 0
FG3 52 – – – 0
FG4 46 – – – 0
FG5a 21 5 1 – 6
24 HAE 16 10 3 1 14
48 HAE 31 17 8 4 29

aFemale gametophytes in the terminal FG5 (stage FG5 III, see Fig. 2 ii)
bThe small number of ovules identified at FG2 reflects the rapidity of the transition from stage FG2 to FG3 (see also Christensen et al.
1997)

b
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described (see above). In mutants of class I a slightly
higher degree of embryo sac degradation was identified,
as revealed by the more pronounced changes in the
position of nuclei and the degree of disruption of
cell structure; in these cases, the central vacuole could
not be identified unambiguously (Fig. 2 i, i). In the
CKI1/CKI1 siblings of CKI1/cki-i none of the 48 ovules
inspected at 48 HAE (three sibling lines) revealed
any abnormalities compared to the mature wild-type
embryo sac.

Novel alleles of CKI1 confirm a causal link between
the cki1-i mutation and the block in female
gametophyte development

The cki1-i allele and the semi-sterile silique phenotype
were originally identified in a plant that harbored mul-
tiple En-1 insertions. To exclude the possibility that the
phenotype is caused by an En-1 insertion in another
gene, the co-segregation of the phenotype with individ-
ual En-1 elements was analyzed by Southern hybridiza-
tion using an En-1 specific probe (data not shown). The
results clearly showed that only the En-1 element in-
serted in CKI1 co-segregated with the phenotype, thus
demonstrating that cki1-i and the semi-sterile silique
phenotype are genetically linked.

To prove a causal link between the En-1 insertion in
CKI1 and the phenotype, we used the instability of the
En-1 element in CKI1, as this often results in imperfect
excisions leading to novel mutant alleles.

An En-1 excision that restores the CKI1 ORF
rescues the wild-type phenotype

In a population of 90 CKI1/cki1-i plants (identified by
PCR), two individuals were identified that yielded both
wild-type and semi-sterile siliques. Seeds from the wild-
type siliques were harvested, and twelve plants from
each line were analyzed. The absence of En-1 in CKI1
was confirmed by PCR, and a genomic fragment
encompassing the original En-1 integration site in the
CKI1 gene was amplified, sub-cloned and sequenced. In
one of the two wild-type revertant lines (E5), sequence
analysis revealed a footprint resulting in conversion of
the putative amino acid sequence RGDY to GT, but
otherwise restoring the CKI1 ORF (Fig. 1 i, b). Plants
homozygous for this allele, designated cki1-r, were
identified among the progeny of E5. In cki1-r/cki1-r
progeny (54 individuals), no plants with semi-sterile
siliques were found. Thus, the reconstitution of CKI1
ORF after En-1 excision is sufficient to restore the wild-
type phenotype. Hence, the block in female gametophyte
development cannot be caused by a stable mutation that
might have been generated, for example, by an earlier
En-1 integration/excision event in a locus genetically
linked to CKI1.

Excisions of En-1 that result in frameshifts in CKI1
retain the mutant phenotype

Genotype analysis of the progeny of self-pollinated
plants heterozygous for the cki1-i allele was used to look
for frameshift mutations caused by imperfect En-1
excision from cki1-i. The first screen included 54 plants,
of which 18 displayed the semi-sterile silique phenotype
characteristic of the cki1-i allele. However, one of these
plants lacked the En-1 insertion in CKI1, as revealed by
PCR analysis. Sequence analysis (as outlined above)
revealed an En-1 footprint that results in a premature
termination codon in the CKI1 ORF (Fig. 1 i, c). A
second, independent mutation was identified in a similar
screen (Fig. 1 i, d). The alleles were designated cki1-s1
and cki1-s2, respectively, and were found to co-segregate
with the semi-sterile silique phenotype using footprint
specific primers (data not shown).

Inspection of the embryo sacs in a line that was
heterozygous for one of the stable mutant alleles (CKI1/
cki1-s1) by CLSM to examine the terminal phenotype at
24 and 48 HAE yielded results similar to those for cki1-i
(see previous section). However, the phenotype of cki1-
s1 embryo sacs was characterized by a higher degree of
degradation (similar to the less frequent phenotype II of
cki1-i, Fig. 2 i, h), which suggests that the cki1-s1 allele
has a somewhat greater effect (data not shown). Also, in
CKI1/CKI1 siblings of CKI1/cki1-s1 plants, none of the
40 ovules inspected at 48 HAE (two lines) revealed any
deviations from the wild type.

Taken together, the results of these studies with the
newly derived cki1-r, cki1-s1 and cki1-s2 alleles provide
unambiguous proof of a causal link between the inter-
ruption of the CKI1 ORF and the block in female
gametophyte development.

CKI1 is expressed during ovule development

The expression of CKI1 was examined during female
gametophyte development in order to establish a corre-
lation with the mutant phenotype. In situ localization of
CKI1 mRNA was performed on paraffin sections using a
gene specific antisense RNA probe (Fig. 3b, d, f, h).
A weak but specific signal was detectable throughout
female gametophyte development, starting at FG1 and
continuing up to FG7. To obtain independent data
supporting CKI1 expression throughout embryo sac
formation, the transcriptional activity of the putative
CKI1 promoter was assayed using the reporter gene
uidA, which codes for bacterial b-glucuronidase (GUS).
The reporter gene was placed under the control of a
2.7-kb region located upstream of the putative tran-
scriptional start, which is assumed to include the pro-
moter region of CKI1. As a short peptide (MKRAF)
encoded by the 5¢ UTR of CKI1 mRNA might be in-
volved in regulating the expression pattern by transla-
tional repression (Wang and Wessler 1998), the GUS
coding sequence was fused with the putative translation
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initiation site at the ATG codon of the short peptide
MKRAF. A binary vector construct (pCKI1::uidA) was
used to transform wild-type Arabidopsis plants. To ex-
clude possible positional effects, a number of stably
transformed lines were assayed for GUS activity, and
gave consistent results. A detailed analysis of uidA
expression in developing ovules was performed on two
independent transformants, both of which yielded simi-
lar results, differing only in the intensity of the GUS
staining. GUS activity in developing ovules was detected

as early as FG1 and remained detectable until the female
gametophyte was mature (Fig. 3a, c, e, g). Minor
inconsistencies between the mRNA localization and the
GUS histochemical assay (the localization of the RNA
was more restricted than the GUS staining) may result
from diffusion of the reaction product in GUS assays
and/or differences in substrate accessibility in the two
methods used (i.e. paraffin sections versus whole
mounts). Weak GUS activity was also detected in
developing anthers, specifically in the tapetum (data not
shown).

Expression of CKI1 in the developing seed

The CKI1 expression pattern and the phenotype of cki1-i
indicate a requirement for CKI1 during female game-
tophyte development. Analysis of CKI1 expression in
the mature embryo sac, in which GUS activity was
detectable 5 days after emasculation (Fig. 3g, h) might
suggest a role for CKI1 in (1) the maintenance of
embryo sac integrity, (2) the acquisition of competence
for fertilization and/or (3) subsequent events during
early stages of seed development. To determine whether
the CKI1 gene is expressed in the newly formed sporo-
phyte (i.e. embryo and endosperm), the transcriptional
activity of the CKI1 promoter was assayed during the
early stages of seed development. To prevent interfer-
ence caused by the detection of persistent GUS activity
originating from CKI1 promoter activity in the mature
embryo sac before fertilization, wild-type flowers were
emasculated, and the pistils were pollinated using pollen
from pCKI1::uidA plants 36–48 h later (three experi-
ments using three independent lines). GUS activity was
examined in dissected pistils 10, 12, 24, 48 and 72 h after
pollination (HAP). At 10 HAP only weak GUS activity
was detectable (data not shown). Between 10 and
12 HAP, a sharp increase in GUS staining was detected
(Fig. 4a) and from 12 to 24 HAP uidA expression
reached its maximum (Fig. 4b, c). The transcriptional
activity of CKI1 after fertilization was confirmed using
in situ localization of CKI1 mRNA at 24 HAP (Fig. 4f).
Weak and probably only residual GUS activity spread
over most of the endosperm at 48 HAP (Fig. 4d), and at
72 HAP activity was no longer detectable (Fig. 4e). No
GUS staining was observed in the developing embryo,
indicating that CKI1 expression during the early stages
of seed development is specific to the endosperm.

Discussion

We report the isolation of a mutation in a gene for a
putative sensor histidine kinase, CKI1, that resulted
from the insertion of an En-1 transposon into the CKI1
coding sequence. We failed to identify the mutant allele
cki1-i in the homozygous state, and subsequently found
that it could not be transmitted through the female germ
line. Furthermore, in CKI1/cki1-i pistils, embryo sacs

Fig. 3 Analysis of CKI1 expression during female gametophyte
development. Histochemical analysis of GUS activity in stable
pCKI1::uidA transformants (a, c, e, g) and in situ localization of
CKI1 mRNA (b, d, f, h). The relatively higher level of background
signal in the in situ hybridizations is due to the long exposure times
needed to visualize very low levels of CKI1 mRNA. a, b.
Expression of CKI1 during the transition from later 2-V to the
early 3-I stage of ovule development (corresponding to stages FG0
to FG1 of female gametophyte development). The inner integu-
ments surround approximately two-thirds of the nucellus (compare
with Fig. 2 i, a). Stage 3-I defines the start of female gametophyte
development (megagametogenesis, stage FG1). c, d. Transition
from late stage 3-II (FG2) to early 3-III (FG3), compare with
Fig. 2 i, b and c. The arrows point to inner integuments. e, f. Stage
3-IV (FG4) to 3-V (FG5). g, h. The four-celled mature female
gametophyte (3-VI, FG7), 5 days (g) and 24 h (h) after flower
emasculation. Scale bars 50 lm. Ovule development stages accord-
ing to Schneitz et al. (1995); the arrowheads indicate the CKI1
mRNA signal
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with a mutant phenotype were found in one half of the
ovules, using CLSM analysis. CKI1 expression was de-
tected in the developing female gametophyte, supporting
a role for CKI1 in megagametogenesis. A causal link
between the cki1-i mutation and the block in female
gametophyte development was confirmed by the isola-
tion of (1) an En-1 excision that restores the CKI1 ORF
and simultaneously rescues the wild-type phenotype,
and (2) two stable mutant alleles, cki1-s1 and cki1-s2,
resulting from frameshifts caused by imprecise En-1
excisions. While our manuscript was in preparation, a
paper by Pischke et al. (2002) reporting similar, but not
identical, results based on the analysis of independent
mutant alleles of CKI1 (cki1-5and cki1-6) in A. thaliana
(ecotype Wassilewskija), was published. In the following
sections, we discuss our data together with those of
Pischke et al. (2002).

The cki1-i allele cannot be transmitted through
the female germ line

The distorted genotype ratios in the progeny of self-
pollinated CKI1/cki1-i plants, together with the reduced
seed set, was consistent with a possible defect in the

function of either male or female gametes carrying the
mutation (Feldmann et al. 1997; Drews et al. 2002). This
hypothesis was confirmed at the genetic level by
reciprocal backcrosses. The absence of the mutant al-
leles in the progeny obtained after pollination of mutant
CKI1/cki1-i plants with wild-type pollen indicates com-
plete penetrance of the lethal cki1-i phenotype in the
female germ line. The frequency of plants carrying the
mutation in the B1 populations resulting from back-
crosses in which the CKI1/cki-i plants were used as the
male parent (0.4, 53/131) suggested the possibility of
reduced transmission of the cki1-i through the male
germ line. However, the statistical significance of the
difference (compared to the expected frequency 0.5) was
found to be at the lowest limit of acceptance (the a value
calculated using a goodness-of-fit test was between 0.05
and 0.02). Thus, additional experiments were necessary
to justify our conclusions. In progeny of twice back-
crossed, self-pollinated CKI1/cki1-i plants the goodness-
of fit-test confirmed that the frequency of CKI1/cki1-i
plants (0.45, 25/56) was compatible with a model pre-
dicting equal proportions of CKI1/CKI1 and CKI1/cki1-
i individuals (0.3<a<0.5). Furthermore, in back crosses
using pollen from the CKI1/cki1-s1 plants, we found the
frequency of the paternally transmitted stable mutant
allele to be 0.5 (41/80). Taken together, these data
indicate that the presence of functional CKI1 is not
likely to be crucial for the formation of functional male
gametes. The slightly reduced frequency of the CKI1/
cki1-i plants in the case of B1 populations could be the
result of incomplete emasculation and/or lower accuracy
of PCR analysis. Similar results have also been reported
for the cki1-5 and cki1-6 alleles by Pischke et al. (2003).
However, given our detection of weak expression of
CKI1 in the tapetum (not shown), a more detailed
investigation of the possible involvement of CKI1 in
processes associated with pollen formation appears
warranted.

CKI1 is essential for the transition from FG5
to FG6 in the course of megagametogenesis

In the pistils of CKI1/cki1-i plants, mutant ovules were
first identified by CLSM analysis in late FG5, based on
distorted central vacuoles, the fuzzy structure of the cells
and mislocated antipodal nuclei (phenotype I, Fig. 2 i, f,
g). As indicated by the unfused polar nuclei, the mutant
ovules had not completed the transition fromFG5 toFG6
even at 48 HAE, when all wild-type ovules had reached
the terminal developmental stage, FG7 (Fig. 2 i, j). At the
terminal stage, a minor proportion of the mutant ovules,
which completely lacked the central vacuole, displayed
signs of a higher degree of embryo sac degradation
(phenotype II, Fig. 2 i, h): individual cells of the embryo
sac could not be identified and only a few nuclei could
sometimes be distinguished. The least frequently
encountered phenotype III was characterized by the
presence of 10–14 nuclei in an embryo sac lacking the

Fig. 4 Expression of CKI1 after fertilization. a–e. Histochemical
detection of GUS activity in ovules after pollination of wild-type
pistils with pollen from stable pCKI1::uidA transformants. a. 12 h
after pollination (HAP). b, c. 24 HAP. Despite the low resolution
of GUS staining at the micropyle over the zygote, the zygote itself
does not appear to be stained. d. 48 HAP. e. 72 HAP. The brownish
color is due to changes in seed composition during development. f.
In situ localization of CKI1 mRNA (arrowheads) in wild-type
ovules at 24 HAP. The arrows indicate the elongating zygote and
early embryo. Scale bars 50 lm
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central vacuole and displaying signs of partial degrada-
tion (data not shown). In cki1-5 and cki1-6mutant ovules,
phenotypic abnormalities were already detectable at stage
FG4, and the mutant phenotype became fully penetrant
at stage FG5 (Pischke et al. 2002). The cki1-5(6) mutant
female gametophytes fell into two phenotypic categories.
In the first (more frequent) category, female gameto-
phytes appeared to be in various stages of degeneration
ranging from partial to complete. The embryo sac cavity
of partially degenerated female gametophytes was col-
lapsed, but displayed evidence of cellularization. The
embryo sac cavity of completely degenerated female ga-
metophytes was collapsed and filled with brightly fluo-
rescent material. In the second phenotypic category, the
embryo sac cavity was filled with a matrix of cytoplasmic
strands connecting many small vacuoles, as well as a
larger than normal number of nuclei (‡16). Thus, the first
and second phenotypic categories resemble the pheno-
types II and III, respectively, found in cki1-i and cki1-s1.
The absence of an equivalent of phenotype I and the
detection of amutant phenotype inFG4may indicate that
cki1-5 and cki1-6 represent alleles that are stronger than
cki1-i.

Consequently, in spite of the partial cellularization
found in the less degenerated cki1-5(6) embryo sacs, the
pleiotropic nature of the defect did not allow Pischke
et al. (2002) to limit the CKI1 function primarily to any
one of the processes required for the completion of
stages FG4 and FG5. These processes include a final
round of mitosis, cellularization, vacuole formation, and
the establishment of cell identities. In contrast, the nat-
ure of the cki1-imutant phenotype I, first detected in late
FG5, suggests that CKI1 function is not directly
required for the completion of mitotic divisions, proper
nuclei positioning and probably not for the acquisition
of cell identity (Fig. 2 i, f, g). Comparison of the fre-
quencies of the mutant phenotypes at late FG5 (0.3) and
48 HAE (0.5, see Table 1) indicates that at late FG5 a
fraction of the cki1-i embryo sacs remains morphologi-
cally indistinguishable from the wild type. Also the
structure of the mutant female gametophyte at 24 HAE
suggests that cellularization is essentially unaffected
in cki1-i embryo sacs (Fig. 2 i, g). The subsequent
changes in nuclear positions and overall cell morphology
(Fig. 2 i, i, and phenotype II in Fig. 2 i, h) appear to
result from progressive degradation of the embryo sac
due to collapse of the central vacuole, which seems to be
one of the first morphologically detectable abnormalities
in the mutant embryo sacs (Fig. 2 i, f). The identification
of phenotype III suggests that the cki1-i mutation has
pleiotropic effects on embryo sac development after
FG5, as some nuclei can apparently undergo additional
mitotic divisions. These data, together with the fact that
the positions of nuclei were changed following the col-
lapse of the central vacuole (Fig. 2 i, g, i), may imply
that the integrity of the central vacuole is important for
the timing and spatial distribution of specific cellular
events (e.g. mitosis) during female gametophyte devel-
opment.

The block in the development of cki1-i embryo sacs
may occur very early in megagametogenesis

The embryo sac may become sensitive to a signal picked
up by CKI1 starting near the completion of megaspore
differentiation, as indicated by the very weak but distinct
transcriptional activity of CKI1 throughout female
gametophyte development (Fig. 3). However, the earli-
est morphologically distinguishable consequences of the
defect in the cki1 mutants are observed only at FG4
(Pischke et al. 2002). Therefore, the immediate effects of
the absence of functional CKI1 may only become mor-
phologically manifest at FG4, or the signaling molecule
perceived by CKI1 might appear only just before or
concomitantly with FG4. As Pischke et al. (2002) were
unable to detect any CKI1 expression in developing
embryo sacs at stages prior to FG7, no conclusion
regarding the stage at which CKI1 becomes critical
could be drawn from their data. The results of our
analysis of CKI1 expression are consistent with the idea
that the initial block in the cki1 female gametophyte
occurs in FG4. This represents a starting point for future
identification of the exact stage at which CKI1 becomes
crucial for the successful completion of embryo sac
development.

Recently, a number of Arabidopsis mutants defective
in female gametophyte development have been de-
scribed (Christensen et al. 1998, 2002). In the female
gametophyte-specific mutant fem1, defects in embryo
sac development resembling those found in cki1-i were
reported. Fusion of polar nuclei is blocked during FG5/
FG6 in developing fem1 embryo sacs. Subsequent
degradation of the central vacuole was hypothesized to
yield the highly fluorescent material detectable in the
central cavity (Christensen et al. 1998) that is the most
striking phenotypic feature of the terminal stage of fem1
embryo sac development. Though fem1 was shown not
to be allelic to cki1-5(6) (Pischke et al. 2002), based
on the phenotypic analysis of cki1-i, FEM1 and
CKI1 seem to affect similar aspects of embryo sac
development.

The mutants affecting female gametophyte develop-
ment that have been identified so far have been classified
into five phenotypic categories (Drews and Yadegari
2002). However, the cki1-i (like the fem1) phenotype
does not seem to fit the phenotypic criteria for any of
these five categories. The most similar category (4)
comprises mutants with defects in polar nuclei fusion
(gfa2, gfa3, maa1 and maa3). However, only the gfa2
and gfa3 mutants have been subjected to detailed phe-
notypic inspection by CLSM (Christensen et al. 1998).
In gfa2, a specific block in the fusion of polar nuclei was
found. Interestingly, in gfa3, the incompletely penetrant
mutant phenotype appears as early as FG4, leading to
pleiotropic defects, with the majority of mutant embryo
sacs displaying a block in fusion of the polar nuclei
during FG6 (Christensen et al. 1998). Thus, the fusion of
polar nuclei might reflect the successful progression and/
or completion of other processes involved in megaga-
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metogenesis prior to FG5/FG6, as is also implied by the
cki1-i phenotype.

CKI1 was originally implicated in the perception of
the plant hormone cytokinin (Kakimoto 1996). Our data
provide experimental evidence indicating that the puta-
tive sensor histidine kinase, CKI1 is a key player in
processes leading to embryo sac formation. Several
reports suggest the involvement of the plant growth
regulators auxin (Hardtke and Berleth 1998), ethylene
(Kieber and Ecker 1994; De Martinis and Mariani 1999)
and cytokinin (Blintsov et al. 2000) in ovule and early
seed development. However, there is no evidence for the
direct interaction of CKI1 with cytokinins, or for cyto-
kinin-dependent signal transduction via CKI1 (Hwang
and Sheen 2001; Yamada et al. 2001). Thus, the putative
signaling molecule that interacts with CKI1 in the reg-
ulation of female gametophyte development remains to
be identified.

CKI1 is switched on temporarily after fertilization

The histochemical analysis of wild-type ovules fertilized
with pollen from pCKI1::uidA transgenic lines suggests
that CKI1 expression is not solely restricted to gameto-
phytic tissues. The first traces of transcriptional activity
of CKI1 during early endosperm development were de-
tected at 10 HAP. By 12 HAP GUS activity was obvi-
ous (Fig. 4a), suggesting early activation of the
paternally transmitted CKI1 promoter. Recently, it has
been proposed that activation of the whole paternal
genome after fertilization is delayed (Vielle-Calzada et al.
2000). The delay in CKI1 expression from the paternal
chromosome after fertilization was estimated based on
the recent data of Faure et al. (2002). Pollen tube pen-
etration of the ovule was detected by 4.5 HAP, and
karyogamy of the central and sperm nuclei was detected
at 6–7 HAP. CKI1 promoter-driven expression of uidA
(Fig. 4a) is detectable by 5–6 h after central cell fertil-
ization, hence suggesting very early activation of the
paternally transmitted CKI1 promoter in the developing
endosperm. Thus, although we cannot rule out a lack of
potential imprinting sites in the promoter region used to
drive uidA in our experiments, the results rather suggest
a need to reconsider the concept of genome-wide male
imprinting during early seed development. Based on the
current debate it seems that even though large genome
fragments may be targets for genomic imprinting
(Grossniklaus et al. 1998; Luo et al. 2000), silencing of
the plant paternal genome during early embryo devel-
opment is not a general rule (Weijers et al. 2001). Taking
into account the random nature of T-DNA integration
in the plant genome, one could hypothesize that se-
quence specificity is a significant if not decisive criterion
for parent-specific regulation of gene expression in
Arabidopsis.

Using in situ localization of mRNA, Pischke et al.
(2002) detected the expression of CKI1 in the developing
endosperm 24–48 h after fertilization. In addition, our

data suggest subsequent down regulation of CKI1
transcription. The absence of detectable GUS activity at
72 HAP (Fig. 4e) suggests that CKI1 promoter becomes
inactive between 48 and 72 HAP. However, as the sta-
bility of GUS activity in the tissue is unknown, the
precise time at which the CKI1 promoter is switched-off
cannot be inferred; it is possible that transcription could
cease even before 48 HAP.

The endosperm-specific expression of CKI1 early
after central cell fertilization might indicate that the
tissue becomes transiently sensitive to the CKI1 ligand
for a short period when endosperm development is ini-
tiated. To elucidate the potential role of CKI1 in early
seed development, the use of antisense and/or post-
translational gene silencing (RNA interference)
approaches will be necessary, as the mutant cki1 alleles
cannot be obtained in the homozygous state.
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High throughput microarray transcription analyses provide us with the expression profiles for large amounts of plant genes. However,

their tissue and cellular resolution is limited. Thus, for detailed functional analysis, it is still necessary to examine the expression

pattern of selected candidate genes at a cellular level. Here, we present an in situ mRNA hybridization method that is routinely used

for the analysis of plant gene expression patterns. The protocol is optimized for whole mount mRNA localizations in Arabidopsis

seedling tissues including embryos, roots, hypocotyls and young primary leaves. It can also be used for comparable tissues in other

species. Part of the protocol can also be automated and performed by a liquid handling robot. Here we present a detailed protocol,

recommended controls and troubleshooting, along with examples of several applications. The total time to carry out the entire

procedure is B7 d, depending on the tissue used.

INTRODUCTION
The analysis of the expression patterns of genes during plant
development and after environmental or chemical treatments or
in mutant background is a standard approach to investigate gene
functions and genetic pathways. Several methods have been routine-
ly used to examine the expression pattern of candidate genes. These
include the use of transgenic reporter genes encoding easily
detectable products, such as BETA-GLUCURONIDASE (uidA),
GREEN FLUORESCENT PROTEIN (GFP) and LUCIFERASE
(LUC), each of which can be placed under the transcriptional
control of gene specific promoters; Northern blot hybridization;
reverse transcriptase and PCR on isolated RNA; and ever more
frequently, gene chip technology. However, these methods often fail
to provide enough resolution or certainty and more reliable
methods, such as immunocytochemical techniques for protein
detection and in situ mRNA hybridization, remain necessary.
Each of these above mentioned techniques has advantages and
disadvantages, and mostly a combination of several of them
provides a reliable picture of gene expression and its regulation
on transcriptional and/or post-transcriptional levels, respectively.

Classical techniques for mRNA or protein in situ localization use
sections of biological material. This allows better accessibility of the
probe to specific, usually deeply embedded cell types and tissues.
However, making quality sections is a time consuming and expen-
sive process, demanding considerable experience and specific
instrumentation. Therefore, to simplify and speed-up the entire
procedure, whole mount techniques were developed. Originally, a
whole mount in situ hybridization method was introduced and
optimised for localization of transcripts in Drosophila embryos1. In
animal systems, whole mount methods generally work effectively.
However, their adaptation to plants was hindered by several
problems resulting mostly from the poor permeability of reagents
through cell walls. Previously described whole mount in situ
hybridization techniques for plants2–4 were successfully used for
the localization of abundant mRNAs. In order to improve the
limiting signal-to-background ratio and to increase the sensitivity
sufficient for analysis of weakly expressed genes, we adopted these

protocols, including those used for mRNA localization in
Drosophila embryos1 and hydras5, and developed a functional
and reproducible procedure for whole mount mRNA in situ
hybridization in plants. The protocol is designed for easily perme-
able plant tissues like Arabidopsis thaliana root tips, lateral roots,
embryos, young primary leaves, young meristems and hypocotyls.
Here, we would like to stress three critical steps: (i) probe synthesis,
(ii) tissue fixation and permeation (including some specific aspects
of the plant tissue handling), and (iii) signal detection. Further we
provide brief instructions for (iv) automation of the method using
liquid handling robots and (v) experimental setup, which provides
a short overview of the procedure and tissue handling to facilitate
comfortable and errorless planning of the experiment. If not
otherwise stated, all steps are performed under room temperature
(RT, usually considered in the range 20–25 1C).

Probe synthesis
For hybridization, probes such as digoxigenin-labelled antisense
RNAs can be used. There are two possibilities to generate templates
for the in vitro transcription to prepare gene-specific, labelled
ssRNA probe. (1) The DNA to be transcribed is cloned into a
polylinker site of a transcription vector, which contains a promoter
for T3, T7 or SP6 RNA polymerase (e.g., pBluescript, Stratagene).
To synthesize the ‘‘run-off ’’ transcript, a restriction enzyme that
creates either a 5¢-overhang or a blunt end is used to linearise the
template before transcription. It is important to never use a
restriction enzyme that produces a 3¢-overhang. When the line-
arised DNA template has a 3¢-overhang then RNA polymerase can
initiate the reaction from this 3¢-overhang, thus transcribing the
complementary (and non-desired) strand. (2) Optionally, PCR can
be used to introduce the RNA promoter sequence to a 5¢end of
amplified cDNA fragment (see PROCEDURE for details). Template
prepared by one of the above methods is used for a labelled
ssRNA probe synthesis using in vitro transcription in the presence
of digoxigenin-11-UTP. Routinely, we test the quality of probes
on agarose gels (both before and after hydrolysis, see the
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PROCEDURE). Specific activity of labelled probes can be tested
using dot-blot as described6. Once the active, labelled and RNase-
free ssRNA probe is prepared, a hydrolysis step ensures the
generation of short probe fragments, allowing better tissue pene-
tration. This is particularly important when long DNA (i.e.,40.5 kb)
templates are used for the in vitro transcription. However, we
should note here that based on our experience, for localization of
most mRNAs the hydrolysis step is not critical and might be
omitted. Careful probe precipitation after hydrolysis and re-
association in water under RNase-free conditions is critical to
avoid excessive probe loss or RNase contamination.

The probe quality is of critical importance for successful in situ
mRNA hybridization. In contrast to DNases, ubiquitous RNases do
not require any cofactor for its action and RNase contamination
represents one of the most severe problems during probe handling
and most often hampers all experimental effort. Until the hybridi-
zation step, all solutions made from dry chemicals must be RNase
free. One can ensure this by autoclaving solutions with the optional
addition of 1 ml l –1 DEPC. Because commonly used chemicals are
readily susceptible to RNase contamination, it is beneficial to store
equipment, stock chemicals, prepared solutions and RNase free
aliquots separately in the laboratory, only for use with RNA. Where
water is mentioned, RNase-free (DEPC-treated), sterile and pure
water is required (e.g. Milli-Q (Millipore) produced water, resis-
tance B18.2 MO cm at 25 1C).

Tissue fixation and permeation
Most in situ hybridization protocols, including ours, start with a
fixation step using cross-linking by an aldehyde. The fixation time is
critical, as the tissue must be properly fixed to avoid artefacts resulting
from mRNA degradation and post-fixation changes in mRNA
location. On the other hand, over-fixed tissue can not be properly
permeated to ensure efficient probe interaction with target mRNA,
which leads to a weak or no signal and could be critical mainly in
cases of weak gene expression (see also TROUBLESHOOTING).

In our protocol, tissue fixation is performed in plastic tubes,
routinely 50 ml Falcon tubes. The first step is infiltration
of the collected material by fixation solution. Fixation for good
penetrable tissues like root tips, hypocotyls and leaves is performed
under shaking at RT. In case of poorly penetrable material like
embryos, use of a vacuum for B10 min is recommended. If the
material sinks, this indicates proper material infiltration. Some
tissues may keep floating, which is not critical for proper fixation;
however, we recommend increasing the time of tissue fixation
in these cases. Proper sample infiltration also facilitates later
solution exchange via decantation. Home-made metal sieves,
adopted to fit Falcon tubes, can be used to avoid material loss
during solution exchange.

Fixation is followed by degradation of proteins bound to mRNA
so that the RNA is free to interact with a labelled probe; this is
usually achieved via treatment with proteinase K. While this step
can be fully replaced by a brief heat denaturation, as it has been
described for specimens of animal origin5, the use of proteinase K
is advantageous because it can degrade RNases potentially present
in the tissue.

Because of specific properties of plant material, namely the
presence of cell walls and a waxy layer on the surface of most of
the plant body, additional permeation steps have to be included.

These include a heptane treatment during material fixation; an
alcohol stage, which also removes chlorophyll and other pigments;
and finally a xylene (or a xylene substitute, e.g. Histo-Clears)
treatment. In case of persisting penetration problems, duration of
these treatments can simply be prolonged according to the type of
plant material. Also, prolonging the proteinase K step improves
permeability of the tissue.

Signal detection
After hybridization, immunostaining reactions using Anti-
Digoxigenin-AP, Fab-fragments (see REAGENTS) are used to
identify specifically bound probes. Washes under restrictive condi-
tions are critical to ensure specificity of target mRNA location. Also,
the specific activity of the probe used might be critical, as too much
probe leads to unspecific binding and insufficient amounts of
labelled probe will reduce the signal; this is important particularly
in the case of weak gene expression (see TROUBLESHOOTING).
The staining time is gene- (or rather probe-) and tissue-specific and
must be optimized for each probe and tissue used. A good criterion
is the time when the first traces of dye appear in the control
specimen when using a sense probe or no probe. Staining in the
control might be used to estimate the maximum time interval of
the staining, as this means that non-specific signal (e.g., resulting
from unspecific antibody binding, etc.) appears. That might be
critical particularly in the case of weak gene expression.

It is crucial to ensure that the observed signals specifically reflect
the localization pattern of RNA of interest in every in situ
hybridization protocol. This is particularly important for whole
mount techniques because, with most probes, after a sufficiently
long staining time, unspecific signals can almost always be
obtained, especially in the meristematic regions. Usually, such
background staining will also be observed with the sense probe
controls. However, one can also validate results obtained by in situ
detection with a parallel experiment using a corresponding knock-
out mutant. If this is not available or is uninformative (e.g., due to
lethality or genetic redundancy), the simultaneous use of a probe
with a known staining pattern as a positive control and a non-plant
RNA probe as a negative control could also be helpful to ensure that
the observed experimental staining is not an artefact.

Automation of the method
Most of the described protocol consists of solution exchange under
different treatment conditions (i.e., temperature). The use of
suitable robotics (i.e., use of special histological robots and/or
adaptation of universal liquid handling robots) is extremely
advantageous. Besides human labor saving, one of the major
advantages is maximal tissue protection against mechanical
damage during the procedure via either vacuum or air-pressure
based solution exchange applied in the liquid handling robots.

Our protocol was adopted for automation using an in situ
dedicated robot ‘‘InSitu Pro’’ from Intavis7 (http://www.intavis.
com). To create a program to perform the procedure according to
our protocol is rather simple as the manufacturer provides instruc-
tions for very intuitive and user friendly programming of the
automate. Using this robot, Steps 23–44 (tissue permeabilization,
hybridization, and washing steps until detection) — with the
exception of Step 41 (preadsorbing of antibodies with plant extract)
— can be performed.
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Experimental setup
The first step in the entire procedure is RNA probe synthesis.
As already mentioned, the probe quality and its specific
activity are of critical importance. Thus, the probe synthesis
should be done in advance and one should start with the rest of
the procedure after the probe is successfully prepared and stored in
the freezer. The next steps (i.e., tissue fixation and permeation,
washing, hybridization and detection) should be done consecu-
tively using the timeline below, which in most cases fits the
working week (B5 days). It is strongly recommended to
prepare all the needed solutions and equipment in advance
because of the time limitations during the procedure. The above
timeline is the best option; however, if necessary due to time
constraints, tissue fixation could be done in advance and stored
at –20 1C in ethanol.

Our protocol was optimised forArabidopsis seedlings, specifically
root tips, lateral roots, young primary leaves, meristems and
hypocotyls and Arabidopsis embryos. In the case of Arabidopsis
seedlings, we usually use 5–8-day old seedlings, grown on
Murashige & Skoog (MS) medium. Seedlings are harvested into
Eppendorf tubes or multi-well cell culture plates, where fixation
and chlorophyll removal could easily be performed. If using a
robot, after fixation and chlorophyll removal seedlings are trans-
ferred into special vials for the next part of the procedure and
removed back into multi-well cell culture plates or Eppendorf tubes
for the detection step. Stained seedlings are cleared or directly

mounted into 50% (v/v) glycerol and inspected using bright field
and/or (preferred) Nomarski (Differential Interference Contrast,
DIC) optics when using 5-bromo-4-chloro-3-indolyl phosphate
(BCIP) / nitroblue tetrazolium chloride (NBT) or using a confocal
and/or fluorescent microscope with appropriate filter sets when
using fluorescent alkaline phosphatase (AP) substrate. During all
procedure from harvesting until specimen preparation, seedlings
are manipulated carefully with fine tweezers.

For embryos, siliques are collected on double-sided tape, opened
and embryos are carefully extruded from developing seeds under a
stereomicroscope using fine tweezers, and transferred into small
Petri dishes with fixative solution. Embryos are very fragile so they
have to be handled with a lot of care. Even very young embryos
(younger globular stage) can be extruded from developing seeds
and handled in the strainers during the whole procedure. After
fixation, embryos are transferred into cell strainers (40 mm
diameter) by pipetting with 1 ml micropipette and handled in
the strainers during the entire procedure. Once the signal is
detected the reaction is stopped by 100% ethanol for 2–5 min
and embryos are transferred to 50% (v/v) ethanol for 2–5 min. 50%
(v/v) glycerol is added to the samples, and then they can be finally
transferred to slides by pipetting using a cut 200 ml (yellow) tip.
When using this protocol for other tissues, some modifications
might be necessary, mainly with regard to the tissue fixation and
permeation as already described for developing embryo sacs and
seeds8, and floral meristems9.

MATERIALS
REAGENTS
.Suitable restriction endonuclease enzyme, producing 5¢-overhang

or blunt end
.Suitable restriction enzyme buffer
.QIAquick PCR Purification Kit (Qiagen, cat. no. 28104)
.Water, RNase-free (DEPC treated), sterile
.Usual PCR chemicals (optional)
.10� RNA labelling mix containing 10 mM ATP, 10 mM CTP, 10 mM GTP,

6.5 mM UTP and 3.5 mM digoxigenin-11-UTP (DIG-UTP mix; Roche,
cat. no. 1 277 073)

.RNase inhibitor (RNasin, 20 U ml�1), 20 U per reaction (Roche, cat. no.
3335399)

.T7/T3 RNA polymerase, supplied with 10� transcription buffer (10 U ml�1),
10 U per reaction (Roche, T7 RNA polymerase cat. no. 881 767, T3 RNA
polymerase cat.no. 1 031 163)

.tRNA, from backer’s yeast (20 mg ml�1; Roche, cat. no. 109 495)

.DNase I (1 U ml�1), 1 U per reaction (Fermentas, cat. no. EN 0521;
RNase free)

.EDTA, 0.2 M, pH 8.0 (Carl Roth, cat. no. 8043.2)

.Lithium chloride (LiCl), 4 M (Sigma, cat. no. 21323-3)

.Ethanol, 80% (v/v) in DEPC water, 25% and 50% (v/v) in PBS buffer,
75% (v/v) in water and 100% ethanol (Merck, cat. no. 108543)

.2� hydrolysis buffer (see REAGENT SETUP)

.Sodium acetate (NaOAc), 3 M, pH 6.0 (Sigma, cat. no. 71183)

.Acetic acid (HOAc; Sigma, cat. no. 537020)

.Polyadenylic acid (poly(A); 10 mg ml�1; Roche, cat. no. 108 626)

.Isopropanol (Merck, cat. no. 109634)

.Fixative (see REAGENT SETUP)

.Histo-Clears (National Diagnostics, cat. no. HS-200)

.n-Heptane (Merck, cat. no. 104379)

.Methanol, 100% (Carl Roth, cat. no. 7342.1)

.10� PBS buffer (see REAGENT SETUP)

.Tween-20, 0.1% (v/v) in PBS (Sigma, cat. no. P9416)

.Fixative without heptane (see REAGENT SETUP)

.Proteinase K, stock 25 mg ml�1 (Roche, cat. no. 3115887)

.Glycine, 2 mg ml�1 in PBS (Sigma, cat. no. G7403)

.Hybridization solution (see REAGENT SETUP)

.20� SSC (see REAGENT SETUP)

.Complete hybridization solution (see REAGENT SETUP)

.Formamide (deionized; Sigma, cat. no. F7503; see REAGENT SETUP)

.2� SSC, and 0.2� SSC supplemented with 0.1% (v/v) Tween-20

.PBS, supplemented with 0.1% (v/v) Tween-20, and with or without
1% (w/v) BSA (Serva, cat. no. 11930; see REAGENT SETUP)

.Plant extract (see REAGENT SETUP)

.Anti-Digoxigenin-AP, Fab-fragments (Roche, cat. no. 11 093 274 910)

.ALP buffer (see REAGENT SETUP)

.Levamisol, used as 2 mM in ALP buffer (Sigma, cat. no. L9756)

.NBT, stock 50 mg ml�1 (Roche, cat. no. 1 383 213) in 70% (v/v)
N,N dimethylformamid (DMF) (Merck, cat. no 103034)

.BCIP, stock 50 mg ml�1 in DMF (Roche, cat. no. 1 383 221)

.Chloral hydrate clearing solution (see REAGENT SETUP)

.Glycerol, 50% (v/v) in water (Carl Roth, cat. no. 3783.1)
EQUIPMENT
.Sieves (cell strainer 70 mm for seedlings and 40 mm for embryos; VWR/BD

Falcon, cat. no. 352340)
.Vacuum pump (water jet type or comparable with desiccator; e.g. Savant)
.Microscope (DIC, epifluorescence and/or confocal laser scanning; e.g. Leica

or Olympus)
.DNA electrophoresis equipment (e.g. Biometra)
.Thermocycler (e.g. Perkin Elmer)
.Thermoblock (e.g. Eppendorf), required temperatures 37 1C, 40 1C, 55 1C,

70 1C and 94 1C
.Cuvettes or multiple-well plates (e.g. cell culture plates)

(e.g. IWAKI)
.Standard plastic labware, glass and instrumentation (Eppendorf and Falcon

tubes, cylinders, beakers, vacuum concentrator (e.g. SpeedVac, Savant;
optional), rotary shaker (or similar), spectrophotometer, etc.)

.Liquid handling robot (e.g. InSitu Pro, Intavis; optional)

! CAUTION Carefully clean all instruments, such as forceps, pipettes, etc., by
dipping in 100% ethanol. If necessary, laboratory glass and metal parts can
also be autoclaved or baked at 180 1C for 3 h to degrade RNases.
Alternatively, washing in 0.4 M NaOH (Carl Roth, cat. no. 6771.2) with
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subsequent rinsing in sterile, RNase-free water also reduces a risk of possible
RNase contamination.

REAGENT SETUP
RNase-free water Add 1 ml l�1 DEPC (Sigma, cat. no. D5758), shake
vigorously to get DEPC into solution, incubate for B2 h or overnight and
autoclave properly to inactivate remaining DEPC. ! CAUTION DEPC is a
suspected carcinogen; wear gloves and work in a fume hood while handling
DEPC. m CRITICAL DEPC cannot be added to chemicals containing amino
groups, e.g. Tris (Tris inactivates DEPC in the concentration usually used,
i.e. 0.1% (v/v)).
23 hydrolysis buffer (pH 10.2) For 1 ml 2� hydrolysis buffer mix 240 ml
0.5 M Na2CO3 (Carl Roth, cat. no. 6885.1), 160 ml 0.5 M NaHCO3 (Carl Roth,
cat. no. A135.1) and 600 ml H2O.
Fixative 4% (w/v) paraformaldehyde (Sigma, cat. no. P6148), 15% (v/v)
DMSO (Carl Roth, cat. no. 4720.1) and 0.1% (v/v) Tween-20 in PBS. 10% (w/v)
paraformaldehyde in water is prepared as follows: 10 g of paraformaldehyde
powder is dissolved in 100 ml of water by heating to 60–70 1C (use glass beaker
covered with aluminum foil) and continuous stirring. One or two drops of 1 N
NaOH are added until the solution becomes clear. The solution is cooled down
before use. Best results are achieved with freshly prepared paraformaldehyde.
! CAUTION Carefully prepare and use paraformaldehyde in a fume hood; take
care handling DMSO as it readily penetrates cellular membranes.
103 PBS buffer 1.3 M NaCl (Carl Roth, cat. no. 3957.2), 70 mM Na2HPO4

(Carl Roth, cat. no. 4984.1), 30 mM NaH2PO4 (Carl Roth, cat. no. 2370),
pH 7.4.
Hybridization solution 50% (v/v) formamide in 5� SSC, 0.1% (v/v)
Tween-20 and 0.1 mg ml-1 of heparin (Sigma, cat. no. H4784).
203 SSC 3 M NaCl, 300 mM sodium citrate (Na3 citrate; Carl Roth, cat. no.
3580.2), pH adjusted to 7.0 with 1 M HCl (Carl Roth, cat. no. 4625.2). Other
SSC dilutions needed 5�, 2� and 0.2�.
Complete hybridization solution Hybridization solution supplemented with
1 mg ml�1 of denatured Herring sperm DNA (94 1C for 5 min, then quickly
cooled down on ice; Roche, cat. no. 223646). Optionally use 150 mg ml�1 tRNA
and 500 mg ml�1 poly(A) instead.

50% (v/v) formamide 50% (v/v) formamide in 2� SSC, 0.1% (v/v) Tween-20.
Plant extract Prepared from wild-type seedlings. As a lot of material is
needed, seedlings are either grown in liquid medium (1.5 ml of Arabidopsis seeds
grown in 500 ml of 1/2 GM medium for 11 days), or germinated on B 5 plates
(12 cm � 12 cm) for 4 d. Advantage of cultivation in liquid medium is
that you will get more material and it is easier to harvest. Seedlings are
fixed in a fixative solution (without heptane), dried with tissue paper and
frozen in liquid nitrogen. After grinding them in a mortar they are homogenized
with 5 to 10 ml of 80% (v/v) acetone (per mortar, you can add more acetone
until you have a liquid solution), then vortexed vigorously and left shaking
overnight (ON) at 4 1C. Spin-down at 13,000g for 5 min at 4 1C, remove
the supernatant and air dry in the desiccator. The powder can be stored at –20 1C
for 2–3 months.
ALP buffer 0.1 M Tris-HCl, pH 9.5 (USB, cat. no. 22676), 0.1 M NaCl, 50 mM
MgCl2 (J.T. Baker, cat. no. 0162), 0.1% (v/v) Tween-20. ! CAUTION Because of
its instability, always add freshly prepared MgCl2.
Chloral hydrate clearing solution 240 g chloral hydrate (Sigma, cat. no.
C8383), 23.8 ml glycerol (Carl Roth, cat. no. 3783.1) and 90 ml H2O.
1/2 GM 0.5� MS salt mixture (Duchefa Biochemie, cat. no. M0221.0005),
1% (w/v) saccharose (Carl Roth, cat. no. 4621.2), 0,5g l-1 2-[N-morpholi-
no]ethanesulfonic acid (MES; Sigma, cat. no. M8250)

EQUIPMENT SETUP
Hybridization and liquid handling Hybridization of seedlings might be
done in Eppendorf tubes; however, we prefer multi-well cell culture plates
(usually we use 12-well plates), as these are most suitable for specimen handling,
particularly for embryos and young seedlings, and ensures minimal specimen
damage during solution exchange by pipetting. When pipetting, take care to
avoid aspirating or damaging the material, which is very soft and fragile,
particularly after permeabilization. Use of a liquid handling robot that uses
vacuum and/or air pressure to exchange solutions (e.g. Intavis InSitu Pro, more
details at http://www.intavis.com) overcomes this problem. Hybridization
under restrictive conditions (i.e. mainly proper temperature) is important for
the specific probe binding and might be an issue of optimization.

PROCEDURE
Preparation of a DIG labelled probe
1| Digest 10 mg of plasmid carrying cDNA of your gene (or its part) under T3 or T7 promoter (see INTRODUCTION) with the
appropriate restriction enzyme (5¢-overhang or blunt end, 10 U mg�1 DNA, usually at 37 1C for B 2–3 h).
m CRITICAL STEP It is important to never use a restriction enzyme that produces a 3¢-overhang. See INTRODUCTION for
more details.

2| Use QIAquick PCR Purification Kit according to the manufacturer’s instructions to purify the DNA template. Take care to
obtain an RNase-free sample.
m CRITICAL STEP Use RNase-free water (usually 2 � 50 ml) to elute DNA and a vacuum concentrator to reach the desired DNA
concentration (optimal at least 100 ng ml�1, estimated by spectrophotometer at 260/280 nm). Optional: Use PCR to introduce the
RNA promoter sequence to a 5¢ end of amplified cDNA fragment, see Box 1.

3| Mix the following (use RNase-free solutions), add x ml of DNA template and water according to used DNA concentration to
a final volume of 25 ml:

4| Incubate for 2 h at 37 1C. If using SP6 RNA polymerase incubate at 40 1C.

5| Add 2 ml yeast tRNA (20 mg ml-1) and 1 ml DNase I (1 U ml-1, RNase-free).

6| Incubate for 15 min at 37 1C.
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0.5–1 mg DNA template x ml
H2O x ml
10� transcription buffer 2.5 ml
DIG-UTP mix 2.5 ml
RNasin (20 U ml�1) 1 ml
T7/T3 RNA polymerase (10 U ml�1) 1 ml

Total volume 25 ml
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7| Put on ice and add 2 ml EDTA (0.2 M, pH 8.0), 2.5 ml LiCl (4 M) and 75 ml ethanol.

8| Precipitate for at least 30 min at –70 1C (or 42 h at –20 1C).

9| Spin-down in a centrifuge (30 min, 13 k.r.p.m. at 4 1C).

10| Wash the pellet twice with 80% (v/v in DEPC water) ethanol.

11| After drying (B 5 min in the SpeedVac or in the laminar box at RT until any liquid disappears), dissolve the pellet in
100 ml RNase-free water.

12| Check 5 ml of the probe on a 1% agarose mini gel. A single band should be visible. A slight smear usually appears as a
result of the tRNA addition during co-precipitation.
’ PAUSE POINT Labelled probe can be stored at –80 1C for up to one year; aliquot probe and avoid repeated freezing
and thawing.

13| Add 95 ml of RNA solution (labelled probe) to 95 ml of 2� hydrolysis buffer.

14| Incubate at 60 1C to get RNA fragments with an average length of 100–200 nts.
m CRITICAL STEP Hydrolysis time is calculated from the formula: t ¼ (L0–Lf) / (k�L0�Lf), where t ¼ time in min, L0 ¼ initial
fragment length in kb, Lf ¼ final fragment length in kb, and k ¼ rate constant (B 0.11 kb min-1) (ref. 10).

15| Put on ice and immediately add the following:

16| Precipitate with 210 ml (¼ 1 volume) isopropanol for at least 1 h at –20 1C.

17| Pellet RNA by centrifugation (45 min, 13 k.r.p.m. at 4 1C).

18| Wash the pellet carefully two times with cold 80% (v/v in DEPC water) ethanol.

19| After drying, dissolve pellet in 100 ml H2O. Specific activity can be determined by dot blotting if required.

Plant material fixation and chlorophyll removal
20| Fix whole seedlings in a 1:1 mixture of fixative and heptane, for 45 min on a rotary shaker at room temperature. Shake the
mixture vigorously for at least 15 min immediately prior to use.
m CRITICAL STEP Fixation times of other tissue must be optimised (see INTRODUCTION). In case of probing embryos, they have to
be dissected from ovules in fixative without heptane and then fixed under vacuum for 1–3 h. After fixation, embryos are transferred
to 40 mm Falcon cell strainer.
m CRITICAL STEP Fixation must be done immediately after material dissection to avoid mRNA degradation and delocalization in the
analysed plant tissue.

21| Remove chlorophyll by incubation for 2� 5 min in methanol and 3� 5 min in ethanol.
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BOX 1 | PCR-BASED GENERATION OF TEMPLATE FOR RNA PROBE SYNTHESIS

1. Design a 5¢- (upper) primer with the following extension (for T7 RNA polymerase): 5¢- CCA AGC TTC TAA TAC GAC TCA CTA TAG GGA
GA/.-3¢ followed with a gene specific sequence of B18 bp length and a 3¢- (lower) gene specific primer without any extension.

2. Perform PCR; in the first four cycles use an annealing temperature (a.t.) of B2–3 1C lower then a.t. calculated for the respective pair
of primers.

3. Check PCR-product on an agarose gel. Purify PCR-product using QIAquick PCR Purification Kit and elute in 50 ml 10 mM Tris-HCL,
pH 8.0 or water.

4. Estimate DNA concentration on an agarose gel or with a spectrophotometer at 260/280 nm. The PCR product can directly be used without
further processing as a template for the in vitro transcription using T7 RNA polymerase.

HOAc 1 ml (final conc. 0.5%, v/v)
NaOAc (3 M; pH 6) 7 ml (final conc. 0.1 M)
tRNA (yeast; 20 mg ml�1) 1 ml (final conc. 100 mg ml�1)
poly(A) (10 mg ml�1) 1 ml (final conc. 50 mg ml�1)
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22| Store in 100% ethanol overnight at –20 1C.
’ PAUSE POINT Under these conditions, material can be stored for up to several days.

Permeabilization and hybridization
23| Permeabilize samples by incubation for 30 min in a 1:1 mixture of ethanol and Histo-Clears.

24| Wash twice for 5 min in ethanol.

25| Rehydrate in 75% ethanol (v/v in water), 50% ethanol (v/v in PBS) and 25% ethanol (v/v in PBS) for 10 min each.

26| Refix samples in fixative (without heptane) for 20 min at RT.

27| Wash twice for 10 min in 0.1% (v/v) Tween-20 in PBS.

28| Digest with proteinase K for 15 min (use final concentration 125 mg ml�1 in water).
m CRITICAL STEP Working concentration of proteinase K is a matter of optimization and might vary substantially (ranging from
B10 to 150 mg ml�1).

29| Stop the digest with glycine (2 mg ml-1) in PBS for 5 min.

30| Wash twice for 10 min in 0.1% (v/v) Tween-20 in PBS.

31| Refix material in fixative (without heptane) for 20 min at RT.

32| Wash twice for 10 min in 0.1% (v/v) Tween-20 in PBS.

33| Wash for 10 min in hybridization solution.

34| Pre-hybridize for 1 h at 55 1C in hybridization solution with gentle shaking.

35| Hybridize for 16 h at 55 1C in complete hybridization solution (supplemented with the denatured Herring sperm) and
containing 20–100 ng denatured probe per ml of the hybridization solution (denature probe by incubating the hybridization
mix at 70 1C for 10 min just before hybridization).
m CRITICAL STEP Concentration of probe requires certain optimization.
? TROUBLESHOOTING

Washing
36| Wash samples three times (10 min, 60 min and 20 min) in 50% (v/v) formamide, 2� SSC, 0.1% (v/v) Tween-20 at 55 1C.

37| Wash samples for 20 min in 2� SSC, 0.1% (v/v) Tween-20 at 55 1C.

38| Wash samples twice for 20 min in 0.2� SSC, 0.1% (v/v) Tween-20 at 55 1C.

39| Wash samples three times for 10 min in PBS, 0.1% (v/v) Tween-20 at RT.

40| Preincubate samples in PBS, 0.1% (v/v) Tween-20 with 1% (w/v) BSA for 90 min at RT.

41| Preabsorb the 1:2,000 diluted Anti-Digoxigenin-AP, Fab-fragments in 5 ml per sample of PBS, 0.1% (v/v) Tween-20 with
1% (w/v) BSA, supplemented with 3 mg plant extract for at least 3 h at 4 1C.

42| Incubate samples ON in the above solution (preabsorbed anti-DIG-AP antibody) in the dark at RT.

Washing and detection
43| Wash eight times for 20 min in PBS, 0.1% (v/v) Tween-20.

44| Incubate twice for 10 min in ALP buffer with (freshly added) 50 mM MgCl2.

45| Perform the AP staining reaction in the dark at RT in ALP buffer containing 2 mM levamisole, 2.25 ml NBT and 1.75 ml BCIP
per ml (in case of embryos, double the concentration of BCIP and NBT). Alternatively, for the detection of the probe (secondary
antibody), a fluorescent AP substrate could be used (e.g. HNPP Fluorescent Detection Set; Roche, cat. no. 1 758 888; use
according to the manufacturer’s instructions). The sensitivity is slightly lower in comparison to the BCIP/NBT substrate;
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however, confocal microscopy could be used for the
observation of the resulting fluorescent precipitate that
allows detailed analysis with cellular resolution.

46| Inspect the material every 30 min, stop staining
briefly with 100% ethanol and keep in 50% ethanol (v/v)
for B 15 min.
m CRITICAL STEP Stopping of reaction in water is not
sufficient, particularly in case of longer storage of slides
before microscopy.
Optionally, use a negative control (samples without probe or
with sense probe) to estimate a time of the staining reaction
(stop the reaction as the first traits of the dye will appear in
the negative control).

47| Mount tissue in 50% (v/v) glycerol and proceed with
microscope analysis.
’ PAUSE POINT Specimens mounted in glycerol could be
stored at 4 1C before microscopy analysis; however, minimal
delay in the microscopy analysis is preferred.
Optional: If Nomarski (DIC) optics is used for inspection of
specimens, tissue clearing is recommended by (i) mounting
specimen into chloral hydrate clearing solution or (ii) using
the tissue clearing protocol in ref. 11.

� TIMING
Steps 1–2, Template generation: 5 h – 1 d
Steps 3–12, Synthesis of DIG labelled ssRNA: 5 h
Steps 13–19, Hydrolysis of ssRNA: 3 h
Steps 20–22, Fixation and chlorophyll removal: 3 h – 2 d
Steps 23–35, Permeabilization and hybridization: 1 d
Steps 36–42, Washing: 1 d
Steps 43–47, Washing and detection: 1 d

? TROUBLESHOOTING
See Table 1 for troubleshooting advice.
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Figure 1 | Examples of various whole-mount in situ mRNA localizations in

different plant tissues. MONOPTEROS mRNA in 16-cell (a) and heart (b) stage

embryos confirming results from tissue sections12. PIN1 (c), PIN4 (d,e) and

PIN4 sense control (f), mRNA localization in torpedo stage embryo (d) and

Arabidopsis seedling root tips (c,e,f) as described previously13. SHOOT

MERISTEMLESS1 mRNA in triangular stage embryo (g) and seedling shoot

apical meristem (h) as shown previously14. (i) CKI1 mRNA in the root tip of

1-d old seedlings as visualized by red fluorescence, using confocal microscope.

Detection is with HNPP Fluorescent Detection Set. Scale bars, 10 mm

(a,b,d,g), 25 mm (c,e,f,i) and 50 mm (h).

TABLE 1 | Troubleshooting table.

Problem Reason
Possible
steps affected Possible solution

Low yield or no
probe synthesized

RNase contamination 1–19 Check all the chemicals for RNase contamination. Use freshly prepared,
RNase-free chemicals

Work carefully, wear gloves while handling RNA and RNase free chemicals.

Use RNase free labware

Avoid dust and excessive air circulation in the lab

Low quality of the
template DNA

1–2 Check the DNA template and its purity, use Qiagen columns to purify it

No or weak signal Low gene expression Use PCR product from an entire cDNA (if still specific)

Extend the AP staining interval during immunodetection

Use less stringent washing conditions or omit the last washing step.
However, it can lead to increased unspecific background signal

Perform the probe hydrolysis step, if omitted
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ANTICIPATED RESULTS
Figure 1 shows typical staining results of the whole mount in situ hybridization technique for mRNA detection in three different
organs: embryos of different developmental stages (Fig. 1a,b,d,g), seedling root tips (Fig. 1c,e,f,i) and seedling shoot
meristem (Fig. 1h). Signals are observed by light microscope either using DIC (Fig. 1 a–h) or confocal microscope (Fig. 1i).
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Conditional gene expression Check available expression profiling databases and/or use RT-PCR to identify
the tissue(s) and condition(s), when your gene is expressed

Over-fixed tissue 20 Lower the time of fixation, fix the tissue at 4 1C

Extend the proteinase K treatment; however, consider that extended
proteinase K might lead to higher background and there is a trade-off
between longer proteinase K treatment and quality preservation of the
tissue

Not efficiently fixed tissue or
RNA degradation before fixation

20 Be sure that your fixative is fresh and of correct pH

Increase the time of fixation, fix the tissue at RT

Fix the tissue immediately after dissection

Probe degraded 1–19 Avoid possible RNase contamination

Probe not efficiently labelled 3–4 Check the probe by a dot-blot

Repeat the labelling with fresh (new) chemicals

Immunodetection failed 40–42 Check the chemicals for immunodetection by a dot-blot
Repeat the immunodetection with freshly prepared (new) chemicals
(including dilution buffers)

High background Probe concentration too high 35 Decrease the amount of the probe

Highly transcriptionally active
tissue (e.g., meristems)

Decrease the staining time

Prolong the washing times or use more stringent washing conditions

Lower the concentration of both the primary and secondary antibodies

Unspecific signal Sequence similarity of the probe Select a more specific probe from the sequence of your gene

TABLE 1 | Troubleshooting table (continued).

Problem Reason
Possible
steps affected Possible solution
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The Histidine Kinases CYTOKININ-INDEPENDENT1 and
ARABIDOPSIS HISTIDINE KINASE2 and 3 Regulate Vascular
Tissue Development in Arabidopsis Shoots W
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The development and activity of the procambium and cambium, which ensure vascular tissue formation, is critical for

overall plant architecture and growth. However, little is known about the molecular factors affecting the activity of vascular

meristems and vascular tissue formation. Here, we show that the His kinase CYTOKININ-INDEPENDENT1 (CKI1) and the

cytokinin receptors ARABIOPSIS HISTIDINE KINASE2 (AHK2) and AHK3 are important regulators of vascular tissue

development in Arabidopsis thaliana shoots. Genetic modifications of CKI1 activity in Arabidopsis cause dysfunction of the

two-component signaling pathway and defects in procambial cell maintenance. CKI1 overexpression in protoplasts leads to

cytokinin-independent activation of the two-component phosphorelay, and intracellular domains are responsible for the

cytokinin-independent activity of CKI1. CKI1 expression is observed in vascular tissues of inflorescence stems, and CKI1

forms homodimers both in vitro and in planta. Loss-of-function ahk2 and ahk3 mutants and plants with reduced levels of

endogenous cytokinins show defects in procambium proliferation and an absence of secondary growth. CKI1 over-

expression partially rescues ahk2 ahk3 phenotypes in vascular tissue, while the negative mutation CKI1H405Q further

accentuates mutant phenotypes. These results indicate that the cytokinin-independent activity of CKI1 and cytokinin-

induced AHK2 and AHK3 are important for vascular bundle formation in Arabidopsis.

INTRODUCTION

Vascular tissue formation in plants is a process with broad

developmental and physiological consequences. Factors regu-

lating the proper formation of vascular tissue affect important

developmental processes in plants, including the establishment

of apical/basal symmetry during embryogenesis (Friml et al.,

2003), organogenesis (Scheres et al., 1995; Mähönen et al.,

2000), adaxial/abaxial cell fate determination (Emery et al., 2003;

Prigge et al., 2005), and cell elongation and differentiation

(Szekeres et al., 1996; Cano-Delgado et al., 2004).

Development of vascular tissue entails the differentiation of

primary phloem and xylem from procambium, which contains

vascular stem cells. Secondary vascular growth is characterized

by vascular cambium originating from procambium and inter-

fascicular cambiumdifferentiating fromphloemparenchyma and

starch sheath cells (Altamura et al., 2001). Themitotic activity and

differentiation of vascular and interfascicular cambial cells leads

to the formation of secondary xylem and secondary phloem

(Altamura et al., 2001; Ye et al., 2002).

Phytohormones appear to be regulatory factors of both pri-

mary and secondary vascular growth. Polar auxin transport is

presumed to be necessary for the continuity of procambium

(Jacobs, 1952; Sachs, 2000), and gibberellins are positive

regulators of biomass production in hybrid aspen (Populus

tremula3Populus tremuloides; Eriksson et al., 2000). Cytokinins

have been suggested to be important regulators of primary

vascular growth (Aloni, 1987; Medford et al., 1989), but their role

in the regulation of procambium is just starting to emerge. Two-

component signaling, wherein a His kinase receptor transfers a

phosphate to downstream response regulators, is key for the
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cytokinin response (Hwang and Sheen, 2001; Kim et al., 2006).

Cytokinin-induced signaling via its receptor ARABIOPSIS

HISTIDINE KINASE4 (AHK4) and the type-B response regulators

ARR1, ARR10, and ARR12 is necessary for procambium forma-

tion in Arabidopsis thaliana roots (Scheres et al., 1995; Mähönen

et al., 2000; Yokoyama et al., 2007). Reduction of endogenous

cytokinins by ectopic overexpression of CYTOKININ OXIDASE/

DEHYDROGENASE1 (CKX1) or CKX2 results in the exclusive

formation of protoxylem in root vascular bundles (VBs) (Mähönen

et al., 2000, 2006a). The role of cytokinin in vascular tissue

formation is further suggested by the vascular tissue-specific

expression of genes involved in cytokinin biosynthesis (Miyawaki

et al., 2004; Zhao et al., 2005) and transport (Hirose et al., 2005,

2008). Factors involved in cytokinin signaling in poplar (Populus

spp; Nieminen et al., 2008) and cytokinin biosynthesis in Arabi-

dopsis (Matsumoto-Kitano et al., 2008) were shown to be prin-

cipal regulators of the cambiumactivity and positive regulators of

the radial growth via secondary thickening. Nonetheless, the

nature of cytokinin action in the primary vascular meristems of

shoots, which supply the majority of economically useful plant

biomass, is still largely unknown. In addition to hormonal regu-

lations, recent studies of dodeca-peptides,CLV3/ESR-related41

(CLE41) andCLE44, and their receptor,PHLOEM INTERCALTED

WITH XYLEM, showed that non-cell-autonomous communica-

tion between phloem and procambium is essential for procam-

bium proliferation and polarity as well as xylem differentiation in

the VB development (Fisher and Turner, 2007; Hirakawa et al.,

2008). However, although few molecular factors regulating indi-

vidual processes during vascular tissue formation and differen-

tiation have been identified (Fukuda, 2004; Carlsbecker and

Helariutta, 2005; Baucher et al., 2007), our knowledge of the

molecular regulators of procambium and vascular cambium is

still fragmentary.

Here,we report that theHis kinaseCYTOKININ-INDEPENDENT1

(CKI1) is important for vascular development via the regulation of

procambium proliferation and/or the maintenance of its identity.

Genetic manipulation of CKI1 activity leads to abnormal two-

component signaling and defects in vascular tissue formation in

Arabidopsis shoots. Cytokinin depletion and mutations in the

cytokinin receptors AHK2 and AHK3 result in defects in vascular

tissue formation in the inflorescence stem. Collectively, these

results suggest that the two-component phosphorelay system is

a key regulatory pathway for VB development in Arabidopsis

shoots.

RESULTS

CKI1 Is Expressed in Specific Cell Types of VBs in

Arabidopsis Inflorescences

To investigate the physiological function of the putative sensor

His kinase CKI1 inArabidopsis sporophyte development, we first

determined the transcriptional activity of CKI1 in ProCKI1:uidA

and ProCKI1:R12-uidA transgenic lines that carry the uidA

marker gene under the control of the CKI1 promoter (Hejátko

et al., 2003; Figure 1A; see Supplemental Figure 1 online). In

ProCKI1:uidA and ProCKI1:R12-uidA plants (see Methods),

b-glucuronidase (GUS) activity was mostly detected in the

vascular tissue of all floral organs, the top of the inflorescence

stem and flower pedicels, and in the branching points adjacent to

axillary meristems (Figures 1Aa to 1Ac and 1Ae). Weak but

distinct GUS activity was also detectable in male sporogenous

tissue (Figure 1Ad). In transverse sections of inflorescence stems,

GUS activity was limited to specific cell types of VBs (Figure 1Ba).

To confirm the relevance of the GUS data with CKI1 expres-

sion, the localization of CKI1 mRNA and CKI1 protein was

determined in situ on cross sections of inflorescence stems

(Figure 1B). Similar to what was seen for GUS activity, CKI1

mRNA was detected in differentiating xylem cells and in VB

sheath cells (Figure 1Bb). Antibodies raised against the extra-

cellular domain of CKI1 (aCKI1ED) identified the protein in the

procambium of VBs, with the most intense signals in the VB

sheath cells located at the lateral procambium borders (Figures

1Bc and 1Bd). Weak CKI1 signals were also distinguishable in

the xylem (Figure 1B; for the specificity of aCKIED, see Supple-

mental Figure 2 online). The absence of CKI1 promoter activity

and CKI1 mRNA in the procambium suggests the presence of a

signal for procambial CKI1 localization. This was confirmed by

immunolocalization of CKI1 in CKI1-overexpressing (Pro35S:

CKI1) lines. Similar to wild-type plants, in Pro35S:CKI1 lines, the

CKI1 protein localized predominantly to procambial cells (Fig-

ures 1Bg and 1Bh). Collectively, these data suggest that CKI1

may be involved in growth and development of VB, particularly in

procambium development. Weak expression of CKI1 in the

cortex (Figure 1B) might account for an additional role of CKI1

in other aspects of inflorescence stem growth.

CKI1 Is Involved in Controlling Meristematic Activity and

Vascular Tissue Formation

To further assess the role of CKI1 in the sporophyte development

of Arabidopsis, we employed a gain-of-function approach, as

mutants completely lacking CKI1 cannot be obtained due to the

infertility of female gametes carrying cki1 insertion alleles

(Pischke et al., 2002; Hejátko et al., 2003). Ectopic overexpres-

sion ofCKI1 caused pleiotropic developmental changes (Figures

2A and 2B). Pro35S:CKI1 transgenic lines were found to be

partially or almost completely sterile and to have dramatically

shorter siliques. Immunoblot analysis showed that sterility cor-

related well with CKI1 expression levels (Figures 2A and 2B).

Pro35S:CKI1 lines also had unusually thick fasciated inflores-

cence stems, along with changes in overall VB architecture

(Figure 2C). Ectopic formation of increased numbers of VBs was

observed in transverse sections of inflorescence stems, which

suggests higher mitotic activity and abnormal differentiation

(Figure 2E). The overall number of cells in transgenic stems

was dramatically increased compared with wild-type stems, as

seen in transverse sections of inflorescence stems (Figures 2Ea

and 2Ed).CKI1-overexpressing plants also developed additional

inflorescence branches that were initiated from axillary meri-

stems (Figures 2D and 2F). Longitudinal sections of axillary buds

revealed additional meristematic tissues bearing many smaller

cells (Figure 2Fb, arrow). These findings further suggest that

CKI1 might be involved in the regulation of cell division in

vascular and meristematic tissues and in their development.
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To examine CKI1 action in vascular development and to avoid

possible artifacts due to CKI1 overexpression, we employed

RNA interference (RNAi) to knock down the level of CKI1. The

relative amounts of CKI1 transcripts and proteins in RNAi trans-

genic plants were determined by immunostaining and quantita-

tive real-time PCR (Figure 1B; see Supplemental Figure 3A

online). Wild-type and transgenic plants were grown under

long-day conditions to the stage at which the first silique is

formed on the inflorescence. We found that in comparison to

wild-type plants, the procambial cell file layers of RNAi lineswere

decreased (Figures 3Ac, 3Ad, and 3Ag). By contrast, the number

of procambial cells in VBs of inflorescence stems inPro35S:CKI1

plants (122.8 6 25, n = 6; mean 6 SE) was increased compared

with wild-type plants (77.66 6.1, n = 8) (Figures 3Ae and 3Af; see

Supplemental Figure 4B online; for an example of quantification

of procambial cells, see Supplemental Figure 4A online). CKI1

expression in analyzed RNAi lines was not completely absent, as

shown by both RNA and protein levels (Figure 1B; see Supple-

mental Figure 3A online), suggesting that even a partial reduction

of CKI1 expression might lead to phenotypic changes. We

therefore analyzed two independent T-DNA insertion mutants

inCKI1, cki1-5/CKI1 and cki1-6/CKI1 (Pischke et al., 2002).CKI1

transcripts in heterozygous plants of both lines were reduced up

to 50% of the wild-type level (see Supplemental Figure 3B

online). Defects similar to, but not identical, those identified in the

CKI1 RNAi plants (i.e., reduction of procambium and abnormal

cell shape) were observed in heterozygous cki1-6 plants (Figure

3B; see Supplemental Figures 4A and 4B online). The number of

procambial cells in VBs of inflorescence stems in cki1 heterozy-

gotes (51.1 6 5, n = 14) was significantly lower than in wild-type

plants (84.96 5.7, n=12). These results suggest that quantitative

changes in the CKI1 activity result in a mutant phenotype and,

furthermore, indicate that CKI1 is important for the maintenance

of mitotic activity and/or the identity of procambial cells during

VB development in Arabidopsis.

CKI1 Acts through the Two-Component Signaling Pathway

CKI1 shares similarity withmembers of the His kinase family, and

CKI1 His kinase activity has been reported in heterologous and

Arabidopsis protoplast systems (Hwang and Sheen, 2001;

Yamada et al., 2001; Mähönen et al., 2006a). To understand

the mechanism by which CKI1 affects vascular tissue develop-

ment, we inspected the His kinase activity of CKI1 in a two-

component signaling network by measuring both the activity of

the cytokinin-responsive ARR6 promoter fused to a luciferase

(LUC) reporter gene and measuring cytokinin-dependent ARR2

Figure 1. Expression of CKI1 in VBs.

(A) GUS activity in flowering transgenic plants harboring ProCKI1:R12-

uidA ([a] and [c] to [e]) or ProCKI1:uidA (b). (a) Top of the Arabidopsis

inflorescence. Note the intensity of the signal in the subapical region of

the inflorescence stem, vascular tissues of floral organs, and floral

pedicels (arrowheads). (b) and (c) Floral organs before (b) and at/just

after anthesis (c). Note the predominant GUS staining in the pistil in the

flowers before anthesis ([b]; arowhead); conversely, the signal in the

vascular tissue of stamens is stronger in flowers at/just after anthesis ([c];

arrow). (d) Male sporophytic tissue (arrowhead). (e) Axillary meristem.

Bars = 500 mm in (a), (c), and (e) and 100 mm in (b) and (d).

(B) CKI1 expression in VBs of the inflorescence stem. (a) GUS staining in

a cross section of the inflorescence stem of a ProCKI1:R12-uidA plant.

GUS activity is seen in cells of the VB sheath located at the lateral (outer)

borders of the VB (arrowhead) and xylem (arrows; see also [b]). (b) In situ

localization of CKI1 mRNA. (c) to (h) In situ immunolocalization of CKI1

using aCKI1ED polyclonal antibodies in the cambium of VBs (deep-purple

signal, arrows) on cross sections of inflorescence stems of wild-type ([c]

and [d]), CKI1RNAi ([e] and [f]), and Pro35S:CKI1 plants ([g] and [h]). px,

protoxylem; mx, metaxylem; arrowheads point to the strongest signal,

located in cells on the outer border of the VB (cf. with [a] and [b];

arrowheads). Note the procambial localization of CKI1 even in the

Pro35S:CKI1 line. Bars = 100 mm in (b), (c), (e), and (g) and 50 mm in

(a), (d), (f), and (h).
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phosphorylation; both of these approaches have proved to be

reliable indicators of two-component signaling outputs (Hwang

and Sheen, 2001; Kim et al., 2006). CKI1 induced ARR6-LUC

activity in both the presence and absence of cytokinin, as

previously shown (Hwang and Sheen, 2001; see Supplemental

Figure 5A online). However, CKI1 did not affect expression of the

abscisic acid–responsive RD29A or auxin-responsive GH3 pro-

moters, suggesting a specificity of CKI1-mediated responses to

the two-component phosphorelay (see Supplemental Figure 5A

online). Then we tested whether CKI1 could initiate a phosphore-

lay to ARR2, a type-B response regulator that is involved in

cytokinin-mediated two-component responses (Hwang and

Sheen, 2001). As previously demonstrated (Kim et al., 2006),

the ARR2 protein was phosphorylated in a cytokinin-dependent

manner, resulting in a gel band shift. By contrast, cytokinin-

dependent phosphorylation of ARR2 was abolished in proto-

plasts prepared from the loss-of-function ahk2 ahk3 mutants

(Figure 4A). When CKI1 was expressed in ahk2 ahk3 cells, ARR2

phosphorylation was restored regardless of cytokinin treatment.

However, overexpression ofCKI1H405Q carrying amutation in the

conserved functional His residue could not induce ARR2 phos-

phorylation in the double mutant (Figure 4A). These results

suggest that CKI1 has cytokinin-independent His kinase activity

in the two-component phosphorelay system.

TheHis residue at position 405 of CKI1 amino acid sequence is

reported to be a primary target of His kinase activity in the two-

component phosphorelay (Hwang and Sheen, 2001). We previ-

ously showed that the CKI1H405Q mutation diminishes the

Figure 2. Phenotype Analysis of CKI1-Overexpressing Plants.

(A) Expression analysis of Pro35S:CKI1-HA transgenic lines. Total protein and RNA from 2-week-old wild-type and transgenic plants were subjected to

an immunoblot assay (top) and RT-PCR assay (bottom). RbcL and actin serve as input controls in the two assays.

(B) and (C) Ectopic expression of CKI1 leads to sterility, many trichomes (B), and thick fasciated inflorescence stems (C).

(D) Ectopic expression of CKI1 leads to additional vegetative tissues initiated from lateral meristems.

(E) The architecture of VBs in Pro35S:CKI1 transgenic plants. Transverse sections ([a], [b], [d], and [e]) and longitudinal sections ([c] and [f]) of the

inflorescence stems of wild-type (top) and Pro35S:CKI1 transgenic plants (bottom). The arrows indicate ectopically formed VBs.

(F) The node structures of wild-type and Pro35S:CKI1 transgenic plants. Longitudinal sections of wild-type (a) and Pro35S:CKI1 transgenic nodes (b).

The arrow indicates an ectopic axillary bud in a Pro35S:CKI1 transgenic plant.

Bars = 100 mm.
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cytokinin-dependent activation of the ARR6 promoter in wild-

type protoplasts (Hwang and Sheen, 2001), suggesting that this

mutation might act in a dominant-negative manner in AHK2-,

AHK3-, and AHK4-mediated cytokinin signaling pathway.

To determine themechanism for this negative regulation, wild-

type protoplasts were transfected with CKI1H405Q and ARR6-

LUC along with the His kinases AHK2, AHK3, or AHK4 and

treated with cytokinin. Interestingly, CKI1H405Q suppressed the

AHK2-, AHK3-, and AHK4-mediated ARR6-LUC activation that

was induced by exogenous cytokinins (Figure 4B; see Supple-

mental Figure 5B online). Accordingly, when wild-type proto-

plasts were transfected with AHK2H597Q, AHK3H460Q, or

AHK4H459Q carrying mutation in the conserved His residue along

with wild-type CKI1 and the ARR6-LUC reporter gene, the CKI1-

mediated activation of the ARR6 promoter was also blocked

(Figure 4B; see Supplemental Figure 5B online). These data

indicate that CKI1 is connected to the two-component signal

transduction pathway via its His kinase activity and that the

negative effect of the CKI1H405Q protein is exerted via its inter-

ference with signaling mediated by the other His kinases AHK2,

AHK3, or AHK4. Moreover, Pro35S:CKI1H405Q transgenic lines

displayed defects in VBs (Figure 3Ah). Notably, these lines

exhibited abnormal cell morphology with irregularly sized cells

in both the xylem and phloem. These results provide additional

experimental evidence for the functional importance of two-

component mediated signaling in proper VB formation in Arabi-

dopsis.

Dimerization of His kinases in plants and bacteria was previ-

ously demonstrated (Schaller et al., 1995; Surette et al., 1996;

Tomomori et al., 1999;Gao et al., 2008;Grefen et al., 2008). Thus,

we tested whether CKI1 directly interacts with other His kinases

inArabidopsis two-component signaling. To do this,myc-tagged

CKI1was cotransfectedwith HA-taggedCKI1,AHK3, orAHK4 in

Arabidopsis protoplasts. When whole protoplast lysates were

immunoprecipitated with an anti-myc antibody, CKI1-HA but not

AHK3-HA or AHK4-HA was pulled down together with CKI1-

myc, either in the presence or absence of exogenous cytokinins

(Figure 4C). Wild-type CKI1 protein still interacted with the

Figure 3. CKI1 Is Involved in the VB Development of Inflorescence Stems.

(A) Suppression of CKI1 activity in CKI1 RNAi lines ([c], [d], and [g]) results in reduced and disorganized files of cambial cells. Conversely, the

overexpression of CKI1 (f) results in an increase in the number of cambium layers. Note the presence of interfascicular cambium in toluidine blue

staining of native tissue ([a] to [d]), suggesting the onset of secondary growth and, thus, cambium formation. Fixed material was subjected to

phenotypic analysis before the onset of secondary growth, providing evidence for the role of CKI1 in procambium development ([e] to [h]).

Overexpression of the negative allele CKI1H405Q leads to a dramatic reduction in procambium formation. Native staining of handmade sections ([a] to

[d]) with toluidine blue and thin sections made from fixed and embedded material ([e] to [h]). With native toluidine blue staining, the phloem appears as

blue, the undifferentiated cambial zone as pink, metaxylem as blue-green, and protoxylem as purple. c, cambium; ic, interfascicular cambium; pc,

procambium; mx, metaxylem; p, phloem. Bars = 100 mm in (a), (c), and (e) to (h) and 50 mm in (b) and (d).

(B) The phenotypes conferred by reducing CKI1 expression by T-DNA insertion resemble those of CKI1RNAi plants. Transverse sections of the

inflorescence stems of wild-type plants (Ws-2; [a]) and the heterozygousCKI1 T-DNA insertion lines cki1-5/CKI1 (b) and cki1-6/CKI1 (c). Bars = 100 mm.
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Figure 4. CKI1-Mediated Signaling Is Connected to the Two-Component Signal Transduction Pathway.

(A) CKI1 induces cytokinin-independent ARR2 phosphorylation. Protoplasts from ahk2 ahk3 plants were cotransfected with ARR2-HA along with CKI1-

HA or CKI1H405Q-HA, incubated for 6 h, and treated with 100 nM t-zeatin (cytokinin) in the presence of 100 mM cycloheximide for 1 h. Wild-type

protoplasts transfected with ARR2 served as a control. The mobility shift of ARR2 induced by phosphorylation was detected with an anti-HA antibody.

Equal amounts of protein were loaded on each lane.

(B) A negative form of CKI1 protein represses the AHK4-mediated induction of ARR6. Protoplasts from wild-type plants were transfected with ARR6-

LUC alone, wild-type AHK4, wild-type AHK4 plus mutant CKI1, wild-type CKI1, or wild-type CKI1 plus mutant AHK4. Error bars indicate SE (n = 2).

CKI1H405Q and AHK4H459Q are negative versions of CKI1 and AHK4, respectively. Rubisco large subunit (RbcL) stained by Coomassie blue was used as

a protein loading control.
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CKI1H405Q mutant protein (Figure 4C), suggesting that the His

kinase and phosphoryl transfer activities of CKI1 are not required

for its dimerization. The self-interaction of CKI1 in planta was

confirmed using a bimolecular fluorescence complementation

system (Walter et al., 2004). Coexpressed CKI1-cYFP and CKI1-

nYFP, but not CKI1-cYFP and AHK1-nYFP, produced strong

yellow fluorescent protein (YFP) fluorescence at the plasma

membrane in tobacco (Nicotiana tabacum) leaf cells (Figure 4D).

To determine whether CKI1 forms a dimer or a higher-order

multimer, detergent-solubilized proteins from protoplasts ex-

pressing CKI1-HA were treated with the cross-linker bis-

sulfosuccinimidyl suberate (BS3) (Figure 4E). The intensity of

immunoreactive bands corresponding to the approximate size

of the CKI1 monomer was gradually reduced as the BS3 con-

centration increased, while the intensity of a higher band with

the approximate predicted size of a CKI1 dimer was concom-

itantly increased. Taken together, these results indicate that

CKI1 forms homodimers both in vitro and in planta. However, in

contrast with sensor His kinases involved in ethylene signaling,

which form heterodimers (Gao et al., 2008; Grefen et al., 2008),

CKI1 does not form heterodimers with any of the tested His

kinases.

To confirm the His kinase activity of CKI1 in planta, we

examined the expression of type-A ARR genes, the cytokinin

primary response genes (D’Agostino et al., 2000), in Pro35S:

CKI1, Pro35S:CKI1H405Q, and CKI1 knockdown lines. The ec-

topic expression of CKI1 induced the expression of a subset of

type-A response regulators, including ARR3, 4, 7, 8, 9, 15, 16,

and 17 (Figure 4F). By contrast, overexpression of CKI1H405Q

significantly reduced the expression of ARR6, 7, and 15 (Figure

4F), thus confirming the negative regulatory role of CKI1H405Q in

the two-component phosphorelay. Moreover, in heterozygous

cki1-5 and cki1-6 lines, the expression of most of the inspected

ARR genes was upregulated (Figure 4G), further demonstrat-

ing that CKI1 exerts its action through the two-component

signal transduction pathway in planta. Furthermore, these

results imply that changing CKI1 activity via site-directed

mutagenesis and/or deregulation of endogenousCKI1 expres-

sion leads to differential changes in expression of individual

ARRs, suggesting a disturbance of the two-component phos-

phorelay.

The Cytoplasmic CKI1 Domain Is Necessary for Its His

Kinase Activity

Our data suggested that CKI1 can activate the two-component

phosphorelay via its His kinase activity, which is independent

of exogenously added cytokinins. To unravel the potential im-

portance of extracellular and intracellular CKI1 domains in

CKI1-mediated signaling, we constructed chimeric receptors

composed of CKI1 and AHK4 (CKI1-AHK4 and AHK4-CKI1)

along with truncated forms of CKI1 (see Supplemental Figure 5C

online). AHK4-CKI1, which consists of the extracellular and

transmembrane domains of AHK4 fused to the kinase and

receiver domains of CKI1, could activate the ARR6 promoter

as efficiently aswild-typeCKI1, either in the presence or absence

of cytokinins (see Supplemental Figure 5D online). However,

CKI1-AHK4, which consists of the extracellular and transmem-

brane domains of CKI1 fused to the intracellular domain of AHK4,

could not enhance the activity of the ARR6 promoter, regardless

of the presence or absence of cytokinins. Moreover, CKI1DN,

which lacks the extracellular domain of CKI1, still constitutively

activated ARR6-LUC, unlike CKI1DC, which consists of the

extracellular and transmembrane domains of CKI1 (see Supple-

mental Figure 5D online). Pro35S:AHK4-CKI1 transgenic lines

displayed similar CKI1-overexpressing phenotypes with re-

duced fertility, shorter siliques, and additional inflorescence

branches (see Supplemental Figures 6A and 6B online). They

also had thick fasciated inflorescence stems with increased

mitotic activity (see Supplemental Figure 6C online). Thus,

the cytoplasmic kinase domain of CKI1 is sufficient for CKI1

cytokinin-independent His kinase activity in two-component sig-

naling.

Cytokinins Regulate VB Development of Arabidopsis

Inflorescence Stems via the AHK2 and AHK3

Signaling Pathway

Our data suggest that CKI1 regulates the development of vas-

cular tissue in shoots via its His kinase activity. Proteins involved

in the cytokinin-regulated two-component signaling pathway are

known to regulate vascular tissue formation in Arabidopsis roots

(Mähönen et al., 2000, 2006b; Hutchison et al., 2006). In addition,

Figure 4. (continued).

(C) CKI1-HA but none of the tested AHKs-HA proteins c-immunoprecipitate with myc-tagged CKI1. Mesophyll protoplasts from wild-type plants were

transfected with CKI1-HA, CKI1H405Q-HA, AHK3-HA, or AHK4-HA, with or without CKI1-myc, incubated for 6 h, and then immunoprecipitated with anti-

myc antibodies. CKI1 proteins were detected with an anti-HA antibody.

(D) CKI1 forms homodimers in tobacco leaf cells. Confocal images of abaxial epidermal tobacco leaf cells expressing the indicated YFP-N and YFP-C

fusion proteins demonstrate YFP fluorophore reconstitution due to protein–protein interaction of the tested proteins (top row). The bottom row shows

the corresponding bright-field images of the transiently transformed cells. Bars = 50 mm.

(E) CKI1 forms dimers. Protoplasts expressing CKI1-HA were solubilized with Triton X-100. Total protein was treated with increasing amounts of the

cross-linker BS3 and subjected to SDS-PAGE. Two bands corresponding to the predicted sizes of the CKI1 monomer and dimer were detected with the

anti-HA antibody.

(F) and (G) Genetic manipulation of CKI1 activity affects two-component signaling in planta. Transgenic plants overexpressing CKI1 or CKI1H405Q (F) or

CKI1 T-DNA insertion lines (G) show changes in the expression of specific type-A ARRs. Quantitative RT-PCR was performed with total RNA extracted

from 3-week-old seedlings (F) or inflorescence stems (G) using gene-specific primers for type-A ARRs (see Supplemental Table 1 online for primer

sequences). Error bars indicate SE (n = 8 [F] and 3 [G]). Asterisks indicate statistically significant differences from wild-type transgenic plants analyzed

by Student’s t test (*P < 0.05; ** P < 0.01).
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the role of cytokinins in the cambium growth activity was recently

identified (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008).

These results raised the possibility that two-component signal-

ing cascades initiated by cytokinins as well as by CKI1 are also

involved in the regulation of VB formation in shoots. Thus, we

examined vascular tissuemorphology in the inflorescence stems

of plants with mutations in individual cytokinin receptors and in

double mutants. In the ahk2 mutant, the number of cell layers in

the procambial region was decreased (Figures 5Ab, 5Ag, and

5Al). A weaker phenotype was identifiable in the ahk3 line

(Figures 5Ac, 5Ah, and 5Am). In the ahk2 ahk3 double mutant,

reduction of the procambium and in the size of VBs was more

pronounced than in either single mutant (Figures 5Ad, 5Ai, and

5An). A similar phenotype was also observed as a result of

endogenous cytokinin depletion in Pro35S:CKX3 and Pro35S:

CKX1 lines (Figures 5Ae, 5Aj, and 5Ao, respectively). In ahk2 ahk3

plants and in lines with decreased endogenous cytokinin, we

further observed that interfascicular cambium failed to form

when compared with the wild type in Figure 5Aa, suggesting

defects in the onset of secondary growth. Taken together, AHK2

and AHK3 together with CKI1 play important roles in proper VB

development, especially in the maintenance of procambial cell

identity and/or regulation of procambial cell proliferation.

To confirm that CKI1 can affect vascular tissue development

via the AHK2/3 signaling pathway, we ectopically expressed

CKI1 or CKI1H405Q in ahk2 ahk3 mutants. Ectopic expression of

CKI1 partially rescued the growth defects of these mutants

(Figures 5B and 5C). The rosette leaves and petioles of ahk2

ahk3/Pro35S:CKI1 transgenic plants were similar to those of

wild-type plants (Figure 5B). Overexpression of CKI1 in the ahk2

ahk3 background resulted in an increase of cambial layers, with a

two- to threefold increase in the diameter of inflorescence stems

compared with ahk2 ahk3 (Figure 5D). In addition, a reduced

number of cells with the irregular size of ahk2 ahk3 in the xylem,

phloem, and cambial layers were partially restored in these

transgenic lines (Figure 5E). As a result, the radial growth was

rescued, manifested by almost, but still partially, wild-type-like

diameter of the inflorescence stem in Pro35S:CKI1/ahk2 ahk3

(Figure 5E). By contrast, ectopic expression of the dominant-

negative mutation CKI1H405Q further accentuated the mutant

phenotypes of ahk2 ahk3 plants. In comparison to the ahk2 ahk3

mother line, the aerial parts and diameters of inflorescence

stems of ahk2 ahk3/Pro35S:CKI1H405Q plants weremuch smaller

(Figures 5B and 5D). The cambial cell layers were unidentifiable,

and vascular tissue differentiation was nearly abolished (Figure

5E). Collectively, these results suggest that CKI1 is functionally

conserved with AHK2 and AHK3 in VB development but that it

still has its own specificity in the regulation of vascular tissue

development.

DISCUSSION

Cytokinin-Independent CKI1 Regulates Two-Component

Phosphorelay in Arabidopsis

CKI1 was the first His kinase implicated in the perception of

cytokinins (Kakimoto, 1996). However, CKI1 does not contain the

cytokinin binding CHASE domain and does not bind cytokinins in

vitro (Yamada et al., 2001). Defects in megagametogenesis

conferred by a cki1 loss-of-function allele, together with obser-

vations of CKI1 expression in the ovule and endosperm, show

that CKI1 is critical in female gametophyte development (Pischke

et al., 2002; Hejátko et al., 2003). However, the mechanisms

underlying the involvement and action of CKI1 signaling in

specific biological processes during Arabidopsis gametophyte

and/or sporophyte development remain largely unknown. Fur-

thermore, when overexpressed in plants, calli, or protoplasts,

CKI1 induces typical cytokinin responses, including shoot re-

generation, delay of leaf senescence, and activation of the

cytokinin-responsive ARR6 promoter in the absence of exoge-

nously applied cytokinins (Kakimoto, 1996; Hwang and Sheen,

2001). It was suggested that ectopic expression of CKI1 allows

the expressing cells to sense low concentrations of endogenous

cytokinins that are otherwise unable to trigger shoot formation

(Kakimoto, 1996). Here, we have shown that CKI1 can mediate

cytokinin-independent regulation of the two-component signal-

ing pathway. Thus, rather than recognition of endogenous cyto-

kinin levels as suggested previously (Hwang and Sheen, 2001),

the cytokinin-independent His kinase activity of CKI1 probably

leads to the cytokinin-like phenotype in calli overexpressingCKI1

(Kakimoto, 1996). However, the possibility that the extracellular

domain of CKI1 allows another mode of cytokinin-independent

regulation of its His kinase activity cannot be excluded.

We found here that CKI1 shares at least some of the signaling

proteins with the two-component phosphorelay system in the

cytokinin signaling pathway. Based on our results, and of studies

showing dephosphorylation of AHP1 and AHP2 by CKI1 in vitro

(Nakamura et al., 1999), functional complementation of bacterial

and yeast His kinase mutants by CKI1 (Yamada et al., 2001), and

CKI1 interaction with AHP proteins in a yeast two-hybrid system

(Dortay et al., 2006), we conclude that CKI1 can activate the two-

component phosphorelay in Arabidopsis via proteins involved in

the cytokinin signaling pathway. Whether CKI1 activity directly

affects cytokinin signaling and/or other adaptive responses

mediated by the two-component phosphorelay (e.g., osmosens-

ing or abscisic acid responses), however, remains to be deter-

mined. CKI1 overexpression activated ProARR6:LUC, a marker

for two-component signaling in protoplasts, but we could not

observe similar activation of ARR6 in a late developmental stage

of CKI1-overexpressing plants. This result implies that a single

cell system may not always reflect different developmental

stages at which multiple cells incorporate diverse external and/

or internal signals to properly execute growth and development

programs (Figure 4; see Supplemental Figure 5 online).

The output of the two-component phosphorelay was pro-

posed to be a result of interactions of multiple His kinases and

their kinase and phosphatase activities (Mähönen et al., 2006a).

In this model, the final output of the two-component phosphore-

lay also depends on the expression levels of cytokinin binding

and cytokinin nonbinding His kinases, including CKI1. The phos-

phatase activity of the receiver domain of CKI1 has been dem-

onstrated (Nakamura et al., 1999), suggesting that CKI1 might

contribute to two-component phosphorelay regulation via both

kinase and phosphatase activities. Here, we have shown that

both overexpression and downregulation of CKI1 affects the
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Figure 5. Cytokinin Regulates VB Formation via AHK2 and AHK3 Phosphorelay.

(A) Transverse sections of the inflorescence stems of wild-type (Columbia-0 [Col-0]) ([a], [f], and [k]), ahk2 ([b], [g], and [l]), ahk3 ([c], [h], and [m]), ahk2

and ahk3 ([d], [i], and [n]), and Pro35S:CKX ([e], [j], and [o]) lines. Note the reduction of procambial layers in ahk2 and ahk3 plants and particularly in

ahk2 ahk3 double mutants. The overall reduction in VB size is apparent in ahk2 ahk3 and in Pro35S:CKX lines, suggesting positive regulation of cytokinin

signaling via the AHK2/AHK3 pathway in VB development in Arabidopsis inflorescence stems. Staining of handmade sections ([a] to [j]) with toluidine

blue and thin sections made from fixed and embedded material ([k] to [o]). c, cambium; ic, interfascicular cambium; pc, procambium; mx, metaxylem;

p, phloem. Bars = 100 mm in (a) to (e) and (k) to (o) and 50 mm in (f) to (j).

(B) The dwarfism resulting from deletion of ahk2 ahk3 is rescued in the presence of CKI1. Three-week-old wild-type (Col-0) and transgenic plants

expressing Pro35S:CKI1-HA or Pro35S:CKI1H405Q-HA in the ahk2 ahk3 background were used for phenotypic analysis.

(C) Expression analysis of HA-tagged CKI1 and CKI1H405Q proteins under the control of the Pro35S promoter in transgenic lines. Total proteins from

3-week-old plants of each designated line were subjected to 7.5% SDS-PAGE. Actin proteins detected by immunoblotting serve as input controls.

(D) and (E) Ectopic expression of CKI1 rescues the abnormal vasculature of the ahk2 ahk3 mutant. Microscopy images of transverse sections of the

inflorescence stems of wild-type (a), ahk2 ahk3 (b), Pro35S:CKI1-HA/ ahk2 ahk3 (c), and Pro35S:CKI1H405Q-HA/ ahk2 ahk3 (d) plants. The arrow

indicates extensively reduced VB. Bars = 100 mm.
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output of the two-component signaling pathway, as measured

by regulation of the expression of ARRs. This observation ac-

cordswell with theabove-describedmodel proposedbyMähönen

et al. (2006a) and suggests that an equilibrium of individual inputs

into the two-component pathway is critical for proper vascular

tissue development in Arabidopsis shoots. Type-A ARR genes

have been identified as negative regulators of cytokinin signaling

(To et al., 2004). Auxin-induced regulation of ARR7 and ARR15

was recently identified as a mechanism of auxin-dependent

spatial-specific attenuation of cytokinin signaling during stem

cell niche formation in Arabidopsis roots (Müller and Sheen,

2008). Thus, upregulation of negative type-A ARRs in knock-

down CKI1 lines might disrupt the proper regulation of two-

component signaling in procambial development; therefore,

these lines may partially phenocopy plants deficient in cytokinin

signaling. However, whether CKI1-regulated expression of ARR

genes represents another cytokinin-independent mechanism for

regulation of the cytokinin two-component pathway remains to

be determined. Furthermore, it is still uncertain if cytokinin-

responsive ARR genes are direct regulators required for cam-

bial development, although it is evident that perturbation of

cytokinin homeostasis affects cambial activity in shoots and

roots (Matsumoto-Kitano et al., 2008; Nieminen et al., 2008).

CKI1 Together with AHK2/AHK3 Is Involved in the

MaintenanceofProcambial Activity duringVBDevelopment

in Arabidopsis Shoots

Vascular development in Arabidopsis can be divided into three

major steps: (1) initiation and maintenance of (pro)cambium, (2)

asymmetric cell patterning and differentiation into xylem and

phloem precursor cells, and (3) their final specification into

distinct xylem and phloem cell types. While auxin initiates and

maintains continuous vascular pattern formation of procambial

cells via polar auxin transport (Fukuda, 2004; Friml et al., 2004),

cytokinin signalingmediated by AHK2/3 is unlikely to be involved

in the initiation of procambial cell files as knockout lines still

contain functional VBs (Figure 5). Rather, our results suggest that

CKI1 and AHK2/3 are required for the proliferation and mainte-

nance of procambial cells and vascular stem cells, which give

rise to primary vascular tissues and vascular cambium.

Besides the procambium activity, the activity of the shoot

apical meristem (SAM) seems to be genetically linked with the

regulation of vascular tissue development (Baucher et al., 2007).

Cytokinins were shown to be positive regulators of the shoot

meristem size (Higuchi et al., 2004; Nishimura et al., 2004;

Kurakawa et al., 2007). Thus, the downregulation of the diameter

of the inflorescence stem and the size of VBs in ahk2 ahk3

mutants might be at least partially due to the defects in the SAM

activity during procambium initiation. Accordingly, formation of

enlarged and fasciated inflorescence stems in Pro35S:CKI1 lines

could be affected by the increased mitotic activity in the SAM

upon CKI1 overexpression. However, we could not observe any

quantitatively significant change of the SAM size in the trans-

genic lines overexpressing CKI1 (see Supplemental Figure 8A

online). In addition, we have analyzed the VB phenotype at the

very base of the first internodium and, thus, in a position spatially

and developmentally well dissected from the shoot apical mer-

istem. The analysis was performed at the stage when the first

silique was formed on the inflorescence. This stage corresponds

to the end of the primary growth, which is primarily governed by

the procambial activity (Altamura et al., 2001). Taken together,

although we cannot completely exclude the possibility that some

of the observed phenotype changes originate in the SAM, the

defects in the procambium activity due to impaired cytokinin

signaling seem to be at least one of the substantial contributions

to the observed defects in the primary radial growth of ahk2 ahk3

and Pro35S:CKX1(2) lines.

Interestingly, AHK2/3-mediated cytokinin signaling seems to

be also involved in secondary VB development. Formation of

interfascicular cambium is one of the anatomically well distin-

guishable markers of the secondary growth initiation in Arabi-

dopsis (Altamura et al., 2001). We observed that the formation of

interfascicular cambium was absent and/or substantially re-

duced in the ahk2 ahk3 double mutant and in Pro35S:CKX1(2)

lines, which suggests possible defects in the onset of the

secondary thickening. It is possible that CKI1 maintains the

basal meristematic activity of procambial cells and that AHK2/3

fine-tunes (pro)cambial activity following environmental and/or

developmental cues that regulate endogenous cytokinin levels

(Samuelson et al., 1992; Yang et al., 2001; Takei et al., 2004;

Werner et al., 2006; Matsumoto-Kitano et al., 2008). Recently,

results showing the involvement of cytokinin in the regulation of

cambium inArabidopsis and poplar were published (Matsumoto-

Kitano et al., 2008; Nieminen et al., 2008). A reduction of

cytokinins in null mutants of the Arabidopsis cytokinin bio-

synthetic genes ipt1,3,5,7 and in transgenic poplar trees

overexpressing Arabidopsis CYTOKININ OXIDASE/DEHYDRO-

GENASE2 resulted in impaired cambial formation, indicating that

cytokinins are important regulators of vascular cambium. These

results are consistent and complementary with our findings of a

role for His kinase–mediated two-component signaling in vas-

cular tissue formation of Arabidopsis shoots.

However, it should be emphasized here that in addition to

hormonal regulations, other signals (e.g., weight of the produced

biomass of the plant body) (Ko et al., 2004) are also integrated in

the regulation of the secondary thickening. Thus, this type of

signal might contribute to the observed defects in the onset of

secondary thickening in ahk2 ahk3 and cytokinin-deficient

plants, both of which are deficient in radial growth, thus revealing

lowered production of the shoot biomass.

It has long been known that roots and shoots respond differ-

ently to cytokinins in Arabidopsis (Werner et al., 2003). In

Arabidopsis roots, cytokinins have been shown to be necessary

for the periclinal procambial cell divisions required for the pro-

liferation of vascular cell files (Scheres et al., 1995; Mähönen

et al., 2000, 2006b). Similar to what we have found, this suggests

a positive role of cytokinins for procambium proliferation and/or

maintenance. However, CKX1(2)-mediated depletion of cytoki-

nins in Arabidopsis roots leads to the formation of abnormal

vascular tissue that is devoid of phloem but which exhibits

abundant protoxylem formation (Mähönen et al., 2006b). This is

apparently not the case in the inflorescence stem, where CKX1

(3)-mediated cytokinin depletion led to the formation of VBs of

reduced size; however, all cell types (i.e., protoxylem, metaxy-

lem, and phloem) still could be detected (Figure 5C). Accordingly,
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we did not observe specific phenotypic changes in root and

hypocotyl vascular development in CKI1 knockdown lines (see

Supplemental Figures 8B and 8Conline). This could be explained

by a lower sensitivity of the inflorescence stem to cytokinin

depletion and by the specificity of CKI1 and AHK2/3 signaling.

CKI1-driven, cytokinin-independent regulation of VB develop-

ment could contribute to the lower sensitivity and resulting

phenotype in Pro35S:CKX1(3) inflorescence stems. Alterna-

tively, modified developmental pathways might operate in root

and shoot vascular tissue development.

Here, we have shown that His kinases in Arabidopsis regulate

vascular tissue formation in shoots via the regulation of procam-

bium activity (see Supplemental Figure 9 online). This is of great

economic importance as procambium and vascular cambium

activities regulate biomass production in plants. Thus, regulation

of the activity of individual His kinases by means of genetic

engineering might be used to regulate biomass production in

plants and might help us to lower our dependence on other,

mostly nonrenewable, energy resources.

METHODS

Plant Materials

The Arabidopsis thaliana Col-0 ecotype and the mutant carrying the

ahk2-1 and ahk3-1 mutant alleles (Higuchi et al., 2004), both in the Col-0

background, were used. Wild-type and mutant plants were grown in an

environmentally controlled room at 238C under white light with 14-h-light/

10-h-dark cycles.

Transient Expression in Arabidopsis Protoplasts

Transient expression in protoplasts was performed as previously de-

scribed (Hwang and Sheen, 2001). Typically, 2 3 104 protoplasts were

transfected with 20 mg total plasmid DNA consisting of different combi-

nations of the reporter, effectors, and internal control. Transfected

protoplasts were incubated at 104 cells per mL with or without 100 nM

t-zeatin (Sigma-Aldrich) for 6 h. As an internal control, the GUS reporter

gene fused to the Arabidopsis ubiquitin promoter (UBI102GUS) was

used. The results shown are the means and error bars of relative LUC

activities obtained from duplicate samples. All assays were performed at

least three times, and similar results were obtained in all experiments.

Plasmid Constructs and Generation of Transgenic Plants

Full-length and truncated CKI1 were amplified by PCR from genomic

Arabidopsis DNA. Full-length AHK4 was obtained by PCR from an

Arabidopsis cDNA library. Chimeric AHK4-CKI1 and CKI1-AHK4 con-

structs were generated by overlap extension PCR using the overlapping

primers 59-CATCTCTCTCCTTGTTGCTTGAGCTGCACCATACAGTAT-

ATA-39 and 59-CTTCGACTTTTACTATGTGCATCATAAACCACACAAAC-

CATAC-39, respectively. The coding regions of all proteins were tagged

with either two copies of the hemagglutinin epitope (HA), themyc epitope,

or green fluorescent protein and inserted into a plant expression vector

containing the 35SC4PPDK promoter and the NOS terminator (Hwang

and Sheen, 2001). Transgenic Arabidopsis plants expressing CKI1-HA

under the control of the 35SC4PPDK promoter were generated by the

floral dip method and BASTA selection as described (Clough and Bent,

1998). Pro35S:CKX2 and Pro35S:CKX3 lines were generated as de-

scribed (Pernisova et al., 2009). The ectopic expression of CKI1 was

tested by RT-PCR and immunoblot analysis. Phenotypic analyses of

transgenic lines were performed with homozygous T3 plants. All mutants

were generated by site-directedmutagenesis using the QuikChange site-

directed mutagenesis kit (Stratagene) according to the manufacturer’s

instructions. All constructswere confirmed by sequencing. To analyze the

specificity of the CKI1 promoter, two different constructs were made and

introduced into Arabidopsis ecotype Col-0. The first construct, ProCKI1:

uidA, contains a 2.7-kb fragment of upstream genomic DNA that includes

the putative translational start site of the short open reading frame

(MKRAF) in the 59 untranslated region of theCKI1mRNA. The primers SII-

ckpr (59-GTAACCGCGGGAGGAGGCACAAAATGACGAA-39) and B-ckpr

(59-GCTGGGATCCTCATATTATCTTCTTCCTCGGAGC-39) were used for

PCR amplification of the putative promoter region of CKI1; this fragment

is translationally fused with the uidA coding sequence (Hejátko et al.,

2003). The second construct, ProCKI1:R12-uidA, also contains a transla-

tional fusion of uidA with the same genomic fragment described above;

however, the 39 end of this fragment was extended to include the CGT

codon that encodes the R12 residue of CKI1 (see Supplemental Figure 1

online). Multiple independent transgenic lines were inspected in both

cases, and no apparent differences in the resulting distribution of GUS

activity were detectable.

Expression Analysis

In situ mRNA and GUS staining were performed as previously described

(Hartmann et al., 2000; Hejátko et al., 2003; Brewer et al., 2006).

Polyclonal rabbit anti-CKI1 antibody was prepared against the peptide

from the CKI1 extracellular domain (GATRIKHQAEKAKYQC, aCKIED;

Sigma-Genosys) and used for indirect immunolocalization on Steed-

man’s wax sections as described (Vitha et al., 2000). Two batches of

polyclonal sera (anti-CKI1ED120 and anti-CKI1ED121) isolated from two

independently immunized rabbitswere tested (see Supplemental Figure 2

online). If not otherwise mentioned, anti-CKI1ED121 was used. The

alkaline phosphatase–conjugated secondary antibody was visualized

by 5-bromo-4-chloro-3-indol phosphate (BCIP)/p-Nitro-Blue tetra-

zolium chloride (NBT) staining. Antibody specificity was characterized

on immunoblots using recombinant proteins expressed in Escherichia

coli and on immunoblot using plant protein extracts (see Supplemen-

tal Figure 2 online). Preimmune serum was used as a negative control

in immunolocalizations of CKI1 on sections, and no signal was

obtained.

RT-PCR and Quantitative Real-Time PCR Analysis

Total RNA was isolated using Trizol reagent (Invitrogen) according to the

manufacturer’s instructions. For RT-PCR, first-strand cDNA was synthe-

sized from 1 mg RNA with oligo(dT) primers and ImProm-II reverse

transcriptase (Promega). The expression of CKI1 was verified with 30

cycles using a gene-specific primer set, CKI1fwd (59-AACAGCTCAAG-

GACACCAAG-39) and CKI1rev (59-GCGTTCTTCATTTTTCAATA-39), and

actingene as a control usingACTfwd (59-GTACAACTATGTTCTCAGGT-39)

and ACTrev (59-GAAGCATTTTCTGTGGACAA-39) primers. For quantita-

tive real-time RT-PCR, first-strand cDNA was prepared with Super-

Script II reverse transcriptase (Invitrogen) and the ACT-L and rCKI1rt

primers. The subsequent quantitative PCR was performed in a Light

Cycler 2.0 (Roche) with SYBR Premix ExTaq system (Takara) as a

fluorescent dye that monitors DNA content. To amplify gene-specific

products, the following primers were used: fACTrt (59-CAGTGTCTG-

GATCGGAGGAT-39), rACTrt (59-TGAACAATCGATGGACCTGA-39),

fCKI1rt (59-CTATTGGGAACCCAGAGGACG-39), rCKI1rt (59- AAGCT-

TCTTTCCCACTGTCGC-39), and type-AARRs (seeSupplemental Table 1

online). The steady state levels of the transcripts were determined by

standard curve quantitation. All quantitative RT-PCR experiments

were performed with biologically independent samples at least three

times.
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Coimmunoprecipitation and Immunoblot Analysis

Protoplasts were transfected with either HA- or myc-taggedCKI1, AHK3,

AHK4, CKI1H405Q, or AHK4 and then incubated for 6 h to allow protein

expression. Total protein was extracted from the transfected protoplasts

in IP buffer (50 mM Tris, pH 7.5, 150 mM NaCl, 5 mM EDTA, 1% Triton

X-100, protease inhibitor cocktail [Roche], and 1 mMDTT) and incubated

with a monoclonal anti-HA antibody (Roche) or a monoclonal anti-c-myc

antibody (Cell Signaling). The protein-antibody complex was precipitated

with protein A/G plus-agarose beads (Calbiochem). For cross-linking

experiments, protoplasts transfected with CKI1-HA were incubated for 6

h and lysed with protein extraction buffer (50 mM sodium phosphate, pH

7.4, 5 mM EDTA, 1% Triton X-100, 1 mM DTT, and protease inhibitor

cocktail). Total protein extracts were incubated with different concentra-

tions of the cross-linker BS3 (Pierce) for 1 h at 48C before being quenched

with 25 mM Tris-HCl, pH 7.5, for 30 min. Immunoprecipitated proteins

and total proteins were subjected to 7.5 or 10% SDS-PAGE and blotted

onto Immunobilon-Pmembranes (Millipore). The blotswere probedwith a

peroxidase-conjugated anti-HA antibody (Roche) or a monoclonal anti-

myc antibody. Extracellular domains of AHK4 (AHK4ED, D127-P395) and

CKI1 (CKI1ED, E28-Q345) were cloned into E. coli expression vector

pDEST17 and expressed as a recombinant protein in a translational

fusion with His-Tag. One hundred micrograms of the total protein (bac-

terial lysate) was separated using 15% SDS-PAGE, blotted on polyvi-

nylidene fluoride (PVDF) membrane, and immunodetected using

monoclonal anti-polyHistidine (Sigma-Aldrich) or polyclonal anti-CKI1ED
1:10,000 in blocking buffer (5% milk in 10 mM Tris-HCI, pH 7.5, 150 mM

NaCl, and 0.1% Tween-20). The detection was performed using alkaline

phosphatase–conjugated goat anti-rabbit secondary antibodies (Sigma-

Aldrich) diluted 1: 30,000 in blocking buffer and anti-mouse-AP anti-

bodies (Sigma-Aldrich) diluted 1:20,000 in a blocking buffer with BCIP/

NBT substrate for 10 min, within the linear range of signal development.

All experiments were performed at least three times.

Analysis of CKI1 Dimerization Using Bimolecular

Fluorescence Complementation

Entry clones containing CKI1 and AHK1 cDNA were prepared according

to the manual for Gateway technology in pDONR207 (Invitrogen), verified

by sequencing, and subsequently recombined via the LR reaction into

pSPYNE-35S and pSPYCE-35S (Walter et al., 2004). Transient transfor-

mation of tobacco (Nicotiana tabacum) leaves and immunodetection of

fusion proteins were performed as previously described (Horak et al.,

2008). Confocal laser scanning microscopy was performed using an

Olympus IX81 microscope equipped with a Fluoview 500 confocal unit at

a setup recommendedby themanufacturer for YFPfluorescencedetection.

Histological Analysis

Tissue samples were fixed for 24 h in 3% glutaraldehyde and 4%

paraformaldehyde in 0.1Mphosphate buffer, pH 7.2, or in FAA containing

5% acetic acid, 45% ethanol, and 5% formaldehyde. The fixed samples

were then rinsed with 0.1 M phosphate buffer, pH 7.2, and dehydrated

through a graded ethanol series. The specimens were infiltrated and

embedded in Spurr’s resin (Ted Pella) or Technovit resin (Kulzer and Co.)

for 48 h at 658C. Sections (0.5 or 4 mm) were made using an MT-X

ultramicrotome (RMC), stained in 0.1% toluidine blue, and photographed

with a Zeiss Axioplan2 microscope. For native staining, handmade

sections were prepared with a razor blade from the base of the inflores-

cence stems when the first silique appeared. Sections were stained with

toluidine blue (0.05% [w/v] solution in water) for 1 min, destained in

distilled water for 30 seconds, mounted in 50% glycerol, and observed

with a microscope (Olympus BX 61) using differential interference con-

trast microscopy.

Accession Numbers

Sequence data from this article can be found in the Arabidopsis Genome

Initiative or GenBank/EMBL databases under the following accession

numbers: CKI1 (AT2G47430), AHK1 (AT2G17820), AHK2 (AT5G35750),

AHK3 (AT1G27320), AHK4 (AT2G01830), ARR2 (AT4G16110), CKX1

(AT2G41510), CKX2 (AT2G19500), and CKX3 (AT5G56970). Germplasm

identification numbers from this article are as follows: cki1-5 (CS6360)

and cki1-6 (CS6361).
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Supplemental Data. Hejátko et al. (2009). The histidine kinases CYTOKININ 

INDEPENDENT 1 and ARABIDOPSIS HISTIDINE KINASE 2 and 3 regulate 

vascular tissue development in Arabidopsis shoots. 

 

 

 

Supplemental Figure 1. Schematic representation of the ProCKI1:uidA (up) 

and ProCKI1:R12-uidA (down) constructs used in analysis of the transcriptional 

specificity of the CKI1 promoter. Exons are depicted as green boxes; amino 

acid sequences of CKI1 and a small ORF identified in the 5’ UTR of the CKI1 

cDNA are shown. 
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Supplemental Figure 2. A. Anti-CKI1ED (αCKI1ED) distinctively recognizes the 

extracellular domain of CKI1. Recombinant proteins containing extracellular 

domains of CKI1 (CKI1ED, E28-Q345, 42 kDa) and AHK4 (AHK4ED, D127- P395, 

37 kDa) were expressed in E. coli as a translational fusion with His-Tag. Both 

proteins were immunodetected using anti-polyHistidine (anti-His) and αCKI1ED 

antibodies. The arrowhead shows the position of the specific signals; M is for 

molecular weight markers. B. Anti-CKI1ED recognizes specifically CKI1 in the 

protein extract from inflorescence stems on immuno blots from native-PAGE; 80 

μg of the total protein was loaded in each lane. WT and Pro35S:CKI1 plants 

were used for protein isolation. Two batches of polyclonal sera (Anti-CKI1ED120 

[dilution 1:5,000] and Anti-CKI1ED121 [1:2,000]) isolated from two independently 

immunized rabbits were tested. Position of CKI1-HA proteins from Pro35S:CKI1 

line was verified by anti-HA antibody. The silver-stained gel after native-PAGE 

is shown as a loading control. C. Both batches of Anti-CKI1ED recognize CKI1 in 

situ with different efficiency. Both antibodies (dilution 1:1,000) were used for in 

situ CKI1 localization on sections of WT inflorescence stems; the arrows point 

to the signal. Note the apparently lower signal intensity of Anti-CKI1ED121 that 

reflects its lower efficiency on immuno blots (Fig. S2B). Scale bars 100 μm. 
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Supplemental Figure 3. Transcript levels of CKI1 in RNAi lines (A) and T-DNA 

insertion heterozygous lines (B). Quantitative real time PCR was performed with 

total RNA extracted from inflorescence stems of WT (Col-0 and WS-2), CKI1 

RNAi, cki1-5/CKI1 and cki1-6/CKI1 transgenic plants and gene-specific primers 

for CKI1. Error bars indicate SE (n=3). 
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Supplemental Figure 4. CKI1 regulates the number of procambial cells. A. 

Examples of cell counting in an inflorescence stem section of WT (Ws-2) and 

cki1-6/CKI1 plant. The cells marked with black dots, yellow dots, and red dots 

are indicated as procambia, phloem, and xylem cells, respectively. Scale bars, 

100 μm. B. The number of cells in WT, Pro35S:CKI1 and cki1-6/CKI1 sections. 

Error bars indicate SE; Col-0 (n=8), Ws-2 (n=12), Pro35S:CKI11-13 (n=6), and 

cki1-6/CKI1 (n=14). 
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Supplemental Figure 5.  A. CKI1 specifically enhances the activity of the two-

component, cytokinin-responsive ARR6 promoter in a cytokinin-independent 

manner. Protoplasts were co-transfected with CKI1, UBQ10-GUS (internal 

control) and ARR6-LUC (ARR6), RD29A-LUC (RD29A), or GH3-LUC (GH3). 

Vector DNA served as a transfection control. Protoplasts transfected with ARR6, 

RD29A, and GH3 were treated with 100 nM t-zeatin (cytokinin), 1 μM indole 

acetic acid, and 100 μM abscisic acid, respectively. Error bars indicate SE (n=2) 

B. A negative form of CKI1 proteins represses cytokinin receptor-mediated 
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induction of ARR6. Protoplasts from WT plants were transfected with ARR6-

LUC alone, WT AHK2 and AHK3, WT AHK2 and AHK3 plus mutant CKI1, WT 

CKI1, or WT CKI1 plus mutant AHK2 and AHK3. CKI1H405Q, AHK2H597Q, and 

AHK3H460Q are negative versions of CKI1, AHK2, and AHK3 respectively. Error 

bars indicate SE (n=2). C. Schematic depiction of full-length CKI1, AHK4, 

various CKI1 deletion constructs and chimeric constructs composed of different 

domains of AHK4 and CKI1. D. The C-terminal kinase domain of CKI1 is 

essential for its cytokinin-independent histidine kinase activity. Protoplasts from 

WT plants were transfected with ARR6-LUC and one of the following: CKI1, 

AHK4, AHK4-CKI1, CKI1-AHK4, CKI1ΔN, or CKI1ΔC. All of these constructs, 

except for CKI1ΔN (indicated by an asterisk), were expressed at comparable 

levels (top panel). The transfected protoplasts were incubated with or without 

100 nM t-zeatin. UBQ10-GUS served as an internal control. Error bars indicate 

SE (n=2). 
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Supplemental Figure 6.  A, B. The ectopic expression of both CKI1 and 

AHK4-CKI1 leads to sterility and short fascinated siliques (A) and to additional 

vegetative tissues initiated from lateral meristems (B). The arrow indicates 

these tissues in Pro35S:CKI1 and Pro35S:AHK4-CKI1 transgenic plants. C. 

Overexpression of AHK4-CKI1 leads to the changes in VB formation. 

Transverse sections of the inflorescence stems of WT (Col-0) and 

Pro35S:AHK4-CKI1 transgenic plants. Scale bars, 100 μm. 
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Supplemental Figure 7. The expression of individual constructs used in BiFC 

assay in Figure 5B was determined by immunostaining; Ponceau S staining 

was used to prove equal protein loading (red bands). 
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Supplemental Figure 8. CKI1 activity does not affect either the SAM activity or 

the vascular bundle development in hypocotyl and root. A. Transverse section 

of 7-day-old seedling of Pro35S:CKI1 2-2 lines and WT (Col-0). Scale bars, 100 
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μm. B. Cross section of 25-day-old hypocotyl of cki1-6/CKI1 and WT (Ws-2). 

Scale bars, 100 μm. C. Cross section of 7-day-old root of CKI1RNAi and WT 

(Col-0). Scale bars, 100 μm. 
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Supplemental Figure 9.  A proposed model for CKI1 and cytokinin action 

mechanism in the vascular bundle development of inflorescence stems. We 

here propose that the histidine kinase activities from cytokinin-independent 

CKI1 and cytokinin-induced AHK2 and AHK3 are important for the vascular 

bundle development. CKI1, AHK2 and AHK3 are involved in the regulation of 

procambium proliferation and/or the maintenance of its identity in Arabidopsis 

inflorescence stems. However, the functional roles of phosphorelay to ARRs via 

AHPs in this developmental process are remained to be explored.  
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Supplemental Table 1. Gene-specific primers for type-A ARRs 

 

Gene Primer sequences 

ARR3 
F:ACGAGAGACGTTAAAGTCGC 

R:CTAAGCTAATCCGGGACTCC 

ARR4 
F:TCCACCGTCACCTCCGTTGA 

R:ATCTAATCCGGGACTCCTCA 

ARR5 
F:GTATCGATAGATGTCTTGAA 

R:CAGCTATGTATCTGTAGCAAT 

ARR6 
F:CGAGAACATTTTGCCTCGTA 

R:CAGCTCAAACGCGCAAAGATC 

ARR7 
F:TCTTGTTGAAACCGGTGAAG 

R:CAAAGTAGAGAAAAAAGGTT 

ARR8 
F:TACCAAGTTGAAACCTCATA 

R:GACCGAGGTTGTGATATCAT 

ARR9 
F:TGGAGTCCCCACTGCAGTAG 

R:GACAGCGGTTGCGATACCGT 

ARR15 
F:AATTAGCTGATGTGAAGCGT 

R:CCCCTAGACTCTAATTTGAT 

ARR16 
F:ATCACCGATTACTGTATGCC 

R:GCTTCTGCAGTTCATGAGAT 

ARR17 
F:GTATGCCAGGAATGACAGGT 

R:GCTTCTGCAATTTAAAAGAT 
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The receiver domain (RD) of a sensor histidine kinase (HK) catalyses the trans-

phosphorylation reaction during the action of HKs in hormonal and abiotic

signalling in plants. Crystals of the recombinant RD of the Arabidopsis thaliana

HK CYTOKININ-INDEPENDENT1 (CKI1RD) have been obtained by the

hanging-drop vapour-diffusion method using ammonium sulfate as a precipitant

and glycerol as a cryoprotectant. The crystals diffracted to approximately 2.4 Å

resolution on beamline BW7B of the DORIS-III storage ring. The diffraction

improved significantly after the use of a non-aqueous cryoprotectant. Crystals

soaked in Paratone-N diffracted to at least 2.0 Å resolution on beamline BW7B

and their mosaicity decreased more than tenfold. The crystals belonged to space

group C2221, with unit-cell parameters a = 54.46, b = 99.82, c = 79.94 Å.

Assuming the presence of one molecule of the protein in the asymmetric unit

gives a Matthews coefficient VM of 2.33 Å3 Da�1. A molecular-replacement

solution has been obtained and structure refinement is in progress.

1. Introduction

Sensor histidine kinases (HKs) are members of the two-component

(TC) signalling systems that mediate signal transduction in a broad

spectrum of adaptive responses in bacteria (Calva & Oropeza, 2006;

Hoch, 2000). A modified version of bacterial TC signalling has been

adapted by yeast and plants (Chang & Stewart, 1998): as a so-called

two-component phosphorelay (Hoch, 2000). In TC signalling in

plants, the membrane-associated sensor HK interacts with a signal-

ling molecule, which activates an intracellular HK domain and leads

to autophosphorylation of its conserved histidine moiety. The

downstream phosphorelay is initiated by a receiver domain (RD) of

the HK. The RD transfers phosphate from a His to its own Asp and

further transmits the signal via transphosphorylation to the His of a

histidine-containing phosphotransfer (HPt) domain. The HPt

proteins translocate the signal to the nucleus, where the phosphory-

lated histidine serves as a donor for the phosphorylation of a final

phosphate acceptor, the Asp residue of the response regulator (To &

Kieber, 2008; Mizuno, 2005).

The receiver domain of sensor HKs seems to mediate the limiting

steps in the above-described phosphorelay and thus signal trans-

duction. In addtion to its catalytic activity, which triggers the

phosphorelay, the RD is also supposed to be involved in specific

protein–protein interactions with its downstream signalling partners.

The amino-acid residues in the C-terminal domains of the sensor HKs

have recently been shown to be responsible for the specificity of the

signal transduction to their downstream signalling proteins in

bacteria (Skerker et al., 2008). Moreover, the amino acids predicted,

using covariant analysis, to be important for the specific protein–

protein interactions were located close to the physical interface of

both interaction partners (Skerker et al., 2008). This suggests that the

structure of the RD might contribute to the recognition of its inter-

action partner(s).
# 2009 International Union of Crystallography
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In the Arabidopsis thaliana genome, genes encoding 11 HKs,

six HPt proteins and 23 response regulators have been identified.

A. thaliana HKs mediate discrete responses to various phyto-

hormones (ethylene, cytokinin and abscisic acid) and abiotic stress

(osmosensing) (Mizuno, 2005; Tran et al., 2007). Based on the

mechanism of the above-described bacterial TC signalling, protein–

protein interactions of the RD domains of individual histidine kinases

and HPt proteins will presumably be involved in determination of the

specificity of the individual signalling pathways and/or their crosstalk

in plants. However, the mechanisms discriminating this specificity at

the protein level, which are likely to depend on differential tertiary

structures of the interacting partners, have not yet been character-

ized. Thus, knowledge of the structure of individual RDs and their

interaction partners seems to be critical to our understanding of the

molecular mechanism of these specific interactions. To date, the

structures of many bacterial RDs belonging to a family of phospha-

tases and phosphate carrier proteins have been determined, e.g.

CheY (Stock et al., 1989) and PhoB (Sola et al., 1999). However, the

RD of ethylene receptor ETR1 is the only receiver domain from a

plant for which the structure has been solved (Muller-Dieckmann et

al., 1999).

The sensor histidine kinase CKI1 was identified as an activator of a

cytokinin-like response when overexpressed in hypocotyl explants of

A. thaliana (Kakimoto, 1996). However, in contrast to the genuine

cytokinin receptors of A. thaliana, AHK2, AHK3 and AHK4, CKI1

was found to be constitutively active in bacteria and yeast or

A. thaliana protoplasts (Yamada et al., 2001; Hwang & Sheen, 2001).

Thus, the specificity and the role of CKI1 in the TC signalling in

A. thaliana remain unclear. Our recent data suggest that CKI1RD is

responsible for a specific interaction with individual HPt proteins in

A. thaliana (Pekárová et al., manuscript in preparation). Here, we

describe the cloning, protein overproduction, purification, crystal-

lization and preliminary X-ray diffraction analysis of CKI1RD from

A. thaliana.

2. Materials and methods

2.1. Cloning and protein overproduction

A plasmid containing a DNA fragment encoding the receiver

domain of CKI1 (CKI1RD) was generated by PCR using CKI1 cDNA

(provided by T. Kakimoto, Osaka University, Japan) as a template

and primers 50-TAA TGG CTA GCA CAG ATT CAG AGA GT-30

(NheI restriction site in bold) and 50-TAT ACC TCG AGA GTG

ACG TTT GCT TTC GAT TTC TC-30 (XhoI restriction site in bold).

The amplified DNA fragment was purified on agarose gel, digested

with NheI and XhoI, ligated into the vector pET28a(+) (Novagen)

and transformed into Escherichia coli strain DH10� and finally into

E. coli strain BL21(DE3)pLysS. The cells carrying the expression

plasmid were cultured with shaking in TB medium pH 7.5 at 310 K

until an OD600 of 0.8 was reached. At this point, the expression of

CKI1RD was induced by adding isopropyl �-d-1-thiogalactopyrano-
side to a final concentration of 0.42 mM. After 3 h incubation at

301 K, the cells were harvested by centrifugation at 3500g for 20 min

at 277 K.

2.2. Purification

The cells expressing CKI1RD were resuspended in a buffer con-

taining 20 mM Tris–HCl pH 7.9, 500 mM NaCl, 0.1% Triton X-100

and disintegrated by sonication. After centrifugation at 48 500g for

40 min at 277 K, the supernatant was applied onto a HiTrap Chelating

HP column (Amersham Biosciences, ÄKTA FPLC system) charged

with Zn2+ ions and equilibrated in 50 mM Tris–HCl pH 7.0, 1 MNaCl,

20 mM imidazole. The protein was eluted with a linear gradient of

imidazole (20–150 mM) and pH (7.0–4.5).

The final purification was achieved by gel filtration with a HiLoad

16/60 Superdex 75 prep-grade column (Amersham Biosciences,

ÄKTA FPLC system) equilibrated in 50 mM Tris–HCl pH 7.5,

150 mM NaCl, 10 mM EDTA. The collected fractions were analysed

on polyacrylamide gels. SDS–PAGE and native PAGE were per-

formed according to Laemmli (1970) using 15%(w/v) separation gels.

Pure fractions (�95%, Densitometer GS-800, Quantity One 1-D

analysis software; Bio-Rad) were concentrated to a final concentra-

tion of 10 mg ml�1 using an Amicon Ultra system (Millipore) with a

molecular-weight cutoff of 10 kDa. The protein concentration was

determined according to Bradford (1976) using BSA as a standard.

The purified protein was stored at 277 K temporarily and at 193 K for

long-term storage.

2.3. Crystallization

Preliminary screening of crystallization conditions was carried out

by the sitting-drop (100 nl protein solution mixed with 100 nl reser-

voir solution equilibrated against 100 ml reservoir solution) vapour-
diffusion method at 293 K in 96-well plates using an automated

nanolitre liquid-handling system (Mosquito, TTP LabTech) and

Structure Screen I + II HT-96, MemStart + MemSys HT-96 and PACT

Premier HT-96 (all screens were from Molecular Dimensions).

Promising microcrystals were obtained after a few days from condi-

tion A5 of the MemStart + MemSys screen (0.1 M sodium acetate

buffer pH 4.6, 2.0 M ammonium sulfate). The gradual optimization of

the identified conditions was focused on increasing the drop and

crystal size, improvement of crystal quality and the use of cryopro-

tectant. The optimization yielded an optimized composition of the

reservoir solution consisting of 2.54 M ammonium sulfate, 15.9%(v/v)

glycerol and 0.1 MMES buffer pH 5.05. Crystals (Fig. 1) of maximum

dimensions of up to 800� 250� 50 mm were obtained within 2–3 d in

24-well plates using the hanging-drop vapour-diffusion method with

drops containing 1 ml protein solution mixed with 1 ml reservoir

solution and equilibrated against 1000 ml reservoir solution at 293 K.

2.4. Data collection and processing

For the collection of the first data set, the crystals were transferred

from mother liquor containing 16%(v/v) glycerol directly into a cold

nitrogen stream (100 K) on beamline BW7B of the DORIS-III

storage ring at EMBL/DESY (Hamburg, Germany). For the collec-

crystallization communications
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An example of a typical crystal of CKI1RD.
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tion of the second data set, the crystals were flash-cooled to 100 K

after soaking in the cryoprotectant Paratone-N (Molecular Dimen-

sions). All data frames were collected at a wavelength of 0.8423 Å

using a MAR345 image-plate detector (MAR Research) in dose

mode with an oscillation angle of 1.0�. Data for the second set with

Paratone-N were recorded in two sweeps at different distances and

doses in order to accurately record both the strongest low-resolution

and the weakest high-resolution diffraction intensities. A total of 180

images were collected during each of the sweeps. All data were

processed and merged using the XDS system (Kabsch, 1993). The

data-collection statistics are summarized in Table 1.

3. Results and discussion

As shown in Fig. 2(a) and Table 1, the diffraction images of the crystal

of CKI1RD with the ‘natural’ cryoprotectant glycerol showed signif-

icant widening (the XDS package interpreted this widening as a

mosaicity of 0.6�) and a corresponding attenuation of the diffraction

spots around 3.0 Å resolution. The diffraction images changed

dramatically after the use of the non-aqueous cryoprotectant

Paratone-N. The widening of the spots disappeared (see Fig. 2b), the

mosaicity decreased more than tenfold (to a value of 0.04� in XDS)

and the resolution of the data increased to at least 2.0 Å.

The crystal of CKI1RD belonged to the orthorhombic C-centric

space group C2221, with unit-cell parameters a = 54.46, b = 99.82,

c = 79.94 Å. Assuming that the asymmetric unit contains one mole-

cule of the protein gives a Matthews coefficient VM of 2.33 Å3 Da�1

(Matthews, 1968); the estimated solvent content is then approxi-

mately 47.3%.

The structure of CKI1RD was determined by molecular replace-

ment using an automated scheme for molecular replacement as

implemented in MrBUMP v.0.4.1 (Keegan & Winn, 2007) in

conjunction with the multiple sequence-alignment program T-Coffee

(Notredame et al., 2000), with Phaser (McCoy et al., 2007) as the

molecular-replacement engine and REFMAC (Murshudov et al.,

1997) as the refinement program. An unambiguous solution was

found using the bacterial response-regulator protein CheY (PDB

entry 1ab5; Wilcock et al., 1998) as a search model. It gave an initial R

value of 0.54, which decreased to R = 0.413 and Rfree = 0.426 after 30

cycles of REFMAC refinement. The quality of the 2Fo � Fc map

generated with this result was good enough to allow successful

application of the autobuild regime of ARP/wARP (v.7.0.1; Cohen et

al., 2008). Model improvement and refinement based on both X-ray

and NMR data (Pekárová et al., unpublished data) is in progress.

This work was supported by the Ministry of Education, Youth and

Sports of the Czech Republic (grant Nos. MSM0021622415 and

LC06034). We wish to thank the staff at EMBL Hamburg for their

assistance with data collection on beamline BW7B of the DORIS-III

storage ring at DESY Hamburg, the EMBL/DESY Hamburg for

crystallization communications
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Table 1
Data-collection statistics.

Values in parentheses are for the highest resolution shell. Observed reflections are those
for which I > 2�(I).

Cryoprotectant Glycerol Glycerol + Paratone-N

Mosaicity (�) 0.577 0.04
Resolution range (Å) 19.3–2.24 (2.37–2.24) 19.4–2.00 (2.07–2.00)
Completeness (all/observed) (%) 98.3/75.8 (97.7/54.7) 99.8/90.7 (99.9/76.9)
Reflections (all/observed) 71472/55981 (9554/5523) 167628/156406 (10541/8238)
Unique reflections (all/observed) 10396/8016 (1578/884) 15054/13674 (1439/1107)
I/�(I) (all/observed) 15.8/20.5 (4.2/7.3) 20.6/22.6 (7.2/9.2)
Rmerge† (all/observed) (%) 9.2/7.6 (48.9/30.3) 9.5/9.2 (32.3/26.2)

† Rmerge =
P

hkl

P
i jIiðhklÞ � hIðhklÞij=Phkl

P
i IiðhklÞ, where Ii(hkl) is the intensity of

reflection hkl and
P

i is the sum over all i measurements of reflection hkl.

Figure 2
Representative 1.0� oscillation images of the data collected from a CKI1RD crystal using a MAR345 image-plate detector on station BW7B of the DORIS-III storage ring at
DESY Hamburg. (a) An image from an unsoaked crystal of CKI1RD. The magnified rectangle shows a typical example of the widening of the diffraction spots around 3.0 Å
resolution. The resolution rings are at 8.8, 4.4, 2.9 and 2.2 Å. (b) An image from a crystal of CKI1RD soaked in Paratone-N. The magnified rectangle shows sharp unwidened
diffraction spots at a resolution below 2.6 Å. The resolution rings are at 7.9, 3.9, 2.6 and 2.0 Å.
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Wilcock, D., Pisabarro, M. T., López-Hernandez, E., Serrano, L. & Coll, M.
(1998). Acta Cryst. D54, 378–385.

Yamada, H., Suzuki, T., Terada, K., Takei, K., Ishikawa, K., Miwa, K.,
Yamashino, T. & Mizuno, T. (2001). Plant Cell Physiol. 42, 1017–
1023.

crystallization communications

Acta Cryst. (2009). F65, 478–481 Klumpler et al. � Receiver domain of histidine kinase 481
electronic reprint



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Enclosed Publication # 7 

Pekárová, B., Klumpler, T., Třísková, O., Horák, J., Jansen, S., Dopitová, R., Papoušková, V., 
Nejedlá, E., Žídek, L., Sklenář, V., Marek, J., Hejátko, J., Janda, L. Dynamic structure and 

binding specificity of the receiver domain of sensor histidine kinase CKI1 from Arabidopsis 
thaliana. Submitted. 

 



1 

 

Dynamic structure and binding specificity of the receiver domain of sensor 
histidine kinase CKI1 from Arabidopsis thaliana  

Blanka Pekárová1,3,*, Tomáš Klumpler1,3,*, Olga Třísková2, Jakub Horák1,3, Severine Jansen1, Radka 
Dopitová1,3, Veronika Papoušková2, Eliška Nejedlá1,3, Lukáš Žídek2, Vladimír Sklenář2, Jaromír 

Marek1,3, Jan Hejátko1,3, Lubomír Janda1,3 

From Department of Functional Genomics and Proteomics1 and National Centre for Biomolecular 
Research2, Masaryk University, Kotlářská 2, 611 37 Brno, Czech Republic; 

CEITEC, Masaryk University, Zerotinovo nam. 9, CZ-60177 Brno, Czech Republic3 
  

Running head: Dynamic structure of the receiver domain of CKI1 
*These authors contributed equally to this work.  
Address correspondence to: Jan Hejátko, Kamenice 5/A2, 625 00 Brno, Czech Republic. Telephone: +420 5 
4949 4165; Fax: +420 5 4949 2640; E-mail: hejatko@sci.muni.cz. 

 
 
In Arabidopsis multistep phosphorelay 

(MSP) signaling, the signal is transferred from 
sensor histidine kinase (HK) via histidine-
containing phosphotransfer proteins (AHP1-5) 
to nuclear response regulators. In contrast to 
bacteria, two-component signaling (TCS) 
protein interactions in plants are supposed to 
be rather nonspecific. Using both in vivo and in 
vitro assays, we found that the C-terminal 
receiver domain of HK CKI1 (CKI1RD) 
interacts with AHP2, AHP3, and AHP5 with 
different affinities. We determined the crystal 
structure of free CKI1RD and CKI1RD in a 
complex with Mg2+, the cofactor necessary for 
MSP phosphorelay. Dynamics of CKI1RD 
structure in solution were studied by NMR in 
the absence or presence of Mg2+ and 
phosphorylation-mimicking BeF3

-. We found 
that CKI1RD shares similarity with the only 
known structure of plant HK, ETR1RD, with the 
main differences being in the loop L3. Using 
indirect ELISA, we found that presence of Mg2+ 

affects the interaction of CKI1RD with its 
downstream signaling partners and may thus 
contribute to a fine-tuning of the AHP binding 
specificity in MSP in plants. 

 
Two-component signaling (TCS) systems 

mediate magnesium-dependent phosphoryl 
transfer leading to a wide spectrum of signaling 
events and adaptive responses mostly in bacteria 
and yeast (1). It has been recognized in the last 
decade, however, that TCS systems were adopted 

also by multicellular organisms (2). In plants, two-
component-based signaling pathways are involved 
in several environmental and developmental 
regulatory pathways and are critical for hormonal 
regulation, namely for cytokinin signaling (for 
review, see 3).  

In plants, TCS is mediated via a modified 
system known as multistep phosphorelay (MSP) 
(3). In contrast to a simple His-to-Asp 
phosphotransfer occurring in most bacterial TCS, 
the multistep system includes additional signaling 
domains and leads to a multicomponent His-to-
Asp-to-His-to-Asp phosphorelay. In plants, the 
MSP system is composed of three types of 
signaling molecules: a (mostly) membrane-bound 
sensor histidine kinase (HK), a histidine 
phosphotransfer protein (HPt), and a response 
regulator. The pathway is usually triggered by an 
interaction of a signal molecule with the N-
terminal extracellular sensory domain of HK and 
leading to autophosphorylation of the conserved 
histidine residue in a central cytoplasmic HK 
domain. The phosphoryl group is subsequently 
transferred intramolecularly to an aspartate moiety 
in a C-terminal response regulator-like receiver 
domain (RD). The RD initiates the downstream 
transfer of phosphate to specific histidine residues 
in HPt proteins. HPt proteins further transmit the 
phosphoryl group to a final phosphate acceptor – 
aspartate residues in receiver domains of response 
regulator proteins – located mainly in the nucleus. 
The phosphorylation of the response regulator 
results in activation of either associated effector 
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domains or downstream signaling partners to 
evoke the desired response (3-5). 

The described MSP signaling system often 
involves complicated protein-protein interaction 
networks allowing possible cross-talk, cross-
regulations or existence of branched signaling 
pathways (6). Bacteria have evolved several 
mechanisms that prevent unwanted cross-talk 
among different pathways. These include, e.g., the 
presence of bifunctional HKs, which ensure the 
necessary selectivity via specific phosphatase 
activity of HKs directed toward their cognate 
interaction partners. Alternatively, kinetic 
preferences of histidine kinases and their cognate 
response regulators have been described in several 
bacterial signaling pathways (for review, see 6). 
However, all of these mechanisms assume 
molecular recognition of cognate partners in the 
respective signaling cascade. 

The mechanisms driving the molecular 
recognition in TCS have recently begun to be 
elucidated. There are several studies showing at 
molecular level that the C-terminal RD of hybrid 
sensor HK is directly involved in the specific 
interaction with its downstream signaling partners, 
HPt proteins, and it is likely to control the 
interaction with sufficient specificity. One 
example is the crystal structure of the SLN1RD-
YPD1 complex from Saccharomyces cerevisiae 
(7), while another is an NMR titration study of 
interaction between a phosphoreceiver domain of 
RcsC and an HPt domain of RcsD from E. coli (8). 
The studies demonstrate that obtaining knowledge 
of the RD structures and identifying amino acids 
responsible for the interaction specificity are two 
important steps toward a detailed understanding of 
the mechanism of signal transduction from the 
receiver domain to the downstream HPt proteins. 

In the genome of the model plant Arabidopsis 
thaliana, three cytokinin receptors, AHK2, AHK3, 
and AHK4/CRE1 (9-11), one putative 
osmosensing HK, AtHK1 (12-14), and two 
cytokinin independent histidine kinases, CKI1 (15-
19) and CKI2/AHK5 (15,20,21), are supposed to 
mediate phosphate transfer via five downstream 
HPt proteins (AHP1-5) to 11 B-type response 
regulators (ARRs) (for review, see 3). In addition, 
a member of the ethylene receptor family, ETR1, 

also has been shown to be involved in MSP 
(22,23). 

The histidine kinase CKI1 has been identified 
as an activator of cytokinin-like response when 
overexpressed in hypocotyl explants of 
Arabidopsis (15), and it is essential for female 
gametophyte development (16,17). No cytokinin 
binding to CKI1 has been detected, however, and, 
in contrast to genuine cytokinin receptors, CKI1 
has been found to be constitutively active in 
bacteria or Arabidopsis protoplasts (18,24,25). 
Little is known about downstream phosphorelay 
targets of CKI1. Previous studies have 
demonstrated that CKI1 interacts with AHP2, and 
AHP3 proteins in a yeast two-hybrid assay (13) 
and in vitro phosphorylates AHP1, AHP2, AHP3, 
and AHP5 (26). Finally, recent genetic data further 
support the role of CKI1 in the AHP-mediated 
MSP in planta (18,19). 

The current model of TCS in plants assumes a 
rather intense cross-talk between individual 
pathways, as implied in particular by numerous 
protein-protein cross-interactions identified using 
yeast two-hybrid and pull-down assays (27,28). 
Genetic data also suggest at least partial 
redundancy of individual members of Arabidopsis 
MSP in the case of receptor hybrid histidine 
kinases (9,10,11), HPt proteins (29), or response 
regulators (30,31). Thus, it is not clear whether 
there is any specificity in the MSP signaling 
pathways in Arabidopsis as identified in bacterial 
systems and nothing is known about potential 
molecular determinants of such specificity. 

Here, we present data showing that sensor 
histidine kinase CKI1 preferentially interacts with 
AHP2, with AHP3, and only weakly with AHP5. 
We identified the receiver domain of CKI1 
(CKI1RD) as a sufficient and necessary factor 
determining the specificity of CKI1 interaction 
with HPt proteins in vivo. Further, we employed 
indirect ELISA to quantify the identified binding 
of AHP proteins to CKI1RD in vitro. We also 
investigated effects of Mg2+, the cofactor that is 
necessary for HK-mediated phosphorelay in MSP 
signaling and BeF3

-, the isomorphous stable 
phosphate analogue, on CKI1RD by 
multidimensional NMR spectroscopy and solved 
three-dimensional structures of CKI1RD in its free 
and Mg2+-bound forms. Our results represent a 
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first step in identifying molecular determinants 
involved in the specific recognition of downstream 
signaling partners in MSP pathways in plants. 
  

 
Experimental procedures 
 
Proteins – CKI1RD protein was prepared as 
previously described (32). D1050A mutation was 
introduced using QuikChange Multi Site-Directed 
Mutagenesis kit (Stratagene) with mutagenic 
primer 5‘ GCA 
TTTGGCACGCCATGAATATGTAGTCAAAC
GG 3‘ (changed nucleotides are underlined). 
Mutation was verified by sequencing using an ABI 
310 genetic analyzer (Perkin Elmer). For 
producing AHP proteins, the AHP coding 
sequences were amplified from the Arabidopsis 
suspension culture cDNA library using appropriate 
pairs of primers containing EcoRI restriction sites. 
The sequences of the primers were as follow: for 
AHP2,  5´-CCG GAA TTC ATG GAC GCT CTC 
ATT GCT CAG-3´ and  5´- CCG GAA TTC TTA 
GTT AAT ATC CAC TTG AGG-3´; for AHP3, 
5´-CCG GAA TTC ATG GAC ACA CTC ATT 
GCT CAG-3´and 5´-CCG GAA TTC TTA TAT 
ATC CAC TTG AGG GAT-3´; and for AHP5,  5´-
ATA GAA TTC ATG AAC ACC ATC GTC GTT 
GCT-3´ and 5´- CCG GAA TTC CTA ATT TAT 
ATC CAC TTG AGG-3´ (EcoRI restriction sites 
are underlined). The EcoRI fragments of amplified 
sequences were ligated into pRSET B expression 
plasmid (Invitrogen) and verified by sequencing 
using an ABI 310 genetic analyzer (Perkin Elmer). 
The E. coli strain BL21(DE3)pLysS (Novagen) 
carrying individual expression plasmids was 
cultured in Terrific broth (TB) medium at pH 7.5 
and supplemented with ampicillin (100 µg/ml) and 
1% glucose at 22 °C. When OD600 reached 0.8, 
expression was induced by addition of 0.4 mM 
isopropyl β-D-1-thiogalactopyranoside (IPTG). 
Three hours after induction at 22 °C, cells were 
harvested by centrifugation at 3220 x g for 20 min 
at 4 °C. The cell pellets were resuspended in 
extraction buffer (50 mM Tris-Cl pH 7.9, 300 mM 
NaCl, 20 mM imidazol, 10% glycerol, 3.5 mM 
mercaptoethanol, 0.1% TritonX-100) and broken 
by sonication. Cell debris was removed by 
centrifugation at 47 448 x g for 30 min at 4 °C. 

The supernatant was applied onto a HisTRAP HP 
(5ml) column (GE Healthcare) equilibrated in 
buffer containing 50 mM Tris-Cl pH 7.9, 300 mM 
NaCl, 20 mM imidazol, 10% glycerol and 3.5 mM 
mercaptoethanol. Bounded proteins were eluted by 
gradient from 20 mM to 500 mM imidazol. The 
fractions containing AHP proteins were collected, 
concentrated using an Amicon Ultra-4 
ultrafiltration cell with 3 kDa cutoff (Millipore), 
and diluted in 20 mM Tris-Cl pH 7.9. The protein 
sample was further purified by anion exchange 
using a Resource Q column (GE Healthcare) 
equilibrated in 20 mM Tris-Cl pH 7.9. Adsorbed 
proteins were eluted using a gradient of 0-2 M 
NaCl. The fractions containing AHPs were 
concentrated using an Amicon Ultra-4 
ultrafiltration cell with 3 kDa cutoff (Millipore). 
Protein concentration was determined according to 
Bradford protein assay (33), and bovine serum 
albumin was used as a standard. The protein purity 
was determined by SDS-PAGE followed by 
Coomassie Brilliant blue staining. 

Protein-protein interactions in vivo – DNA 
constructs for expression of appropriate fusion 
proteins were prepared by means of Gateway® 
technology (Invitrogen) according to the 
manufacturer’s instructions. Destination vectors 
pSPYCE-35S and pSPYNE-35S were used for 
bimolecular fluorescence complementation (BiFC) 
(34). For yeast, two-hybrid destination vectors 
pGBKT7-DEST and pGADT7-DEST were 
derived from the Matchmaker™ system 
(Clontech) (35). All procedures required for in 
vivo interaction experiments, such as tobacco 
infiltration, confocal laser-scanning microscopy, 
yeast transformation, growth assay or western 
blotting were identical to those described 
elsewhere (35). 

ELISA – The equilibrium dissociation constant 
(Kd) of CKI1RD-AHP complex in solution was 
determined by ELISA. The surfaces of Maxisorp 
96-microtitre plate wells (Nalge Nunc 
Internacional) were coated with 100 µl of purified 
CKI1RD diluted in bicarbonate buffer, pH 9.6, to 
concentration 170 nM overnight at 4 °C and 
thereafter washed three times with the wash buffer 
PBST (phosphate-buffed saline, PBS, pH 7.2, with 
0.05% Tween) to wash away the unbound protein. 
Wells were then blocked with 150 µl of blocking 
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buffer (PBST with 1% BSA) for 1 h at 37 °C. 
After washing three times with the wash buffer, 
100 µl of interaction buffer containing different 
concentrations of AHP proteins was added to the 
wells and left to react for 2 h at RT with shaking at 
300 rpm. Three interaction buffers were used: 
buffer A: PBST; buffer B:  PBST supplemented 
with 5 mM MgCl2; and finally buffer C: PBST 
supplemented with 5 mM MgCl2,  3 mM NaF and 
0.6 mM BeCl2. Wells were washed three times 
with the washing buffer and 100 µl of blocking 
buffer containing 33 ng/ml of a primary 
monoclonal antibody anti-AHP2 (for AHP2 and 
AHP3 detections) or 100 ng/ml of anti-AHP5 mAb  
were added and incubated for 1 h at 37 °C, 300 
rpm. Both mAbs were raised against recombinant 
proteins. Peroxidase conjugated anti-mouse 
secondary antibody and 3,3’,5,5’– 
tetramethylbenzidine substrate were used for 
detection at 450 nm. Binding curves were 
calculated using SigmaPlot software (version 10, 
Systat Software Inc., USA) to determine the 
dissociation constants using a simple hyperbole fit. 

X-ray crystallography – Crystallization and 
structure determination of the magnesium-free 
form of CKI1RD were described previously (32). 
Crystallization of the magnesium-bound form of 
CKI1RD was performed similarly: we added 21 
mM MgCl2, 5.3 mM BeCl2, and 35 mM NaF into 
the 0.5 mM protein solution and the crystallization 
conditions remained the same, with 2.5 M 
ammonium sulfate used as a precipitant. Crystals 
of maximum dimensions up to 500x200x50 µm 
were obtained within 2–3 days in a 24-well 
EasyXtal DG-Tool (Qiagene) using the hanging 
drop vapor-diffusion method with drops 
containing 1 µl of the protein solution mixed with 
1 µl of reservoir solution and equilibrated against 
1000 µl of reservoir solution at 293 K. Prior to the 
diffraction experiment, the crystals were flash-
cooled to 100 K in a nitrogen stream after soaking 
in the cryoprotectant Paratone-N (Molecular 
Dimensions). For collection of the CKI1RD Mg2+ 
diffraction data, we used beamline X13 of the 
DORIS-III storage ring at EMBL/DESY 
(Hamburg, Germany). All data were processed and 
merged using the XDS system (36). The structure 
of CKI1RD Mg2+ was determined by molecular 
replacement method with MOLREP (37) using 

coordinates of metal-free CKI1RD as a search 
model. The quality of electron density maps 
allows successful application of the autobuild 
regime of ARP/wARP (38). Final refinement of 
models of Mg2+-free and Mg2+-bound forms of 
CKI1RD was performed using restrained 
refinement with the maximum likelihood method 
of REFMAC (39).  Manual fine-tuning of both 
structures was performed with Coot (40). Data 
collection and refinement statistics for both 
structures are summarized in Table 1. Molecular 
graphics images were produced using the UCSF 
Chimera (41). The refined structures were 
deposited in the Protein Data Bank under 
accession codes 3MM4 and 3MMN. 

NMR measurements – Uniformly 13C-labeled 
and/or 15N-labeled CKI1RD was produced in M9 
minimal medium supplemented with trace metals, 
vitamins and with 2 g/l 13C-glucose as a carbon 
source and/or 0.5 g/l 15NH4Cl as a sole nitrogen 
source. Cells were grown at 37 °C to OD600 of 0.8, 
and expression was induced by the addition of 
0.42 mM IPTG. Growth was continued for 16 h at 
25 °C until harvest. CKI1RD was purified by a 
combination of affinity and size exclusion 
chromatography as described earlier (32). Finally, 
recombinant CKI1RD was concentrated by Amicon 
filtration to 0.5 mM in 50 mM Tris/HCl buffer, pH 
7.5, containing 150 mM NaCl. CKI1RD selectively 
labeled with 15N-Met was expressed according to a 
procedure described previously (42). One liter of 
M9 medium containing 0.2% glucose was 
inoculated with 1.2 ml of frozen stock solution. 
When the OD600 reached 0.8, lysine, 
phenylalanine, threonine (100 mg/l), isoleucine, 
leucine, valine (50 mg/l) and 15N-methionine (60 
mg/l) were added to the medium and it was 
incubated 15 min at 25 °C. Expression was then 
induced with 1 mM IPTG, and the protein was 
expressed at 25 °C for 16 hours and purified as 
described above. All NMR spectra were measured 
at 25 °C on a Bruker Avance 600 MHz 
spectrometer equipped with the cryogenic H/C/N 
TCI probe head. A sample consisting of 340 μl 1.0 
mM uniformly 13C, 15N-labeled CKI1RD in 20 mM 
sodium phosphate buffer, pH 7.5, containing 150 
mM sodium chloride, 1 mM ethylenediamine 
tetraacetic acid (EDTA), 0.05% sodium azide, and 
10% deuterium oxide, placed in a Shigemi tube, 
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was used for the resonance assignment. The 
sequential assignment was obtained using a 
standard set of triple resonance experiments: 
amide proton and nitrogen to Cα carbon correlation 
experiment (HNCA), amide proton and nitrogen to 
Cα via carbonyl carbon correlation experiment 
(HN(CO)CA), amide proton and nitrogen to Cα 
and Cβ carbon correlation experiment (HNCACB), 
and Cβ  and Cα carbon to amide nitrogen and 
proton via carbonyl carbon correlation experiment 
(CBCA(CO)NH) (43). The same sample was used 
for titration with magnesium chloride aliquots, 
corresponding to 1.5, 2.5, 8, 25, and 48 mM Mg2+ 
concentrations (corrected for the amount bound to 
EDTA). The HNCACB and CBCA(CO)NH 
spectra were measured on the sample containing 
25 mM Mg2+ in order to assign the resonances of 
the Mg2+-bound CKI1RD form. The titration was 
repeated with 15 magnesium chloride aliquots, 
covering a concentration range up to 30 mM, on a 
sample of 0.6 mM uniformly 15N-labeled CKI1RD 
in 20 mM Tris buffer, pH 7.5, containing 150 mM 
sodium chloride, and 10% deuterium oxide, placed 
in a round-bottom NMR tube. The dissociation 
constant was obtained from this series of 
experiments by a nonlinear least square fitting the 
compound chemical shift changes (44) to a two-
state interaction model. As the presence of EDTA 
in the sample was needed in long-term studies to 
prevent the protein from proteolysis, the effect of 
EDTA on the spectra was checked by repeating 
the Mg2+ binding experiment on a 0.5 mM 
uniformly 15N-labeled sample prepared in the same 
buffer, but in the presence of 10 mM EDTA. No 
differences in the CKI1RD 1H or 15N frequencies 
were observed. The Mg2+-bound protein for the 
beryllofluoridation study was prepared by addition 
of 18 μl 0.5 M magnesium chloride and 6 μl 0.3 M 
sodium fluoride to 660 μl of the 15N-labeled 
sample as described above. Beryllofluoridation 
was monitored by adding aliquots of sodium 
fluoride and beryllium chloride (in 3:1 molar 
ratio), corresponding to 0.17, 0.34, 0.51, 0.68, and 
1.0 mM beryllium concentrations. A heteronuclear 
single-quantum coherence (1H-15N HSQC) 
spectrum was recorded at every beryllium 
concentration. The Mg2+ binding and 
beryllofluoridation experiments were also 
performed with samples of 0.6 mM CKI1RD 

selectively 15N-labeled at methionines. All NMR 
spectra were processed using NMRPIPE (45) and 
analyzed using the SPARKY program (46). The 
assigned chemical shifts and measured relaxation 
data were stored in the BioMagResBank database 
with accession numbers 16917 (free) and 16918 
(Mg2+-bound). 
  
         
Results 
 

CKI1 specifically recognizes a subset of AHPs 
via its receiver domain. To identify potential 
specificity of the CKI1-mediated MSP we 
performed extensive in vivo protein-protein 
interaction studies using BiFC in plant cells (34). 
We generated 35S promoter-driven BiFC 
constructs expressing a full-length CKI1 protein or 
the C-terminal receiver domain, CKI1RD, in fusion 
with the C-terminal YFP fragment (YFP-C) and all 
six HPt proteins from Arabidopsis (AHP1-6) in 
fusion with the N-terminal YFP fragment (YFP-
N). Using these constructs, the BiFC interaction 
assay was performed as described previously (34).  

As shown in Fig. 1A, when the full-length 
CKI1 protein was co-expressed with AHPs, the 
strong BiFC signal indicating interaction of 
CKI1RD with HPt proteins was observed for 
AHP2, AHP3, and AHP5. A weak YFP 
fluorescence signal was scored for AHP1, while 
no detectable interaction occurred with AHP4 and 
AHP6. Similar fluorescence patterns were 
observed for co-expression of individual AHPs 
with the receiver domain CKI1RD alone (Fig. 1B). 
In case of the full-length CKI1, the BiFC 
fluorescence outlined the epidermal cells that 
corresponded to the expected subcellular 
localization of CKI1 into the cytoplasmic 
membrane (Fig. 1A). In contrast to that, 
interaction with CKI1RD lacking the 
transmembrane domains occurred in both the 
cytosol and nucleus (Fig. 1B). The fluorescence 
signal appears stronger with CKI1RD, as the 
volume of the fluorescence layer is much higher 
compared to the cells expressing the full-length 
CKI1 protein localized in the cytoplasmic 
membrane. The interaction patterns in terms of 
their specificity, however, are the same for both 
proteins, suggesting that the receiver domain of 
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CKI1 is required and sufficient for selective 
interaction of CKI1 with a subset of Arabidopsis 
phosphotransfer proteins AHP2, AHP3, and 
AHP5. Moreover, these results show that 
membrane localization of CKI1RD is not required 
for interaction with AHP proteins. 

To further substantiate CKI1 interactions 
observed in plants, we studied protein-protein 
interactions using a yeast two-hybrid assay. As 
membrane-localized proteins cannot be used in 
this type of assay, we omitted the full length CKI1 
from the analysis. The CKI1RD was used as a 
“bait,” while the six tested AHP proteins were 
cloned in the “prey” vector. Although all fusion 
proteins were expressed at comparable levels, we 
found that CKI1RD interacts only with AHP2, 
AHP3, and AHP5 (Fig. 1C). When compared to 
AHP2 and AHP3, the growth of isolated colonies 
in the case of AHP5 indicated that this interaction 
might be weaker. Thus, similarly to our result 
from the in planta fluorescent assay, these data 
indicate that specific interaction of CKI1 with 
AHP2, AHP3, and AHP5 is mediated by CKI1RD.  

Three standard methods – surface plasmon 
resonance (SPR), isothermal titration calorimetry 
(ITC), and indirect ELISA – were employed to 
quantify the identified binding of AHP2, AHP3, 
and AHP5 to CKI1RD in vitro. As the AHP 
proteins tend to aggregate at concentrations above 
~20 μg/ml, apparent kinetic data were measured 
by ELISA that was more sensitive to low 
concentrations of interacting AHP proteins than 
SPR and ITC. The obtained dissociation constants 
showed that AHP2 and AHP3 bound with similar 
affinities to CKI1RD, and these affinities are ~10-
fold higher than the affinity of CKI1RD to AHP5 
(Fig. 2, Table 2). These data are in agreement with 
the in vivo data determined by BiFC and Y2H 
techniques (Fig. 1), suggesting a sufficient 
specificity of our in vitro assay. 

Taken together, using three independent 
assays, both in vitro and in vivo, we have found 
that the receiver domain of CKI1 is necessary and 
sufficient for specific interactions of CKI1 with its 
downstream signaling partners, the HPt proteins. 
Importantly, we have found that there is a 
specificity of the interactions resulting in 
preferential interaction of CKI1RD with AHP2 and 

AHP3 compared to the weaker interaction of 
CKI1RD with AHP5. 

Crystal structure of CKI1RD and its 
magnesium co-crystal. To study structural details 
of the receiver domain of CKI1 at the atomic level, 
CKI1RD was expressed in E. coli, purified and 
crystallized (32,47), then its three-dimensional 
structure was determined using X-ray diffraction. 
The crystal structure of CKI1RD shows the 
conformational conservation of receiver domains 
belonging to the CheY-like protein superfamily 
(48). CKI1RD was found to be folded in an (α/β)5 
manner with the central β-sheet formed from five 
parallel β-strands (β2-β1-β3-β4-β5), surrounded on 
both sides by two (α1, α5) and three (α2, α3, α4), 
α-helices. Secondary structure elements are 
connected with five loops, L1–L5, on the face side 
of the domain and by four loops ℓ1–ℓ4 on the 
opposite side (Fig. 3A). The purified protein 
consists of 207 amino acids, 179 of which are 
encoded by the CKI1 gene (944–1122) and are 
well-defined in the model. The remaining amino 
acids are encoded by the vector and, of these, only 
residues 936–939 are defined in the crystal 
electron density. Residues 936 and 937 form a β-
strand antiparallely bonded to β5 of the central β-
sheet.  

To identify the actual structural changes upon 
Mg2+ and BeF3

- binding, we analyzed the structure 
of a co-crystal of CKI1RD with Mg2+ and BeF3

-. 
The presence of magnesium in the co-crystals was 
confirmed by inductively coupled plasma mass 
spectrometry. However, we were not able to 
confirm presence of BeF3

- in the crystal. Thus, the 
beryllfluoridation of CKI1RD was unstable during 
crystal formation, most probably because of high 
concentration of ammonium sulfate in the 
crystallization buffer (32). The crystals of Mg2+-
bound CKI1RD belong to the same orthorhombic 
space group C2221 as does the crystal of the 
Mg2+-free protein, but their unit-cell parameters 
slightly differ  (a = 54.14, b = 100.92, c = 80.14 
Å). The final modeling of CKI1RD with Mg2+ 

refinement was performed using Coot in 
combination with REFMAC and it gave the final 
R=0.177 and Rfree=0.239 (Table 1).  

The secondary structure of the Mg2+ complex 
of CKI1RD in comparison to the free structure 
(without Mg2+) is only slightly affected and the 
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overall root mean square deviation is only 0.25 Å 
for 140 equivalent Cα atom pairs (data not shown). 
Maximum change in Cα atoms positions after Mg2+ 
binding is located in the N-terminal part of loop 
L5, where conserved K1105 is located (with shift 
of 0.4 Å for Cα pair of K1105; Fig. 4). The main 
effect caused by Mg2+ binding is the chi angle 
change of the D1050 side chain (C-terminal part of 
strand β3). Upon magnesium binding, the side 
chain of D1050 rotates by 90° toward the divalent 
cation. The connection via a salt bridge between 
D1050 and K1105 induces rotation of K1105, 
whereas the salt bridge remains established (Fig. 
4). This change induces a 3.4 Å shift of Nζ 
(K1105) and 2 Å of Oδ (D1050), resulting in 
appropriate geometry in the acidic pocket required 
for acceptance of the phosphate group. No 
significant structural changes were found in Cα 
atom positions in loops L3, L4, and L5 and only 
minor structural changes (less than 0.5 Å) were 
determined in terminal atoms of the side chain of 
appropriate amino acids residues (except D1085 – 
0.537 Å). The only two residues that remain 
shifted in terminal side chains atoms are Nζ 
(K1105) and Oδ (D1050). 

Both residues belong to the active site for 
catalysis of magnesium-dependent phosphoryl 
transfer that is highly conserved among receiver 
domains of several bacterial and eukaryotic 
histidine kinases belonging to the CheY-like 
superfamily. Here, the active site is formed 
(according to CheY numbering) by D12, D13, 
D57, N59, T87, and K109 (49,50). Based on the 
high level of conservation, we have located the 
Mg2+ binding site in the structure of CKI1RD. The 
active site of CKI1RD with the phosphoacceptor 
D1050 (equivalent to D57 in CheY) and with the 
Mg2+ binding site is located on the C-terminus of 
the central β3-strand in a pocket delimited by 
loops L1, L3, and L5. A highly conserved triad of 
carboxyl oxygens formed by D1050 together with 
D992 (equivalent to D12 in CheY), D993 
(equivalent to D13 in CheY), and carbonyl oxygen 
of Q1052 (equivalent to N59 in CheY) give the 
active site an acidic character. Mg2+ is 
approximately octahedrally coordinated with 
carboxyl oxygens of D993 and D1050, carbonyl 
oxygen of Q1052, and one water molecule that 

forms a hydrogen bridge to carboxyl oxygen of 
D992 (Fig. 4).  

Mg2+ binding induces structural changes in 
the active site of CKI1RD in solution. To analyze 
structural changes upon binding of Mg2+ and 
phosphorylation (mimicked by beryllofluoridation) 
in solution, a 13C, 15N-labelled CKI1RD sample was 
prepared. Backbone amide as well as 13Cα and 13Cβ 
resonances were assigned using standard triple 
resonance NMR experiments. The assignment was 
obtained for 147 (91%) residues in a region of the 
whole construct between P964 and E1124 (amino 
acid residue numbering according to the full length 
CKI1 sequence) and for an additional 15 residues 
of the N-terminal region (Fig. 5, in green). With 
the exception of a few residues (F995, E1035, 
K1041, L1042), the missing assignment in the 
receiver domain (R984–I1114) corresponds to 
residues C1051–E1060 (Fig. 6). The residues 
follow active site D1050 in the sequence and 
constitute the loop L3 in the crystal structure (Fig. 
3). Therefore, conformational dynamics of L3 in 
solution may account for the missing signals in the 
NMR spectra.  

Structural effects of Mg2+ ions were 
investigated in titration experiments monitored by 
running 1H-15N HSQC NMR spectra. During 
titration of a 0.5 mM CKI1RD sample with 
magnesium chloride aliquots, large changes of 1H 
and 15N chemical shifts of some signals were 
observed (Figs. 5 and 6A). As some peaks moved 
significantly upon Mg2+ binding, HNCACB and 
CBCA(CO)NH spectra were recorded at 15 mM  
Mg2+ concentration in order to verify the 
sequential assignment. Most peaks exhibited fast 
exchange during titration, but notable line 
broadening was observed in some cases, including 
well-resolved peaks of D993, N994, S997, and 
G1019. The dissociation constant estimated from 
the compound chemical shifts was 0.43 ± 0.06 
mM. The most shifted peaks upon the Mg2+ 
binding corresponded to backbone NH groups of 
D993, N994, R998, and A1001, i.e., the residues 
identical with or in close proximity to D992 and 
D993 in loop L1, which bind the Mg2+ ion in the 
crystal structure. Other peaks with large resonance 
frequency changes corresponded to residues 
around loops L4 and L5 and to two residues 
directly preceding the unassigned region in loop 
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L3. Interestingly, several new peaks appeared in 
the spectra taken at high Mg2+ concentrations. A 
natural interpretation of this observation was to 
assume that loop L3 of free CKI1RD is present in 
more conformations in solution, which are in a 
dynamic equilibrium with an exchange rate on the 
time scale of the NMR experiment, and that the 
Mg2+ binding locks this loop in a single 
conformation. Since L3 contains two methionines 
(M1053 and M1056), we decided to test this 
hypothesis by running the NMR experiments on a 
CKI1RD sample selectively labeled with 15N at 
methionines (Fig. 5). While the spectra of Mg2+-
free, selectively labeled CKI1RD showed three 
intense signals overlapping with peaks assigned to 
M1008, M1049, and M1099, addition of 20 mM 
Mg2+ increased the number of peaks to six. As the 
CKI1RD construct contains six methionine residues 
(not counting the N-terminal methionine), this 
result proves that the signals of the loop L3 were 
missing in the Mg2+-free form for dynamic reasons 
and supports the idea that  Mg2+ binding favors a 
single conformation of loop L3. In summary, the 
backbone NH groups most influenced by the Mg2+ 
binding are located in loop regions surrounding the 
active site. Met-selective labeling showed that 
Mg2+ binding stabilizes conformation of the 
flexible loop L3. 

Much smaller but still significant effect on the 
resonance frequency was observed upon 
beryllofluoridation of the Mg2+-bound protein 
(Fig. 6B1). The most striking difference was 
observed in loop L1 and in the N-terminal half of 
the following helix α1. This region exhibited the 
largest chemical shift changes upon the Mg2+ 

binding (Fig. 6A1), but, with the exception of 
D993 and S997, it remained almost unaffected 
upon beryllofluoridation (Fig. 6B1). On the other 
hand, significant resonance frequency changes 
induced by BeF3

- were found in loops L4 and L5 
together with internal helix α4 and strand β5. 
Resonance frequency changes in the 1H-15N HSQC 
NMR spectra were also monitored for the D1050A 
mutant of CKI1RD (CKI1RD

D1050A) after Mg2+ 
binding (Fig. 6A2). While loops L4 and L5 of the 
mutant exhibited resonance frequency changes 
similar to those observed for the wild type, 
residues D992 and D993 of the loop L1 were 
almost unaffected. This result confirms the 

importance of D1050 in the Mg2+ binding and the 
subsequent structural changes, described in 
previous section. No resonance frequency changes 
were observed upon beryllofluoridation of the 
Mg2+-bound CKI1RD

D1050A protein (Fig. 6B2), 
confirming that D1050 is the active site where 
beryllofluoridation occurs. 

Magnesium- and phosphorylation-induced 
structural changes have a moderate effect on 
binding specificity of CKI1RD. Our data suggest 
that the inactive (free) and active (phosphorylated) 
forms of CKI1RD have an identical overall 
structure and that the Mg2+ binding and 
phosphorylation induce only local structural 
changes in specific portions of CKI1RD. These 
changes are located around an Mg2+ binding site 
on the C-terminus of the central β3 strand in a 
pocket delimited by loops L1, L3, and L5.  

To ascertain a potential influence of those 
structural changes on binding properties of CKI1 
during MSP, we inspected the affinity of CKI1RD 
to AHPs proteins in the presence and absence of 
Mg2+. The influence of phosphorylation was 
inspected in the presence of BeF3

- mimicking 
specific phosphorylation of CKI1RD. The nM 
orders of dissociation constants identified in the 
absence of Mg2+ did not change dramatically after 
addition of Mg2+ or after modification with 
beryllium fluoride (Table 2). Nevertheless, the 
presence of Mg2+ ions itself slightly favored the 
interactions with AHP2 at the expense of 
interactions with AHP3, thus resulting in a two-
fold preference for AHP2 when compared to 
AHP3. In contrast, the addition of phosphorylation 
mimicking BeF3

- in the presence of Mg2+ reversed 
the binding affinities, leading to 1.5-fold higher 
preference for AHP3 as compared to AHP2. Thus, 
while either the presence of Mg2+ or 
beryllofluoridation has only a limited influence on 
the interactions between CKI1RD and AHP 
proteins, these can further modulate the relative 
specificity of CKI1RD to individual AHPs. 

 
 
Discussion 

 
Protein-protein interactions of CKI1RD with its 

downstream signaling partners determine 
specificity of the MSP in plants. In contrast to 
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bacteria, where cross-signaling is believed to be a 
rare and physiologically rather irrelevant event (2), 
functional redundancy of proteins in MSP has 
been suggested to be an important and inherent 
characteristic of this system in plants (27,28). 
Using two-hybrid and pull-down assays, AHP 
proteins were shown to interact with all members 
of protein families acting both up- and 
downstream within the MSP pathway in 
Arabidopsis, i.e., with histidine kinases (HKs) and 
response regulators (27,28). Further, the genetic 
data suggest additive effects of multiple mutations 
in AHP genes on the sensitivity to cytokinins and 
thus functional redundancy of individual AHPs 
(29). Thus, HPt proteins are considered to be 
rather unspecific integrators that allow an intense 
cross-talk among individual MSP signaling 
pathways in Arabidopsis. 

Here we show that the histidine kinase CKI1 
prefers a specific subset of AHP interaction 
partners, and it interacts in vivo with three out of 
six tested AHP proteins. Our study confirmed the 
known interactions of CKI1 with AHP2 and AHP3 
(13,51), and it newly determined the interaction 
with AHP5. By two independent in vivo methods – 
bimolecular fluorescence complementation and 
yeast two-hybrid assays – we proved that 
interaction of CKI1 with the AHP proteins is 
mediated by the receiver domain of CKI1. 

Importantly, data from our in vivo and in vitro 
experiments demonstrate that the binding affinity 
of CKI1RD to AHP proteins shows a certain level 
of specificity. CKI1RD exhibits binding specificity 
for AHP2 and AHP3 with a tight-binding affinity, 
while the affinity of CKI1RD for AHP5 is an order 
of magnitude weaker. These findings delimit the 
previously considered role of HPt proteins in the 
rather unspecific integration of individual HK 
signaling. We cannot, however, rule out that the 
specific recognition of a subset of AHPs by 
CKI1RD might be affected in the absence of 
preferred AHPs. The cross-talk of histidine kinase 
with non-cognate response regulators in the 
absence of the cognate partner has been 
demonstrated in bacteria (52), and similar 
mechanisms might operate in the case of multiple 
ahp mutants in Arabidopsis, as suggested by 
recent genetic studies (19,29). Nevertheless, our 
data show that the measurement of thermodynamic 

preferences between signaling partners and 
recognition of the amino acids required for their 
binding is an important prerequisite for the 
determination of MSP specificity in plants. 

Structure of CKI1RD and structural dynamics 
of its Mg2+-dependent BeF3

- activation. Here we 
have identified the molecular details as to the 
structure and structural dynamics of the CKI1RD as 
a basis for our further understanding of the 
molecular determinants of catalytic activity and 
protein-protein interactions in the MSP signaling 
network in plants. The crystal structure of CKI1RD 
retains the (α/β)5 fold characteristic for bacterial 
and yeast phosphoreceiver domains (53). This fold 
is conserved in response regulators of simple two-
component signaling systems and in both response 
regulators and signal receiver domains of hybrid 
histidine kinases of MSP-based signaling 
pathways (for review, see 54).  

In plants the only known structure of receiver 
domain is the structure of ETR1RD (55), a receiver 
domain of sensory histidine kinase involved in 
ethylene signaling (56). By comparing ETR1RD 
with CKI1RD, we have found that the backbone 
structures of the two proteins are very similar. 
Superimposition of secondary structure elements 
of CKI1RD and ETR1RD (Protein Data Bank entry 
1DCF) shows root mean square deviation of 
1.57 Å for 113 equivalent Cα atom pairs. The 
length of the secondary structure elements is 
approximately the same. Major conformational 
differences between CKI1RD and ETR1RD (25.4% 
sequence identity for the 134 residues of ETR1RD) 
are located in the loop L3. This γ loop does follow 
the consensus of the other receiver domain amino 
acid sequence P-X-M/L-D-G and the loop is 
positioned in close proximity to the α2-helix. The 
consensual C-terminal G1058 of loop L3 in the 
receiver domains of proteins from the CheY-like 
superfamily, the presence of which is necessary to 
adopt an α-helical conformation, is substituted 
with asparagine in ETR1RD. This substitution is 
most probably responsible for the differential 
conformation of L3 in ETR1RD such that loop L3 
is flipped to the opposite side toward the α4-helix 
(Fig. 3B). This makes ETR1RD unique among all 
known and structurally determined receiver 
domains. However, we must consider that ETR1RD 
without Mg2+ forms a homodimer in solution as 
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well as in the crystal (55). This, together with our 
findings about conformational heterogeneity of 
CKI1RD in the absence of Mg2+, makes 
interpretation of the conformational difference of 
L3 in comparison to other receiver domains rather 
difficult. The CKI1RD loop L3, which was not 
detected by nuclear magnetic resonance in 
solution, is probably highly flexible and the lock 
of its internal dynamics upon Mg2+ binding is 
clearly shown by appearance of an additional two  
methionine residues in comparison to an absence 
of Mg2+ (Fig. 5). If the loop is localized at the 
active site, then we could assume that the loss of 
its flexibility is connected with achieving the 
conformation of CKI1RD that subsequently allows 
its activation via phosphorylation. Accordingly, 
Mg2+ might cause structural rearrangements in the 
active site of the ETR1RD that would likely affect 
also the conformation of its L3. Thus, only the 
crystal structure of Mg2+-bound ETR1RD could 
fully explain conformational differences between 
both A. thaliana RDs in their phosphorylation-
ready form.  

Our data also provide first clues for future 
identification of the structural changes associated 
with CKI1RD activation by phosphorylation. In 
CheY it was proposed that breaking of the salt 
bridge between D57 and K109 (corresponding to 
D1050 and K1105 in CKI1RD, respectively) by 
phosphorylation is critical for the conformational 
change associated with the CheY activation 
(57,58). Based on absence of the salt bridge 
between D57 and K109 in the Mg2+-bound CheY, 
however, Stock et al. (59) suggested that the lysine 
K109 is rather important for achieving active 
conformation of the C-terminal portion of 
phosphorylated CheY – perhaps through an ionic 
interaction with an oxygen of the acyl-phosphate 
(or fluorine atoms of BeF3

-). Here we have shown 
the presence of a salt bridge between D1050 and 
K1105 residues both in the Mg2+-free and Mg2+-
bound forms of CKI1RD. These results suggest that 
the salt bridge between D1050 and K1105 might 
be important for a proper orientation of the active 
site towards Mg2+. That spacing of the active site 
is thought to act as a template for the transition 
state during phosphoryl transfer and/or an 
autodephosphorylation reaction mediated by CheY 
(59) and possibly also by other receiver domains. 

Finally, following transphosphorylation, 
repositioning of the salt bridges from D109 to the 
phosphoryl group (or BeF3

-) had been suggested as 
one of the important structural changes during 
CheY activation (60). Based on our NMR data, the 
structural rearrangement following 
transphosphorylation of D1050 in CKI1RD would 
be rather minor and, similarly to that of CheY 
(61), would take place probably in the C-terminal 
portion of the CKI1RD, delimited here by β4 and 
β5 (Fig. 6B). As the presence of BeF3

- in the 
crystal structure of CKI1RD was not determined, 
however, the detailed structural changes in the 
activated form of CKI1RD remain to be identified 
and are a subject of our recent work.  

Taken together, our NMR and X-ray 
experiments show that the main structural changes 
observed upon magnesium binding stabilize the 
loop L3 and change the relative positions of 
D1050 and K1105 in relation to S1082. This 
suggests that magnesium-mediated remodeling of 
the active site of CKI1RD is intrinsic to the 
phosphotransfer catalytic function of CKI1 in 
MSP in plants.  

Effect of Mg2+ binding and phosphorylation on 
the specificity of CKI1-AHP interactions. 
Phosphorylation of the conserved D1050 residue 
in CKI1RD converts this domain from an inactive 
to active form. A correct description of the 
interactions of CKI1 with its AHP partners thus 
requires knowledge of AHP binding affinities of 
both inactive and activated forms of CKI1.  

In CKI1RD, the most prominent structural 
changes were Mg2+-induced remodeling of the 
active site and loss of L3’s internal dynamics. By 
contrast, the effect of beryllofluoridation, 
mimicking the formation of the labile acyl-
phosphate bond, was rather negligible. In the Rcs 
signaling pathway, one of the few bacterial MSP 
pathways, the phosphorylation of the C-terminally 
located phosphoreceiver domain of hybrid sensor 
kinase RcsC (RcsC-PR) seems to be important for 
the recognition of its cognate partner, the HPt 
domain of RcsD HK (8). The addition of BeF3

- to 
RcsC-PR preloaded with Mg2+ initiated loss of 
internal dynamics in the region of the interaction 
interface between RcsC-PR and RcsD. This 
conformational change led to 5–10 times stronger 
interaction of RcsC-PR with RcsD. Based on these 
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findings, it has been suggested that Mg2+-
dependent phosphorylation is necessary for the 
strong interaction of RcsC-PR with the RcsD-HPt 
domain and that the phosphorylated form of RcsC-
PR will be more attractive for its interaction 
partner (62). In comparison to the aforementioned 
bacterial system, it seems that CKI1RD is more 
sensitive to Mg2+ and that the structural changes 
followed by CKI1RD phosphorylation are only 
minor. Thus, the Mg2+-induced stabilization of the 
L3 loop might contribute to the molecular 
recognition of HPt and/or stabilization of the 
CKI1RD interaction. Accordingly, the in vitro 
affinities of CKI1RD to AHP2 and AHP3 that were 
comparable in the absence of Mg2+ changed to 
approximately two-fold preference for AHP2 in 
the presence of Mg2+. This suggests that Mg2+-
induced structural changes might contribute to a 
fine-tuning of the AHPs binding specificity. 

This assumption could be supported by 
continual changes in magnesium homeostasis of 
the plant with relevant shift under Mg2+ deficiency 
stress. Direct lack of Mg2+ but also the presence of 
competing cations that prevent Mg2+ uptake, such 
as Ca2+ in calcareous soils, NH4

+ and Al3
+ in acidic 

soils and Na+ in saline soils (63), influence 
intracellular concentration of free form Mg2+. This 
is also highly affected by light intensity (64) or in 
rapidly growing plants in the spring (63). Content 
of Mg2+ varies under different physiological 
conditions and has a direct influence on many 
processes, including root growth (65), 
photosynthesis rate (66), or starch reduction in 
storage tissues (63). Finally, nutrient shortage, 
including Mg2+ starvation, has been shown to 
affect several signaling pathways in plants (67). 
Thus, limitation of Mg2+ could cause changes in 
the interaction preference of a respective RD 
and/or might effectively modify the kinetics of the 
reaction where the RD acts as a donor of 
phosphoryl groups for an AHP protein. In this 
scenario, environmental- and/or developmental-
specific changes in Mg2+ intracellular 
concentrations might be important for fine-tuning 
MSP signaling specificity in plants. Similarly, the 
BeF3

--dependent changes in the CKI1RD affinity 
might reflect differential recognition of the 
interacting partners in the kinase or phosphatase 
activity modes of CKI1. Nevertheless, we still 

cannot exclude the possibility that the affinity 
changes in the presence or absence of Mg2+ and/or 
BeF3

- are rather secondary effects of active site 
remodeling. Thus, the functional importance of the 
Mg2+- as well as phosphorylation-induced changes 
in the binding affinity of CKI1-mediated MSP 
signaling remain to be identified. 

As suggested in a previous work, CKI1 and 
other HKs act through AHP proteins that provide a 
functional “hub”, integrating several signaling 
pathways mediated by e.g. cytokinin-dependent 
and cytokinin-independent HK (26). Thus, even 
slight changes in binding affinity in combination 
with differences in phosphatase activities reported 
for individual HKs (26) might substantially affect 
the final output of the integrated pathways. 
Therefore, identifying the binding preferences of 
active and inactive HKRD is a crucial step in 
establishing the order of phosphoryl group flow in 
MSP pathways in plants. 
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Figure legends 
 

Figure 1. CKI1 receiver domain mediates interaction with a specific subset of AHPs in vivo. (A-B) 
Confocal images of abaxial tobacco leaf cells co-expressing the indicated AHP:YFP-N fusion proteins 
with CKI1:YFP-C (A) and CKI1RD:YFP-C (B). YFP fluorescence of the reconstituted fluorophore is 
documented in the left column; the bars represent 100 µm. The right column shows the corresponding 
bright field images. Fusion protein expression was confirmed by immunodetection with appropriate 
antibody in protein extracts from corresponding leaves (1–6). M, protein marker. (C) CKI1RD yeast two-
hybrid assay. Growth of the yeast clones expressing BD:CKI1RD and indicated AD:AHP protein was 
documented after incubation for 4 days by either interaction selective media lacking leucine, tryptophan 
and adenine (L-, W-, Ade-) or vector selective media (L-,W-). The empty pGADT7 was used as a negative 
control. Expression of all proteins was proven on western blots by immunodetection with appropriate 
antibodies.  
 

Figure 2. AHP proteins bind to CKI1RD with different affinities. Quantitative analysis of CKI1RD-AHP 
interaction by ELISA. Data are shown as averages from three independent experiments ± SE.  
 

Figure 3. CKI1RD structure and its similarity with ETR1RD structure. (A) A ribbon 
representation of the CKI1RD structure. The helices (α1–α5) and beta strands (β0–β5) are numbered 
sequentially. L1–L5 are the loops between helices and beta strands of the same number. Side chains of 
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catalytic aspartate and of K1105 are shown. (B) Structural comparison of CKI1RD and ETR1RD. 
Superimposition of the Cα backbone structures of CKI1RD (green) and ETR1RD (orange) from A. thaliana 
illustrates major difference in loop L3 and minor differences in loops L2 and L4. The remaining parts of 
the structures overlay well. Side chains of catalytic aspartate D1050 (CKI1) and D659 (ETR1) are shown. 
 

Figure 4. Ribbon diagrams of Mg2+-free (A) and Mg2+-bound (B) form of the active site of CKI1RD. 
Magnesium ion (magenta) is approximately octahedrally coordinated in CKI1RD by short contacts (2.3 Å) 
with carboxyl oxygens (OD1) of D993 and D1050, carbonyl oxygen of Q1052 and one water molecule 
(cyan), which forms a hydrogen bond to carboxyl oxygen of D992. 
 

Figure 5. Magnesium binding invokes structural changes within the active site of the CKI1RD in 
solution. Overlaid two-dimensional 1H,15N-HSQC spectra of Mg2+-free CKI1RD (green) and Mg2+-bound 
CKI1RD (red). The left panel shows spectra obtained for uniformly 15N-labelled CKI1RD, while the right 
panel shows spectra obtained for CKI1RD, with selectively 15N-labelled methionines. Selected residues in 
two-dimensional 1H,15N-HSQC spectra are depicted in the corresponding ribbon diagrams of crystal 
structures of CKI1RD (green), CKI1RD Mg2+ (red).  
 

Figure 6. Combined chemical shift changes during titration experiments plotted as a function of 
residue number. The data were derived from two-dimensional 1H,15N-HSQC spectra of CKI1RD (A1, B1) 
and mutant CKI1RD

D1050A (A2, B2) measured before and after titration experiments. Differences induced 
by adding Mg2+ to free CKI1RD/CKI1RD

D1050A
 and by beryllofluoridation of Mg2+-bound 

CKI1RD/CKI1RD
D1050A are displayed in Panels A and B, respectively. 
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Table 1. X-Ray data collection statistics. Observed reflections are those for which I > 2σ(I). 
 
  CKI1RD CKI1RD Mg2+ 
Data collection   
Wavelength (Å) 0.8423 0.8123 
Space group C2221 C2221 
Cell dimensions     
    a, b, c (Å) 54.5; 99.8; 79.9 54.1; 100.9; 80.1 
Resolution range (Å) 19.4–2.00 (2.04–2.00) 20.0 – 2.20 (2.25–2.20) 
Rmerge (all/observed) 9.5/9.2 (34.2/27.5) 4.9/4.0 (28.4/19.1) 
I/σ(I) (all/observed) 20.7/22.7 (6.8/8.7) 15.5/18.1 (3.10/4.64) 
Completeness (all/observed) (%) 99.8/90.6 (99.9/75.8) 92.0/73.2 (88.6/50.4) 
   
Refinement   
Resolution (Å) 2.0 2.2 
No. unique reflections 
(all/observed) 15054/13674 (1439/871) 21328/10328 (3206/629) 

Rwork/ Rfree 17.6/22.9 17.4/23.7 
No. atoms 1265 1243 
    Protein 1133 1123 
    Ligand/ion - 1 
    Water 132 119 
B-factors (Å2)     
    Protein 30.1 37.7 
    Ligand/ion - 55.5 
    Water 40.6 49.9 

RMSD   

    Bond lengths (Å) 0.033 0.025 
    Bond angles (º) 2.25 1.91 
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Table 2. Affinity constants (Kd [nM]) of CKI1RD-AHP interactions under conditions of different binding 
buffers. Affinity constants were determined by ELISA as is described in experimental procedures. Binding 
buffers used: A, PBST plus 0.05% Tween 20; B, PBST enriched with 5 mM MgCl2; C, PBST enriched 
with 5 mM MgCl2, 3 mM NaF and 0.6 mM BeCl2. 

 
 
Ligand 

Buffer 
A B C

AHP2 9.17 ± 0.49 6.2 ± 0.98 11.6 ± 2.0 
AHP3 10.5 ± 0.73 12.9 ± 0.72 8.0 ± 0.42 
AHP5 108 ± 18 152 ± 26 119 ± 32 
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Figure 4 
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Figure 5 
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Figure 6  
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Postembryonic de novo organogenesis represents an important com-
petence evolved in plants that allows their physiological and devel-
opmental adaptation to changing environmental conditions. The
phytohormones auxin and cytokinin (CK) are important regulators of
the developmental fate of pluripotent plant cells. However, the
molecular nature of their interaction(s) in control of plant organo-
genesis is largely unknown. Here, we show that CK modulates
auxin-induced organogenesis (AIO) via regulation of the efflux-
dependent intercellular auxin distribution. We used the hypocotyl
explants-based in vitro system to study the mechanism underlying de
novo organogenesis. We show that auxin, but not CK, is capable of
triggering organogenesis in hypocotyl explants. The AIO is accompa-
nied by endogenous CK production and tissue-specific activation of
CK signaling. CK affects differential auxin distribution, and the CK-
mediated modulation of organogenesis is simulated by inhibition of
polar auxin transport. CK reduces auxin efflux from cultured tobacco
cells and regulates expression of auxin efflux carriers from the PIN
family in hypocotyl explants. Moreover, endogenous CK levels influ-
ence PIN transcription and are necessary to maintain intercellular
auxin distribution in planta. Based on these findings, we propose a
model in which auxin acts as a trigger of the organogenic processes,
whose output is modulated by the endogenously produced CKs. We
propose that an important mechanism of this CK action is its effect on
auxin distribution via regulation of expression of auxin efflux carriers.

PIN expression � two-component signalling � root meristem � auxin maxima

Postembryonic de novo organogenesis represents an important
developmental adaptation evolved in plants. Regeneration of

entire bodies in hydras (1) or organs in amphibians (2) has been
described. However, in the animal kingdom, these examples are
rather exceptional. In contrast, plants evolved postembryonic for-
mation of new organs from differentiated tissues as a strategy that
allows physiological and developmental adaptation to changing
environmental conditions. However, this strategy requires action by
factors that are specifically able to induce developmental programs,
leading to the formation of entire organs from virtually differen-
tiated cells.

The interaction of auxin and cytokinin (CK) during plant orga-
nogenesis is a phenomenon known for a long time. In their
pioneering work, Skoog and Miller (3) identified auxin-to-CK
concentration ratios as an important factor regulating the devel-
opmental fate of plant tissue explants. Since that time, the role of
both growth factors in plant development has been extensively
studied. For auxin action, a model involving a spatial and temporal
pattern of intercellular auxin distribution and concentration max-
ima is well established, and the molecular and cellular factors
mediating auxin distribution have been identified (4, 5). Differen-
tial auxin distribution has been shown to mediate multiple aspects
of plant development, such as apical/basal axis formation (6), root
patterning (7, 8), tropisms (9–11), and organogenesis (12–15). CK
is an important regulator of shoot (16) and root architecture
(17–22), and it also regulates seed development (23), abiotic stress
(24), and plant senescence (25). CK signaling is mediated by

two-component phosphorelay in Arabidopsis (for an in-depth re-
cent review, see ref. 26). However, the molecular factors acting
downstream of the CK signaling pathway remain mostly unknown.

Here, we use de novo auxin-induced organogenesis (AIO) as a
model for characterization of the interactions between CKs and
auxin in regulation of plant development. We show that auxin
triggers organogenesis and that CK modulates its output through its
effect on auxin distribution, which is realized by CK-dependent
regulation of expression of auxin transport components.

Results
CK Modulates Auxin-Induced de Novo Organogenesis via Two-
Component Signalling. We have used the well-known phenomenon
of distinct effects of different CK-to-auxin ratios on the develop-
ment of plant explants in vitro (3, 27) and adapted this system to
study the mechanism underlying de novo organogenesis. Placement
of Arabidopsis hypocotyls on the media with threshold auxin
concentration has resulted in the formation of newly induced
root-like organs, even in the absence of exogenous CK. The
threshold auxin concentration was identified as the lowest auxin
concentration leading to the formation of well-distinguishable
organs at different CK concentrations and was identified to be 30
ng/mL (135 nM) for 2,4-dichlorophenoxyacetic acid [2,4-D] and 100
ng/mL (537 nM) for naphthalene-1-acetic acid [NAA] (Fig. 1A). In
the root-like structures induced by NAA, all important morpho-
logical traits of genuine roots could be recognized (i.e., columella,
lateral root cap, quiescent center, epidermis, cortex, endodermis,
stele). In 2,4-D–induced organs, only the columella-like cells could
be distinguished. However, in both 2,4-D– and NAA-induced
organs, the columella-like cells revealed DR5 activity, which is
consistent with the situation in genuine roots. With an increasing
concentration of CK in the media, we observed a decreasing ability
of hypocotyl explants to form root-like structures and their gradual
disorganization (Fig. 1A and Fig. S1, for more details see later in
the text). At the CK (kinetin) concentration of 300 ng/mL (1.4 �M,
further referred to as the CK threshold), only disorganized callus
was produced (Fig. 1A), with very rare remnants of distinguishable
root-like organs (Fig. S1). After a prolonged period of cultivation
at these CK and auxin concentrations, the calli turned green, and
new shoots have occasionally been formed from the disorganized
tissue (data not shown). However, at auxin concentrations below
the organ-inducing threshold, CK alone was unable to induce any
organogenic response (Fig. 1 A and B). This suggests that auxin
triggers organogenesis, whereas CK modulates it.
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To address the involvement of CK signaling in the observed
phenomenon, we analyzed expression of the primary CK re-
sponse genes (i.e., the A-type ARR genes) (28) in hypocotyl
explants using quantitative real-time (qRT) PCR in the presence
of auxin threshold [NAA (100 ng/mL)] and increasing CK
concentration. With the exception of ARR3, which peaked at 30
ng/mL (139 nM) kinetin, we have found a gradual increase in the
expression levels of all inspected A-type ARRs with increasing
CK concentration; a particularly steep increase of expression was
observed at the CK threshold concentration (Fig. 2A). Next, we
addressed the involvement of CK perception and its specificity
in the observed morphogenic effect. We analyzed the organo-
genic response in hypocotyl explants isolated from mutants in
CK receptors AHK2, AHK3, and AHK4 (29, 30). All single, and
particularly double, mutants showed increased resistance to CK
in terms of modulation of organogenesis in comparison to
corresponding WT (Fig. 2B). Differences in the strength of the
phenotype in particular single and double ahk mutants suggest

a certain specificity of individual signaling pathways in the
CK-dependent modulation of organogenesis, with a dominant
effect of AHK4, followed by AHK3 and AHK2 (AHK4 � AHK3 �
AHK2; Fig. 2B). These findings are in accordance with previous
observations (29, 30), thus confirming the suitability of our
experimental setup. Collectively, these results show that CKs
modulate the auxin-induced organogenic response in Arabidop-
sis via two-component signaling.

AIO Is Accompanied by the Production of Endogenous CKs and
Tissue-Specific Activation of CK Signaling. The expression of A-type
ARRs even in the absence of exogenous CKs (Fig. 2A and data not
shown) suggests that the AIO might be accompanied by endoge-
nous CK production and subsequent activation of CK signaling. To
identify the potential importance of endogenous CKs in AIO, we
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Fig. 1. CK modulates AIO. (A) Formation of root-like organs and calli in
hypocotyls grown on different combinations of 2,4-D and kinetin. (B) Details of
the root-like organs (green frames in A) formed in the absence of kinetin and at
different 2,4-D concentrations. In contrast, no organogenic response was ob-
served at the low auxin concentration and any of the tested kinetin concentra-
tions (red frames in A). (Scale bars: 100 �m in green frame and 400 �m in red
frame.)

Fig. 2. CK modulates organogenesis via a two-component system. (A) Relative
expression of CK primary response genes, A-type ARRs with the increasing CK
concentration in the presence of NAA (537 nM). The statistical significance of
identified differences in comparison to the absence of exogenous CKs (t test) at
alpha 0.05 and 0.01 is designated (* and **, respectively); error bars show SDs. (B)
Phenotypes of root-like organs induced by NAA (537 nM) at the increasing CK
concentrations in WT (Col-0 and Ws ecotypes) and different single and double CK
receptor mutants. All mutants are of Col-0 ecotype except for ahk4 and ahk3
ahk4, which carry ahk4–1 allele from Ws (see Materials and Methods). (Scale bar:
50 �m.)
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inspected organogenesis in hypocotyl explants with endogenous
CKs depleted via ectopic overexpression of CYTOKININ OXI-
DASE/DEHYDROGENASE genes (19). In Pro35S:AtCKX2 and
Pro35S:AtCKX3 explants, we observed partial resistance to CK, as
manifested by increased competence of hypocotyl explants to form
root-like organs (Fig. S1) and formation of root-like structures even
at the CK threshold concentration (Fig. 3 A and B). Because kinetin
has been found to be only a poor substrate of CKX (31), this effect
seems to be attributable to a decrease of endogenous CKs rather
than to inactivation of exogenously applied CKs. To confirm that,
we have measured levels of endogenous CKs in hypocotyl explants
cultivated in the absence and presence of exogenous CKs. In the
WT hypocotyl explants, endogenous CKs [from active CKs, pre-
dominantly trans-zeatin-9-riboside (ZR) and ZR phosphate] were
found in the hypocotyls grown at the organogenesis-inducing
(threshold) auxin concentration in the absence of exogenous CK.
The amounts of most of the endogenous CKs were substantially
reduced in the Pro35S:AtCKX3 hypocotyl explants (Fig. 3C and Fig.
S2). Surprisingly, the addition of exogenous CKs led to the further
reduction of endogenously produced CKs in both WT and AtCKX3
overexpressing hypocotyl explants (Fig. 3C). This is presumably
attributable to up-regulation of endogenous AtCKX expression by
exogenous CKs (32). These data show that AIO is accompanied by
the production of endogenous CKs that affect its developmental
output.

To gain insight into the potential tissue specificity of CK pro-
duction and action during AIO, we have inspected expression of
ARR5, one of the earliest expressed CK primary response genes
(28). In agreement with our qRT-PCR data, we have observed the
activity of ARR5 promoter in ProARR5:GUS hypocotyl explants
even in the absence of exogenous CKs (Fig. S3A). GUS activity in
hypocotyl explants was delimited to the induced root-like organs,

suggesting tissue specificity of CK signaling leading to up-regulation
of ARR5 expression. Expression of ARR5 was reduced in both
Pro35S:AtCKX2 and Pro35S:AtCKX3 lines (Fig. S3A and data not
shown, respectively). Altogether, these findings indicate that AIO
is accompanied by tissue-specific activation of the CK signaling
pathway and endogenous CK production that contributes to the
CK-dependent modulation of AIO. Thus, the CK effect on AIO in
our system is a sum of both endogenous and exogenous CKs.

CK Affects Auxin Distribution During de Novo Organogenesis. To
identify a mechanism of CK action during AIO, we inspected its
effect on the morphology of auxin-induced organs in more detail.
Interestingly, we found important differences in CK effect on AIO
induced by either 2,4-D or NAA. In the absence of exogenous CKs,
NAA induces formation of root-like structures with a cellular
pattern that resembles Arabidopsis roots. The increasing CK con-
centration led to a decrease in the number of NAA-induced organs
(Fig. S1); however, the morphology of formed organs was only
slightly affected by CK concentration below the CK threshold (Fig.
4A). In contrast, 2,4-D induced formation of only poorly specified
root-like organs that only partially resembled Arabidopsis roots, and
the increasing CK concentration led to a gradual loss of organ
structure and patterning (Fig. 4A). However, in both cases, the CK
threshold led to the loss of organ formation and only unorganized
callus was formed (Fig. 4A). The 2 types of auxin used, 2,4-D and
NAA, differ in the mechanism of their transport in plant cells.
While 2,4-D must be taken up into cells actively by AUX/LAX
importers (11), NAA enters cells almost entirely via passive diffu-
sion (33). On the other hand, NAA, but not 2,4-D, gets out from
cells easily via auxin efflux carriers (33, 34), and can thus be more
efficiently transported between cells. Thus, these different effects of
CK on NAA- and 2,4-D–induced organogenesis indicated the
involvement of auxin transport in this process.

Transport-dependent control of the spatial and temporal pattern
of auxin distribution in plant tissues plays an important role in
multiple aspects of organogenesis in planta (13). Thus, we examined
the potential CK effect on the formation of local auxin maxima as
visualized by the activity of the auxin response reporter DR5 (35)
in organs induced by 2,4-D or NAA. The NAA-induced organs
displayed single auxin maxima at the ‘‘root tip,’’ which resembles the
situation in Arabidopsis root primordia (13, 36). With an increasing
CK concentration, the auxin maxima in NAA-induced organs were
only slightly affected; they became diffuse and weaker, as visible
particularly in DR5rev:GUS (Fig. 4B). On the other hand, 2,4-D–
induced organs formed with multiple ectopically located auxin
maxima in additional “root tips”. The increasing CK concentration
resulted in the formation of less focused auxin maxima and their
spreading and disorganization. That correlated well with changes in
the shape of 2,4-D–induced root-like organs, (i.e., gradual loss of
the organ structure and patterning) (Fig. 4B). At the CK-threshold
concentration, almost complete loss of auxin maxima formation
was observed in both NAA- and 2,4-D–induced calli (Fig. 4B).
Thus, the apparently higher sensitivity of 2,4-D–induced organs to
CK-mediated morphogenic effect very probably reflects lower
efficiency of efflux carriers to relocate 2,4-D in comparison to
NAA. However, at concentrations reaching or higher than the CK
threshold, the auxin efflux capacity decreases below the level
necessary for formation of defined auxin maxima and, conse-
quently, results in loss of organ patterning in both 2,4-D– and
NAA-induced organogenesis.

Moreover, treatment with 1-naphthylphthalamic acid (NPA), a
potent inhibitor of polar auxin transport at the level of auxin efflux
(37, 38), partially mimics the effect of exogenous CKs (Fig. 4C). In
the presence of NPA (10 �M) and absence of exogenous CKs, NAA
induces the formation of root-like organs similar to those induced
by 2,4-D. However, these organs were more sensitive to both
endogenous and exogenous CKs. That was manifested by the
formation of a large amount of callus and a higher degree of organ
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Fig. 3. Auxin induces production of endogenous CKs that contribute to AIO. (A)
Formation of root-like organs induced by NAA (537 nM). Note that in
Pro35S:AtCKX2 and Pro35S:AtCKX3 lines, there are still root-like organs distin-
guishable even at the CK threshold concentration (arrowheads), which is not the
case in WT. (B) Structure of calli induced by auxin (537 nM NAA) at the CK
threshold (1.4 �M kinetin). In the Pro35S:AtCKX3 line, there are still patterned
organs distinguishable (arrowhead) in comparison to WT, where only almost
completely disorganized tissue could be detected. Arrows point to the patterned
vascular tissue in Pro35S:AtCKX3 calli. (Scale bar: 200 �m.) (C) Levels of endoge-
nous CKs after induction of organogenesis by NAA (537 nM) at different exog-
enous CK concentrations. The statistical significance of identified differences in
comparison to WT (t test) at alpha 0.05 is designated (*); error bars show SDs. For
the data on all analyzed CK metabolites, see Fig. S2 and Table S1.
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structure disintegration even at the lowest CK concentration ap-
plied, thus resembling the CK threshold (Fig. 4C and Fig. S3).
Accordingly, in the absence of exogenous CKs, NPA led to the
formation of organs whose structure was better preserved and more
resembled roots in Pro35S:AtCKX2 hypocotyl explants in compar-
ison to WT (Fig. S3B). This suggests partially synergistic but distinct
effects of NPA and CKs on the AIO. Taken together, our results
indicate a correlation between auxin distribution and its organo-
genic effect during de novo AIO and suggest an interference of CKs
with the formation of the cellular efflux-dependent local auxin
maxima. Nevertheless, it is obvious, and must be considered, that

apart from the role of CKs in the regulation of auxin distribution,
CKs also affect organogenesis via other mechanisms (e.g., regula-
tion of cell proliferation) (3).

CK Affects the Expression of PIN Auxin Efflux Carriers and the Cellular
Efflux of Auxin. Our results suggest that, as shown for in planta
organogenesis (12, 13, 15), auxin efflux is also required for control
of auxin distribution during de novo-induced organogenesis in our
in vitro system. Therefore, we tested the scenario that CK influ-
ences AIO through an effect on auxin efflux. Accumulation of
radioactively labeled NAA ([3H]NAA) in cultured tobacco BY-2
cells is a reliable system for the measuring and quantification of
auxin efflux (34). When CKs were added to the cell suspension just
at the beginning of the assay (i.e., together with [3H]NAA), no CK
effect on the [3H]NAA accumulation was observed. However,
pretreatment of BY-2 cells with CKs (5 �M ZR for 16 h) led to the
increase of the [3H]NAA accumulation (i.e., to a decrease of its
efflux) (Fig. 5A). Similar results were obtained with various other
CKs (Fig. S4). Thus, CKs similar to established auxin transport
inhibitors, such as NPA, inhibit auxin efflux. However, the long lag
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the case of organs induced by 2,4-D. The auxin maxima are gradually less pro-
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theCKthreshold.Note the largeamountofcalli (arrowheads) formedevenat the
lowest kinetin concentration [3 ng/mL (14 nM)] in comparison to well-
recognizable root-likeorgansat thesamekinetinconcentration in theabsenceof
NPA (arrows); this resembles the effect of the CK threshold in the absence of NPA
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time of CK effect suggests that CKs regulate auxin efflux in BY-2
cells via regulation of expression of genes for efflux carriers or
regulatory proteins rather than via direct interference with efflux
activity. CK enhances ethylene biosynthesis (39), and the involve-
ment of ethylene in the regulation of auxin transport has been
reported (40, 41). Therefore, we analyzed CK effects on the auxin
efflux in the presence of aminoethoxy vinyl glycine (AVG), an
inhibitor of ethylene production (42). No difference in auxin
accumulation in BY-2 cells treated with CK was observed between
the absence and presence of AVG (Fig. S4), showing that CKs act
on auxin efflux independent of regulation of ethylene biosynthesis.

Next, we addressed the possible mechanisms by which CKs
modulate auxin efflux. Auxin carriers from the PIN family were
identified to be the rate-limiting regulators of the cellular auxin
efflux (34), and their key role in generating differential local auxin
distribution has been demonstrated (5). Because cellular output of
CK signaling occurs at the level of regulation of gene expression, we
tested possible regulation of PIN expression by CKs. Using qRT-
PCR, we have observed differential transcription of individual PIN
genes in hypocotyl explants cultivated in the presence of auxin
threshold (537 nM NAA) and different CK concentrations. Al-
though the expression of PIN3 peaked at 100 ng/mL CK (464 nM
kinetin) and decreased with further increasing CK concentrations,
the expression of PIN6 was up-regulated at the same CK concen-
tration (100 ng/mL) and further increased at 1,000 ng/mL CK (4.6
�M kinetin) (Fig. 5B). The transcription of root-specific PIN2 (10)
dramatically decreased at the CK threshold, presumably reflecting
the loss of root identity and formation of only undifferentiated calli
(Fig. 5B). Interestingly, PIN1 transcription was only slightly down-
regulated even at the highest CK concentration (4.6 �M kinetin)
(Fig. 5B). However, in both 2,4-D– and NAA-induced root-like
organs, the signal of PIN1-GFP was getting weaker and more
diffuse with the increasing CK concentrations (Fig. 5C). The
PIN1-GFP signal was lost in calli at the CK threshold concentration,
and only residual PIN1-GFP, apparently not associated with plasma
membrane, was occasionally detectable (data not shown); for
quantification of the CK effect on PIN1-GFP expression, see Fig.
S5. Thus, CKs seem to affect the expression of PIN genes, possibly
at both transcriptional and posttranscriptional levels. Taken to-
gether, these results show that CKs regulate expression of PIN auxin
efflux carriers during de novo AIO, which provides a plausible
mechanism for CK-dependent regulation of auxin efflux.

Endogenous CKs Are Required for Differential Auxin Distribution in
Arabidopsis Roots. Our results imply that CKs can affect auxin
distribution during de novo organogenesis via regulation of auxin
efflux from cells. In root development, differential auxin distribu-
tion has been shown to regulate activity and patterning of the root
meristem (7, 36). Thus, we addressed whether endogenous CKs are
required for auxin distribution and root meristem patterning in
planta. We examined the formation of local auxin maxima (visu-
alized by DR5 activity) in CK-deficient Pro35S:AtCKX2 and
Pro35S:AtCKX3 plants. In the root tips of these plants, DR5rev:GFP
expression in columella expanded more laterally in comparison to
that of control (Fig. 6A). We analyzed 2 lines of each transformant,
Pro35S::AtCKX2 and Pro35S::AtCKX3. For Pro35S::AtCKX2, 30
and 33 aberrant roots were scored out of 38 and 40 inspected roots,
respectively (30 of 38 roots and 33 of 40 roots). For
Pro35S::AtCKX3, the result was similar (32 of 41 roots and 19 of 23
roots). In WT background, only 5 of 39 inspected roots revealed
aberrations in the DR5rev:GFP expression pattern. Accordingly, the
first 5 columella cells were significantly enlarged in the longitudinal
direction in several independent Pro35S:AtCKX2 and
Pro35S:AtCKX3 lines (Fig. S6). This presumably reflects the dose-
dependent role of auxin in the regulation of cell elongation (43) and
provides additional evidence for a disturbed auxin gradient in the
root tip of Pro35S:AtCKX2(3) lines. We also tested whether en-
dogenous CK levels influence PIN transcription or polar PIN

localization. In the roots of 6-day-old seedlings of both
Pro35S:AtCKX2 and Pro35S:AtCKX3 lines, polar localization of
PIN2 and PIN4 proteins did not differ from that of controls (Fig.
S7), but we have found a strong decrease in the PIN2 and PIN4
mRNA levels (Fig. 6B). Based on these data, we conclude that
distinct levels of endogenous CKs are necessary to maintain ex-
pression of PIN auxin efflux carriers in the root tip, thus regulating
formation of local auxin maxima and root meristem development.
These data show that the mechanism of CK-dependent regulation
of PIN transcription and control of differential auxin distribution
that we identified during de novo organogenesis also applies for
processes in planta.

Discussion
Our work addresses the mechanism underlying the role of the
phytohormones auxin and CK in plant organogenesis. We show
that in contrast to CK, auxin is able to induce a de novo
organogenic response in hypocotyl explants. This is in accor-
dance with the recent recognition of auxin and/or its gradients
as a general trigger for the change in the developmental program
in plants (4, 15). We have found that the auxin-induced orga-
nogenic response is accompanied by production of endogenous
CKs and the tissue-specific activation of the CK signaling
pathway. The activation of ARR5 expression in the absence of
exogenous CKs was also observed in root explants (44). This
further confirms our conclusions and implies that auxin might
induce similar developmental programs in root and hypocotyl
explants, thus strengthening the role of auxin as a universal
trigger of organogenesis.

Formation of lateral roots represents one of the examples for
postembryonal de novo organogenesis in plants. Recent reports (20,
22) suggest potential involvement of CKs in the regulation of auxin
efflux during lateral root formation. Exogenous CKs are supposed
to down-regulate expression of all inspected PIN genes at early
stages of lateral root primordia development (20). However, this
does not seem to be the case in the roots of Pro35S:AtCKX2(3) lines,
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Fig. 6. Endogenous CK levels are required for local auxin maxima formation
and mediate PIN gene expression in Arabidopsis roots. (A) Depletion of endog-
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in which at least PIN2 and PIN4 are down-regulated after endog-
enous CK depletion. Our results reflect predominantly the context
of primary root meristem, because we have analyzed PIN expres-
sion in the roots of 6-day-old seedlings, in which only a few lateral
roots and lateral root primordia have yet been formed. This implies
that CKs affect the expression of individual PIN carriers differen-
tially in particular plant tissues and that complex interactions
between CKs and individual members of the auxin-efflux machin-
ery should be further characterized in a spatiotemporal context.

Our results suggest that in addition to recently identified inter-
action between CK and auxin on the level of signaling (45), CKs
modulate auxin distribution via regulation of auxin efflux. This type
of regulation represents a thus far unidentified mechanism for
well-known CK-auxin interactions during plant development. We
propose that changes in endogenous CK levels form an intrinsic
part of the auxin-induced organogenic response and that
CK-mediated modulation of auxin distribution via regulation of
auxin efflux is one of the mechanisms underlying the auxin-CK
interaction during organogenesis in plants.

Materials and Methods
Plant Materials. Unless otherwise stated, all plant material used was Arabidopsis
thaliana, ecotype Col-0. For the hypocotyl explant assay, ahk2–1, ahk3–1, and

ahk4–1 (30) single-mutant lines and ahk2–1 ahk3–1, ahk3–1 ahk4–1 (30), and
ahk2–2TK cre1–12 (29) double-mutant lines were used. For details of preparation
of transgenic lines used, see SI Text.

Hypocotyl Explants Assay. Plants were cultivated 1 day in the light and 5 days in
the dark in Petri dishes with Murashige and Skoog medium, including Gamborg
B5 vitamins in growth chambers (Percival) at 21 °C. Hypocotyls were isolated by
removing cotyledons and roots and were placed on Petri dishes with cultivation
medium as described (27) and enriched with respective hormone concentrations.
Kinetin, 2,4-D, and NAA were purchased from Sigma-Aldrich. Hypocotyl explants
were cultivated for 21 days under long-day conditions (16 h light at 21 °C and 8 h
dark at 19 °C), a light intensity of 100 �M�m�2�s�1, and 80% relative humidity.

[3H]NAA Accumulation in BY-2 Cells. The [3H]NAA accumulation assay was
performed as described (38).
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Materials and Methods
Plant Material and Growth Conditions. For the preparation of
Pro35S:AtCKX2 and Pro35S:AtCKX3 lines, we have cloned
AtCKX3 cDNA and the genomic fragment corresponding to the
coding sequence of AtCKX2 under the control of CaMV35S
promoter in the pGJ-Bar plasmid, containing CaMV35S expres-
sion cassette (CaMV35S promoter and transcription terminator).
Transgenic plants have been obtained by the floral-dip method
(1), and several independent single-insertion lines homozygous
for the transgene were selected. Selected lines were crossed with
DR5rev:GFP and ProARR5:GUS transgenic lines, and double-
homozygous lines were used for the analysis. Plants were culti-
vated in growth chambers (Percival Scientific, Inc.) under long-
day conditions (16 h light/8 h dark) at 21 °C in Petri dishes on
Murashige and Skoog medium at a light intensity of 150
�M�m�2�s�1 and 60% relative humidity or in the soil in the
greenhouse under long-day conditions (16 h light at 21 °C and 8 h
dark at 19 °C) at a light intensity approximately 100 �M�m�2�s�1

and 60% relative humidity. BY-2 tobacco cell suspension was
cultivated as described by Petrasek et al. (2).

qRT-PCR. Total RNA from plant tissue was isolated using the
RNAqueous Small Scale Phenol-Free Total RNA Isolation Kit
(Ambion) according to the manufacturer’s instructions. cDNA
was prepared, and qRT-PCR was performed using the DyNAmo
Flash SYBR Green qPCR Kit (Finnzymes) according to the
manufacturer’s instructions on a Rotor-Gene 3000 (CORBETT
RESEARCH) instrument. PIN transcripts were quantified as
previously described (3). All expression levels were normalized
to UBIQUITIN10.

For quantification of ARR transcripts, the following primers
were used: fARR3rt (5�-ATC GCC TCT GTC TAT GGT T-3�),
rARR3rt (5�-AAG TTC CTT CGT GAG CAA A-3�), fARR4rt
(5�-ATT CGT CTC CGC CGT TAT-3�), rARR4rt (5�-CGT
CAT CAT CTT CAT CGT CT-3�), fARR5rt (5�-GCT GAT
AGA ACC AAG ACT GA-3�), rARR5rt (5�-CTT CCA AAA
TAA CAC ACC AC-3�), fARR6rt (5�-ATG GCT GAA GTT
ATG CTA CCG AG-3�), rARR6rt (5�-TCA GAT CTT TGC
GCG TTT GAG-3�), fARR7rt (5�-GGT GGA GAT TTG ACT
GTT AC-3�), rARR7rt (TGG TTT TGC TAA GGT CTT
GG-3�), fARR15rt (5�-ATG GCT CTC AGA GAT TTA TCT
TC-3�), and rARR15rt (5�-TTA ACC CCT AGA CTC TAA
TTT G-3�). All expression levels were normalized to UBIQ-

UITIN10: fUBQ10rt (5�-AAC GGG AAA GAC GAT TAC-3�)
and rUBQ10rt (5�-ACA AGA TGA AGG GTG GAC-3�).

For individual pairs of primers, the following conditions were
used:

UBQ10, ARR3, ARR4: 95 °C/7 min � 35�(95 °C/15 s �
60 °C/20 s � 72 °C/20 s) � 72 °C/1 min � melt

ARR5: 95 °C/7 min � 35�(95 °C/15 s � 56 °C/30 s � 60 °C/30
s) � 60 °C/1 min � melt

ARR6: 95 °C/7 min � 35�(95 °C/20 s � 57 °C/30 s � 72 °C/1
min) � 72 °C/1 min � melt ARR7

ARR15: 95 °C/7 min � 40�(95 °C/20 s � 58 °C/30 s � 72 °C/1
min) � 72 °C/1 min � melt

Microscopy and Histology. Differential interference contrast and
fluorescence microscopy were done on an Olympus BX61
microscope (Olympus Optical Co., Ltd.) equipped with a DP50
or DP70 CCD camera (Olympus Optical Co., Ltd.) using ap-
propriate filter sets for detection of GFP (excitation at 460–495
nm and emission 510–550 nm). Confocal microscopy was done
on an Olympus IX81 microscope equipped with a Fluoview 500
confocal unit (Olympus Optical Co., Ltd.). Roots and hypocotyl
explants of inspected lines were stained with propidium iodide
(PI; 10 �g/mL in water for 5 min) and observed using appro-
priate filter sets (PI excitation at 488–543 nm and emission at 610
nm; GFP excitation at 488 nm and emission at 505–525 nm).
ProARR5:GUS lines were stained in 0.1 M sodium phosphate
buffer (pH 7.0) containing 0.1% X-glc, 1 mM K3[Fe(CN)6], 1
mM K4[Fe(CN)6], and 0.05% Triton X-100 for 1 h at 37 °C and
were destained overnight in 80% (vol/vol) ethanol. Tissue clear-
ing was done as previously described (4). For the anatomy
studies, hypocotyl segments were fixed in 3% (wt/vol) parafor-
maldehyde and 1.5% (vol/vol) glutaraldehyde in PBS buffer (pH
7.4), dehydrated in ethanol series, and embedded in Paraplast
Plus (Tyco Healthcare Group LP). Longitudinal 3- to 5-�m thick
sections were stained with Alcian blue and nuclear fast red as
previously described (5). Measurements of the columella cell
dimensions were done on micrographs of cleared tissue (4) using
analySIS^D software (Olympus Soft Imaging Solutions,
GmbH). Immunolocalization of PIN2 and PIN4 was performed
as described previously (6).

Measurements of Endogenous CKs. The quantification of endoge-
nous CK levels in plant tissue was done as described previously (7).
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Fig. S1. CK down-regulates the ability of hypocotyl explants to form root-like structures. The effect of increasing CK concentration on the number of root-like
structures formed in the presence of 537 nM NAA is shown. The statistical significance of identified differences of WT in comparison to Pro35S:AtCKX2 (t test)
at alpha 0.05, 0.01, and 0.001 is designated (*, **, and ***, respectively); error bars show SDs.
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Fig. S2. AIO is accompanied by endogenous CK production. Measurements of endogenous CKs in hypocotyl explants grown at different CK concentrations
and at the threshold (organogenesis-inducing) concentration of NAA (537 nM). Results of the representative experiment are presented here. In the graph, zero
results were omitted and non-zero results were split into 2 groups (higher and low concentrations) to allow visualization of differences even in the
low-concentration CK metabolites. The measurement was repeated 3 times, with very similar results. For the raw data, see Table S1. c-Z7G, cis-zeatin-7-glucoside;
c-Z9G, cis-zeatin-9-glucoside; c-ZOG, cis-zeatin-O-glucoside; DHZ7G (1, 2), dihydrozeatin-7-glucoside (1, 2); DHZ9G, dihydrozeatin-9-glucoside; IP7G, isopente-
nyladenine-7-glucoside; IP9G, isopentenyladenine-9-glucoside; IPRP, isopentenyladenine-9-riboside phosphate; Z7G, trans-zeatin-7-glucoside; Z9G, trans-
zeatin-9-glucoside; ZOG, trans-zeatin-O-glucoside; ZR, trans-zeatin-9-riboside; ZROG, trans-zeatin-9-riboside-O-glucoside; ZRP, trans-zeatin-9-riboside phos-
phate.
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Fig. S3. (A) AIO is accompanied by tissue-specific activation of CK signaling. Tissue-specific activity of ProARR5:GUS (blue staining) in root-like organs is induced
by auxin (537 nM NAA) even in the absence of exogenous CKs in WT (Upper) and Pro35S:AtCKX2 (Lower) background. Note the apparent decrease of
ProARR5:GUS expression in Pro35S:AtCKX2 (double-homozygous progeny of individual transgenic lines crossing) and the formation of root-like organs even at
the CK threshold (arrow). Arrowheads depict the small amounts of undifferentiated callus produced at CK concentrations below the CK threshold. (B) CKs and
NPA have partially overlapping but distinct effects on AIO. Morphology of NAA-induced root-like organs in ProARR5:GUS lines in the presence of NPA (10 �M).
Note the apparent better preservation of patterning of root-like organs (arrows) and weaker ProARR5:GUS expression in Pro35S:AtCKX2 background
(double-homozygous progeny of crosses between ProARR5:GUS and Pro35S:AtCKX2 lines) in comparison to WT background in the absence of exogenous CKs.
Note also the large amount of calli (arrowheads) formed in both WT and Pro35S:AtCKX2 lines in the presence of the lowest kinetin concentration used (139 nM)
in comparison to the absence of NPA (compare with A). (Scale bars: 400 �m and 50 �m for overviews and details, respectively.)
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Fig. S4. CKs modulate auxin efflux in BY-2 cells independent of ethylene production. Effect of CK on [3H]NAA accumulation in BY-2 cells. (A) Effect of immediate
addition of CK at different concentrations. (B–F) Effect of pretreatment with different CKs (5 �M) in the presence and absence of the ethylene biosynthesis
inhibitor AVG (10 �M). Note that there is no difference in the absence and presence of AVG, suggesting an ethylene-independent effect of CK on auxin efflux
in BY-2 cells. iPR, isopentenyl adenosine; Z, trans-zeatin; ZR, trans-zeatin riboside; K, kinetin. Error bars show SDs.
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Fig. S5. Quantification of the CK effect on PIN1-GFP signal intensity. (A) The PIN1-GFP signal intensity (approximated to the gray value, ranging from 0 to 255
in our 8-bit micrographs) was measured in root-like structures that developed in hypocotyls in the presence of auxin threshold and increasing CK concentration.
The signal intensity was measured in the position of an arbitrary line; the lines were oriented longitudinally to include as many of the cell files revealing PIN1-GFP
signal as possible. Here, an example of the line positions for one of the micrographs is shown. For each micrograph, 5 measurements in different positions were
performed. (B) Two micrographs for each CK concentration were evaluated; 2 representative measurements from each micrograph are shown here. Note the
gradually decreasing signal intensity with increasing CK concentration. Also note the decreasing intensity in peaks that correspond to plasma membrane-located
PIN1-GFP (arrows) and the slightly increased signal intensity between these peaks, suggesting an increased level of intracellular signal. The results of
measurements in 2,4-D–induced (135 nM) organs are shown; similar results were obtained for NAA-induced organs (data not shown). All the evaluated
micrographs were obtained at the same microscope settings, including the photomultiplier sensitivity level.
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Fig. S6. Columella cells are enlarged in Pro35S:AtCKX2 and Pro35S:AtCKX3 lines. Two independent Pro35S:AtCKX2 and Pro35S:AtCKX3 lines were inspected.
The differences in the sum of the lengths (A), together with the differences in the lengths of individual cell layers (columella initials and columella cell files) were
compared (B). Note that although there was almost no difference identified in the length of the columella initials, the differences were apparent in differentiated
columella cell files, suggesting defects in cell differentiation/elongation. The statistical significance of identified differences of Pro35S::AtCKX2(3) in comparison
to the WT (t test) at alpha 0.05 and 0.01 is designated (* and **, respectively). Error bars show SDs.
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Other Supporting Information Files

Table S1

Fig. S7. Endogenous CKs do not affect polar localization of PIN2 and PIN4. Immunolocalization of PIN2 (green signal, arrows) and PIN4 (red signal, arrowheads).
Note that both PIN2 and PIN4 keep their polar localization in WT and Pro35S:AtCKX2 and Pro35S:AtCKX3 lines. (Scale bar: 50 �M.)
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Cytokinin (CK) has been known to inhibit primary root

elongation and suggested to act as an auxin antagonist in the

regulation of lateral root (LR) formation. While the role of

auxin in root development has been thoroughly studied, the

detailed and overall description of CK effects on root system

morphology, particularly that of developing lateral root

primordia (LRPs), and hence its role in organogenesis is

still in progress. Here we examine the effects of conditional

endogenous CK overproduction on root architecture and

consider its temporal aspect during the early development of

Arabidopsis thaliana. We employed the pOp/LhGR system to

induce ectopic ipt overexpression with a glucocorticoid

dexamethasone at designated developmental points. The

transient CaMV 35S`GR`ipt transactivation greatly

enhanced levels of biologically active CKs of zeatin (Z)-type

and identified a distinct developmental interval during which

primary root elongation is susceptible to increases in

endogenous CK production. Long-term CK overproduction

inhibited primary root elongation by reducing quantitative

parameters of primary root meristem, disturbed a character-

istic graded distribution pattern of auxin response in LRPs

and impaired their development. Our findings indicate the

impact of perturbed endogenous CK on the regulation of

asymmetric auxin distribution during LRP development and

imply that there is cross-talk between auxin and CK during

organogenesis in A. thaliana.

Keywords: Arabidopsis thaliana — Auxin–cytokinin cross-

talk — CaMV 35S4GR4ipt transactivation — DR5

activity — Endogenous cytokinin — Root development.

Abbreviations: AHK, Arabidopsis thaliana histidine kinase;
CaMV, cauliflower mosaic virus; CK, cytokinin; DAG, days after
germination; DEX, dexamethasone; GFP, green fluorescent
protein; GR LBD, glucocorticoid ligand-binding domain; GUS,
b-glucuronidase; HSP, heat-shock protein; iP, isopentenyl adenine;
IPT, isopentenyltransferase; LR, lateral root; LRP, lateral root
primordium; Z, zeatin; ZRP, zeatin riboside phosphate.

Introduction

Postembryonic root system development reflects a

tremendous plasticity of plants as they adapt to varying

environmental conditions. This process of meristem forma-

tion and maturation as well as de novo organogenesis

is regulated by a network of hormonal signals. Plant

hormones, cytokines (CKs) and auxins, have been identified

as key regulators of the cell proliferation and differentiation

during root development. Thus, defining the precise role of

CK in primary root meristem maturation and lateral root

(LR) formation has recently become a matter of interest.

The in planta manipulation of internal plant hormone

levels has beeen used to study their biosynthesis (Åstot et al.

2000), interaction (Eklöf et al. 2000, Nordström et al. 2004)

or other aspects, and the impact of their enhancement (Faiss

et al. 1997, McKenzie et al. 1998, Kunkel et al. 1999). Up to

now, studies of phenotypic changes, achieved by exogenous

CK application or by overexpression of the bacterial ipt

gene, have suggested that CKs have a negative role in

primary root elongation and LR formation (Medford et al.

1989, Smigocki 1991, Hewelt et al. 1994, Li et al. 2006). In

agreement with that, the same conclusion has been drawn

from studies on decreasing endogenous CK levels due to the

overexpression of the CK OXIDASE/DEHYDROGENASE

(CKX) gene (Werner et al. 2003, Yang et al. 2003). The role

of CK in root development has also been addressed in

studies on mutants in CK signaling (Higuchi et al. 2004,

Nishimura et al. 2004, To et al. 2004, Hutchison et al. 2006,

Riefler et al. 2006).

The role of auxin in root meristem development,

establishment and maintenance has been thoroughly

studied. One way to look at auxin distribution in meristems

is by visualizing the expression pattern of reporter genes

driven by a synthetic auxin-responsive DR5 promoter

(Ulmasov et al. 1997). This has been used to study maximal
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auxin levels and their developmental significance in the

primary root meristem (Sabatini et al. 1999, Friml et al.

2002). The DR5-driven expression pattern has been defined

for each stage of developing lateral root primordium (LRP)

in a study that attributed a general role to auxin in plant

organogenesis (Benkova et al. 2003). Auxin has been

regarded as a non-cell-autonomous signal that interacts

with other signaling pathways to regulate developmental

processes (Swarup et al. 2002). It does so by movement

through phloem or by regulated, directional, cell-to-cell

movement facilitated by influx (AUX1, LAX family) and

efflux (PIN family) protein carriers (reviewed in Friml

2003). This allows auxin to ‘meet’ CK to regulate the cell

cycle synergistically during shoot cell proliferation (Swarup

et al. 2002). In the root, however, LR formation is

promoted by auxin (Blakely et al. 1988, Casimiro et al.

2003) but this is opposed by the inhibitory influence of CK

(Swarup et al. 2002, Werner et al. 2003).

Studies on the homeostatic cross-talk between the two

plant hormones at the whole plant level (Nordström et al.

2004) showed that auxin mediates a very rapid negative

control of the CK pool (as early as 6 h). In contrast, the

effect of CK overproduction on the entire auxin pool in

3-week-old plants was slower (24–48 h), leading the authors

to conclude that this was most probably mediated through

altered development. The authors also showed strong

evidence that LR meristems are the sites of CK biosynth-

esis. The latter has been confirmed by tissue- and

development-specific expression of the AtIPT genes

(Miyawaki et al. 2004, Takei et al. 2004). In contrast to

the results of Nordström et al. (2004), Miyawaki et al.

(2004) showed that AtIPT5 (predominantly expressed in the

LRPs) andAtIPT7 (predominantly expressed in the vascular

stele of the root elongation zone) were up-regulated by auxin

in roots within 4 h. The above data provide clues about the

spatial specificity of the CK-mediated effects. However, little

is known about the temporal specificity of the CK action

during root development.

Here we present data on the early development of the

post-embryonic root. As an alternative to routinely used

exogenous CK applications and with the idea of possible

differences in exogenous or endogenous CK perception by

roots, we specifically aimed at employing the pOp/LhGR

transactivation system, or, in other words, CaMV

35S4GR4ipt transactivation, to raise endogenous levels

of CKs (Craft et al. 2005, Moore et al. 2006, see Materials

and Methods). We focused on (i) detailed changes in root

morphology due to the in planta CK enhancement; and

(ii) via the use of DR5-based auxin response reporters, on

the role of CK in putative interaction with auxin during LR

morphogenesis. In addition, we took advantage of the

dexamethasone (DEX)-inducible system and performed

transient ipt transactivation that allowed us to follow

(iii) temporal aspects of CK action during the maturation

of primary root meristem. We demonstrate that endogenous

CK production affects formation of auxin concentration

maxima in developing LRP together with LRP morphol-

ogy, and we show that CK effects are specific with regard to

the state of maturation of the primary root meristem.

Results

Endogenous CK overproduction affects primary root

elongation

CK overproduction has been shown to inhibit root

elongation (Medford et al. 1989, Smigocki, 1991, Hewelt

et al. 1994). To determine the inhibitory effect of the ipt-

dependent CK enhancement on root growth in detail, we

employed CaMV 35S4GR4ipt transactivation using the

pOp/LhGR system (Craft et al. 2005) and analyzed root

phenotype after continuous, DEX-induced CK overproduc-

tion at 6 d after germination (DAG, see Materials and

Methods).

Based on the number of transgenes of the used pOp/

LhGR transactivation system (double homozygous or

heterozygous state of pOp::ipt and CaMV 35S::LhGR

loci, see Materials and Methods), we have identified

differences in the strength of the root response. In the

case of the strong phenotype response [double homozygous

plants (þþ), Fig. 1C], the average primary root length

reached 13% of the untreated control value at 6 DAG

(Fig. 1G). From this day on there was no detectable

progress in the root development of DEX-treated seedlings.

Seedlings of the intermediate phenotype [double hetero-

zygous (þ), Fig. 1B] exhibited a lower degree of inhibition.

The average primary root length reached 65% of the

control value on 6 DAG (Fig. 1G). These results demon-

strate two dose-dependent levels of CK-related primary

root growth inhibition. Both levels of the root response

to the enhanced endogenous CK [(þ) and (þþ)] were

subjected to further analysis.

CK overproduction affects quantitative parameters of the

primary root meristem

Root growth is a process resulting from cell division in

the primary root meristem and from cell elongation

occurring predominantly in the elongation zone. However,

as the effects of CK on cell elongation may not be specific to

CK (Eva Benkova, personal communication, see also

Discussion), we have concentrated on the role of endogen-

ous CK in the meristems and inspected primary root

meristems in the continuously transactivated plants for

possible changes in morphology.

Experiments with lowered endogenous and increased

exogenous CK levels (Werner et al. 2003, Ioio et al. 2007,

respectively) have demonstrated that CK controls the root
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Fig. 1 Overproduction of endogenous CKs affects primary root elongation by reducing quantitative parameters of the primary root
meristem. Root growth of A. thaliana was evaluated at 6 DAG. Two levels of primary root length reduction are shown as a result of DEX-
induced ipt-dependent CK enhancement designated as intermediate (þ) and strong (þþ) compared with uninduced control (�). DEX was
present in cultivation media from the moment of germination (continuous ipt induction). (A–C) Overall phenotype. (D–F) Detailed view of
primary root tips; long arrows indicate the distance between the first and the last dividing cortex cell (estimated morphologically); cell
length of differentiated or differentiating cells in close proximity to the first detectable (lignified) protoxylem elements (arrowheads) was
apparently reduced in (þþ) phenotypes (small arrows). (G) Endogenous CK enhancement leads to significantly reduced primary root length
(Kruskal–Wallis test: N¼ 149, Q¼ 127.581; P50.001; multiple comparison: P50.001). (H) Root length reduction is correlated with
reduction of meristematic cell division zone length (ANOVA: F¼ 323.742, df1¼ 2, df2¼ 81, P50.001; Tukey post hoc test: P50.001 in all
pairs of groups). (I) Reduction of meristem size is a result of a decreased number of cells within the cell division zone (ANOVA:
F¼ 328.381, df1¼ 2, df2¼ 87, P50.001; Tukey post hoc test: P50.001 in all pairs of groups). (J) CK-overproducing seedlings of
intermediate phenotype exhibit significantly reduced promeristem diameter (Mann–Whitney U-test: N¼ 19, P50.001). Genetic
background: (�) and (þ) mark plants triple heterozygous for the CaMV 35S::LhGR, pOp::ipt and DR5::uidA or DR5::GFP loci; (þþ) marks
plants carrying the CaMV 35S::LhGR and pOp::ipt in the homozygous state. Scale bars: 1mm (A–C) and 100 mm (D–F). Error bars represent
standard deviations.
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elongation primarily by controlling the size of the meristem

rather than by changes in cell division rate. Therefore, we

analyzed the impact of increased levels of endogenous CKs

on the size of the meristematic cell division zone. At 6

DAG, the longitudinal dimension of the cell division zone

was significantly reduced in the roots of individuals

displaying the intermediate phenotype [(þ), Fig. 1H],

predominantly as a result of a reduction in the cell

number (Fig. 1I). We also observed a reduced diameter of

the primary root tip (measured as a transverse line directed

through the quiescent center, Fig. 1J). At 6 DAG, the

dimension of the cell division zone in highly activated roots

(þþ) was even more reduced (Fig. 1H), again due to a

reduction in the meristematic cell number (Fig. 1I). The

average length of the cell division zone of the control,

intermediate and strong phenotype was 224.4, 100.5 and

83.5 mm, respectively (Fig. 1H).

Based on these results, we conclude that the increase in

endogenous CKs affects root elongation by reducing the

number of dividing cells in the meristem. However, in

contrast to the observed changes of quantitative para-

meters, the cellular pattern of the main root promeristem

remained unaffected (Fig. 2A, D).

CK overproduction interferes with lateral root development

The negative role of CK in LR formation was

previously recognized (Werner et al. 2003, Li et al. 2006,

Riefler et al. 2006). Recently, new molecular evidence has

emerged, suggesting action of endogenous CKs during LR

development (Miyawaki et al. 2004, Takei et al. 2004). To

identify the developmental aspects of CK action during LR

formation, we have screened the roots of transactivated,

6-day-old seedlings displaying the intermediate and the

strong phenotype responses to determine the frequencies

at which LRPs had (i) initiated (Beeckman et al. 2001,

Casimiro et al. 2001); and (ii) further developed (Malamy

and Benfey 1997).

To describe the effects of endogenous CK production

on the initiation of LRP, we have inspected the total number

of newly established LR meristems in continuously trans-

activated plants. The total number of LR meristems per root

was significantly reduced by both levels of ipt-dependent

CK overproduction. It decreased on average from 8.8 in the

control (�) to 7.2 in roots of intermediate phenotype (þ),

i.e. to 82% of the control value, and from 9.8 to 2.9 in roots

with a strong response (þþ), i.e. to 30% of the control

value, respectively (Fig. 3A). However, considering the

reduction of the primary root length (Fig. 1G), the LRP

density of the induced individuals increased somewhat

(Fig. 3B). LRPs frequently occurred in proximity to each

other in the strong (þþ) phenotype (Fig. 3C).

As the next step, we analyzed the potential impact of

endogenous CKs on development of LRPs. To do that, we

have evaluated frequencies of individual stages of LRP

development as defined by Malamy and Benfey (1997) in

continuously transactivated plants. In the 6-day-old

untreated (�) seedlings there were few LRs or LRPs of

higher developmental stages. LRPs of stages II to IV

prevailed (Fig. 3D, E). The distribution of LRPs in

transactivated seedlings of the intermediate (þ) phenotype

at 6 DAG shifted in favor of stages II–IV at the expense of

the latest stages just before and after emergence (Fig. 3D, F);

there were no LRs, only one LRP which was just about

to emerge, and one LRP having reached the epidermis.

In strongly (þþ) responding roots of continuously transac-

tivated plants (Fig. 3E), the LRPs became arrested even

earlier in development. There were only two LRPs at stage

V, while later stages were completely missing, indicating that

the ipt-dependent, CK-related effects were dose dependent

(Fig. 3G).

Thus, while reduction of the root length due to ipt

overexpression does not allow us to draw a clear conclusion

about the effect of increased endogenous CKs on the

initiation of LRPs, our results demonstrate that in response

to the endogenous CK overproduction, growth of LRPs is

inhibited during developmental stages II–IV and their

transition to stage V.

CK overproduction impairs auxin maxima in LRP

The dependence of LRP development on the correct

establishment of local auxin maxima was previously

Fig. 2 Enhanced endogenous CK levels do not change stem cell
organization and DR5 activity distribution in primary root
promeristems of individuals displaying the intermediate phenotype.
(A, D, B, E) Propidium iodide (PI)- or (C, F) GUS-stained primary
root tips of A. thaliana at 6 DAG, triple heterozygous for the CaMV
35S::LhGR, pOp::ipt and DR5::GFP, or DR5::GUS loci, respec-
tively. (A–C) Uninduced controls; (D–F) DEX-induced individuals
(continuous DEX treatment); (A, D) PI fluorescence; (B, E) the same
roots with visualized DR5::GFP expression (green signal). (C, F)
GUS activity localization (blue staining). Scale bars: 10 mm.
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Fig. 3 Effects of endogenous CK overproduction on initiation, development and the DR5 activity distribution pattern of LRPs. Each
graph or image displays the effect of DEX-induced intermediate (þ) or strong (þþ) endogenous CK overproduction on LR formation
compared with uninduced control (�) at 6 DAG. DEX was present in cultivation media from the moment of germination (continuous ipt
induction). (A) Both levels of CK overproduction result in a significant decrease of the total number of the observed LRPs per root
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demonstrated by Benkova et al. (2003). To assess whether

the observed retardation in LRP development in the CK-

overproducing lines is accompanied by disturbed auxin

concentration gradients, we closely examined LRPs for

auxin reporter maxima in crosses between ipt-inducible and

DR5::GUS (b-glucuronidase) lines (triple heterozygous for

pOp::ipt, CaMV 35S::LhGR and DR5::GUS). At 6 DAG,

23% of LRPs were stained in control seedlings whereas

77% were not stained. The roots of continuously DEX-

treated seedlings (þ) contained a slightly higher number

of unstained LRPs (79%). In the DEX-induced seedlings,

16% of the stained LRPs (11/71) displayed a disturbed

DR5::GUS expression pattern (Fig. 3H), manifested by

a loss of a sharp maximum at the distal part of the

primordium (Fig. 3I), whereas only one such primordium

(a future adventitious root at the root–shoot junction—not

included in our results) was observed in the uninduced

control. These results provide evidence of the impact of CK

overproduction on auxin maxima distribution during LRP

development.

The 55% of LRPs with impaired auxin distribution

(6/11) were irregularly shaped in the induced plants

(Fig. 3H, J, K). Misshaped LRPs also occurred to a greater

degree among the unstained LRPs of CK-overproducing

roots [7% (19/260), compared with 2% (4/209) of unstained

LRPs in control, Fig. 3L, M]. These differences between the

uninduced and induced populations demonstrate that long-

term, continuous CK overproduction results in local

disturbances in auxin graded distribution and morphologi-

cal defects during LRP development. However, in contrast

to identified changes of auxin maxima during LRP

development, there was no apparent dislocation and very

weak to no change in the intensities of the spatial pattern of

DR5 activity in the main root meristem in response to

continuous ipt transactivation (Fig. 2B, E and C, F). This is

in agreement with the above-mentioned absence of detect-

able changes in the cellular pattern of the main root

promeristem (Fig. 2A, D).

Temporal pulses of ipt expression reveal a developmental

window for sensitivity of primary root elongation to

endogenous CK

To determine the potential time specificity of CK

action in Arabidopsis, we induced transient ipt overexpres-

sion at distinct intervals (lasting 24 h each), covering

primary root development from the moment of germination

to the first LRP emergence, i.e. the first 6 DAG (see

Materials and Methods). Based on the extent of root

growth retardation, the six tested samples can be divided

into two groups (Fig. 4A). Samples that were induced

during 2, 3 and 4 DAG displayed a greater level of

reduction in primary root length compared with

samples treated by DEX during 1, 5 and 6 DAG.

From the long-term perspective, the former (2, 3, 4) but

not the latter group (1, 5, 6) never reached the final primary

root length of the control (�) after further cultivation under

non-inductive conditions (Fig. 4A, C). No effects on the

root growth were detected in the similarly treated wild-type

plants (data not shown). The intervals 3 and 6 were chosen

for further analyses and designated as ‘early’ and ‘late’

pulses of the ipt transactivation, respectively. Detailed

measurements of the primary root length during the first

12 DAG showed that after the early pulse, root elongation

nearly stopped for the next 4–5 d. In contrast, this inhibition

only lasted for another 24 h after application of the late

pulse of ipt transactivation (Fig. 4D). The elongation rate of

(Kruskal–Wallis test: N¼ 151, Q¼ 92.359; P50.001; multiple comparison: P50.003). (B) Overall LRP density slightly increased (Kruskal–
Wallis test: N¼ 151, Q¼ 30.208, P50.001; comparing sample (�) and samples (þ) and (þþ) in multiple comparisons: P50.005).
However, no significant difference was found between the intermediate and strongly responding roots (multiple comparison: P¼ 0.098).
(C) LRPs in a root of the strong phenotype in close proximity to each other. (D, E) Frequencies of individual stages of LRPs scored in plants
exhibiting the intermediate (D) and strong (E) phenotype. LRPs become arrested at developmental stages II–IV and their transition to stage
V, by both the intermediate (�2¼ 82.296, df¼ 5; P50.001) and the strong level (�2¼ 65.104, df¼ 5; P50.001) of enhanced CKs. (F) DR5
activity during LRP development in uninduced controls (�) vs. plants with intermediate CK overproduction (þ); the later stages of LRPs and
LRs were not identified after ipt transactivation. (G) Endogenous CK production changes the distribution of developing LRPs grouped as
initiating (I), gradually acquiring auxin-autonomous status at stage IV (II–IV), and close to or at the stage of emergence (V–LR); the relative
prevalence of LRPs at stages II–IV suggests interference of enhanced CK production with polar cell-to-cell auxin transport (Kruskal–Wallis
test, N¼ 151, Q¼ 61.162 for stage I, Q¼ 58.503 for stages II–IV and Q¼ 96.123 for stages V–LR, multiple comparisons: P50.001; the
difference between samples (þ) and (þþ) for stages V–LR was not significant: P¼ 0.325). (H) Endogenous CK enhancement results in
changed DR5::uidA expression pattern (�2 goodness-of-fit: �2¼ 16.100, df¼ 3; P¼ 0.001) and morphology (�2¼ 7.983, df¼ 1; P¼ 0.005)
in LRPs. Standard denotes LRPs displaying the DR5::uidA expression pattern reflecting correctly located auxin-graded distribution.
Disturbed denotes LRPs missing a well-defined auxin-graded distribution pattern, frequently misplaced and shifted towards the base of a
primordium. Regular vs. misshaped denotes LRPs exhibiting normal compared with abnormal morphology. (I) An example of an LRP with a
disturbed auxin-graded distribution pattern. (J, K) LRPs with a misplaced DR5::uidA expression pattern and abnormal morphology. (L) An
example of a misshaped LRP with missing detectable DR5 activity maximum. (M) Endogenous CK enhancement results in increased
frequencies of misshaped LRPs among those with an undetectable DR5::uidA expression pattern (�2 goodness-of-fit: �2¼ 7.983, df¼ 1;
P¼ 0.005). Genetic background: (�) and (þ) mark plants triple heterozygous for the CaMV 35S::LhGR, pOp::ipt and DR5::uidA loci; (þþ)
marks plants carrying the CaMV 35S::LhGR and pOp::ipt in the homozygous state. (I–VII) Individual stages of LRP development defined by
Malamy and Benfey (1997); Em, emerging LRP; LR, lateral roots soon after emergence. Scale bars¼ 20 mm.
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the primary root, measured as the increase in root length

per day, was significantly lower after application of the

early compared with the late pulse when measured during

the first 6 d following DEX treatment (Fig. 4E). Fig. 4B

demonstrates that the increase in the ipt transcripts was

similar and transient after 24 h of DEX uptake in both

cases. These results indicate a development-specific

response to the transcriptional activation of the ipt gene.

Both early and late pulses of ipt overexpression greatly

enhance the endogenous levels of biologically active zeatin-

type CKs

To define the enhanced ipt-dependent CK profile at

each of the two chosen intervals of development (early and

late), we performed quantitative CK analysis. Of all the

measured CKs (Fig. 5 and Supplementary Table S1), the

zeatin-type (Z-type) metabolites prevailed at both stages of

development, comprising mostly active forms, which in turn

were mostly represented by riboside phosphates, with zeatin

riboside phosphate (ZRP) as a major compound. Z-type

metabolite levels increased from 285 to 2,250 (i.e. by an

order of magnitude) and from 62 to 8,570 (i.e. by two orders

of magnitude) pmol g�1 FW at the end of the early and the

late ipt pulse, respectively. That means that while levels of

most active CKs of the uninduced control were significantly

higher at the early than at the late stage (�, Fig. 5), this

ratio was reversed in favor of the late stage after ipt

overexpression (þ, Fig. 5).

We have further identified several differences in

relative distribution of CK metabolites between uninduced

controls at early and late intervals. Uninduced levels of CK

conjugates were lower at the early compared with the late

stage, which became even more apparent after ipt over-

expression (Fig. 5). Also a significantly lower proportion

of the CKX-degradable to CKX-non-degradable CKs was

found in control plants at early than at late intervals

(Supplementary Fig. S2E). Not only were the differences

in relative distribution of CK metabolites detectable in

uninduced controls, but minor differences also occurred

between the early and late samples after ipt transactivation.

For example, the proportion of the iP-type- to Z-type CKs

and that of N-7-glucosides to other conjugates was

significantly higher in early than in late stage (see

Supplementary Fig. S2A–E).

Thus the fact that enhanced CK levels, measured at the

end of both developmental intervals, resulted in the stronger

response of 3-day-old compared with 6-day-old roots

indicates the temporal aspect of the CK-mediated inhibition

of primary root elongation. Furthermore, significant

differences in the spectrum of uninduced CK levels between

the early and the late intervals indicate differences in the

basal status of CK metabolism. These differences might

play a role in the observed differential root response that we

suggest is development specific.

Discussion

Effects of enhanced CK levels on the development of the

primary root

Reduced root growth in response to enhanced endo-

genous CK content has previously been observed (Medford

et al. 1989). The phenotype of plants exposed to exogenous

CK and transgenic lines with reduced endogenous CK

suggests a negative role for CK in the regulation of the size

of root meristems (Beemster and Baskin 2000, Werner et al.

2003, respectively). However, disruption of CK signaling

results in reduction of the root meristem size, too (Higuchi

et al. 2004, Nishimura et al. 2004, Hutchison et al. 2006),

suggesting a positive role for the CK particularly in root

meristem maturation. These findings led to the hypothesis

explaining this phenomenon by what is called supraoptimal

endogenous CK levels in the root (Ferreira and Kieber

2005). Thus, reducing the CK contents within physiological

limits to optimal levels (e.g. by CKX activity) would lead to

an acceleration of root growth, while a complete inhibition

of CK signaling would result in reduction of primary root

growth, which is correlated with a reduction in meristem

size. Similarly, overdose of the root with CK would lead to

meristem reduction, too. Our observation of meristem

reduction as a result of the ipt-dependent CK enhancement

is in agreement with this hypothesis.

Miyawaki et al. (2004) have reported that expression

of the Arabidopsis CK biosynthesis gene AtIPT5 was

localized in the root cap soon after germination, but this

signal decreased with time and was undetectable 7

DAG. Recently, Ioio et al. (2007) demonstrated that

CK delimits the size of the root meristem by induction

of cell differentiation at the transition zone. Thus, tem-

poral and spatial specificity of CK action must be

considered when discussing the role of CK in the complex

regulation of formation and maintenance of the root

meristems.

In the transactivation system used here, ipt over-

expression preferentially occurred in more differentiated

parts of the root (see Supplementary material and Fig. S1).

Thus, low (in our system undetectable) expression might

occur in the root meristem, leading to an increase of

endogenous CK sufficient for the observed phenotype

changes. Alternatively (and more probably), CK is dis-

tributed from the place of its biosynthesis towards the root

meristem through vascular tissues (see also the next section

of the Discussion). The latter conclusion is fully in

agreement with the above-mentioned data of Ioio et al.

(2007) who identified vascular tissue at the transition
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between the meristematic cell division and elongation zones

as the essential site of CK action.

Beemster and Baskin (2000) have described the effects

of exogenously applied CK not only on the meristem, but

also outside the meristem, in the elongation zone. Our

results seem to confirm both of these effects (Fig. 1).

However, besides its direct action, CK was shown to

enhance endogenous levels of ethylene (Rashotte et al.

2005). Recently it has been reported that ethylene inhibits

root growth via induction of auxin biosynthesis and auxin

basipetal transport, accompanied by accumulation of the

auxin-responsive DR5::GUS reporter signal in the elonga-

tion zone and auxin-dependent inhibition of cell elongation

(Růžička et al. 2007, Swarup et al. 2007). In contrast,

ethylene does not affect the number of dividing cells in the

root meristem (Růžička et al. 2007). Thus, while the
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Fig. 4 Stage-specific inhibition of primary
root elongation as a result of transiently
induced endogenous CK overproduction.
Six groups of individuals were temporarily
exposed to DEX-mediated induction of ipt
overexpression for 24 h at 0–24 (1), 24–48
(2), 48–72 (3), 72–96 (4), 96–120 (5) or
120–144 h (6) intervals between day 0 and
6 after germination. (A) Average primary
root length of each group measured at 6,
12, 18 and 24 DAG demonstrates distinct
long-term inhibition of root elongation
after early (intervals 2, 3, 4) but not late
(intervals 5, 6) exposure to DEX.
(B) Temporal early (2–3 DAG) and late
(5–6 DAG) treatment by DEX (white or gray
columns, respectively) results in an ade-
quate and transient increase in amounts
of ipt transcripts relative to ACTIN2 and
ACTIN8 transcripts; presented are mean
values of two replications of quantitative
real-time PCR of two independent biologi-
cal samples obtained by RNA isolation
from hundreds of individuals. After the
early or late treatment, RNA was isolated
from the seedlings immediately (3, 6) or
after an additional 24 h of cultivation in the
absence of DEX (4, 7). (C) Phenotypes of
seedlings at 8, 12, 18 and 24 DAG after
transient ipt transactivation in early (2–3
DAG) and late (5–6 DAG) intervals (þ) as
compared with uninduced control (�).
(D) Significant reduction of primary root
length was detected soon after early and
late DEX treatment (þ) compared with
controls transferred to DEX-free media for
24 h (�) [Mann–Whitney U-test, early:
N¼ 80, P50.001, late: N from 50 to 67,
P50.001; comparison of (þ) and (�) on
days 1, 2, 3, 4, 5 and 6 following
induction]. (E) The elongation rate of the
primary root was significantly lower after
application of the early compared with the
late pulse during the first days following
DEX treatment [Mann–Whitney U-test: N
from 69 to 74, P50.008 on days 1, 2, 3, 4,
5 and 6 following induction]. (þ) DEX-
treated samples, (�) uninduced control.
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negative effect of increased endogenous CK on cell

elongation might be an additive effect of both CK end

ethylene or even specific to ethylene, the negative CK effect

on the number of cells within the cell division zone in

primary root meristems is ethylene independent.

Effects of enhanced CK levels on auxin distribution and the

development of LRPs

Our results show that the root responds to an ipt-

dependent increase in endogenous CK levels by arresting

LRPs mostly at the developmental stages II–IV, suggesting

sensitivity and a negative response of developing LRPs to

enhanced CKs at these developmental stages. In agreement

with that, Lohar et al. (2004) observed a repression of the

CK response during LRP development in Lotus at a stage of

pericycle cell division corresponding to stages III–IV in

Arabidopsis thaliana. In contrast, exogenous application of

CK inhibited LRP initiation in A. thaliana (Li et al. 2006,

Laplaze et al. 2007). These observations suggest differences

in the developmental impact of exogenous application

versus endogenous manipulation of CK levels. In agreement

with this idea, endogenous and exogenous CK levels seem

to be monitored by distinct A. thaliana histidine kinases

(AHKs). While AHK4/CRE1/WOL was shown to mediate

the negative effect of the exogenously applied CKs on LRP

initiation and root elongation (Li et al. 2006, Higuchi et al.

2004, respectively), AHK2 and AHK3 seem to be respon-

sible for the negative effect of endogenous CKs on LR

formation in A. thaliana (Riefler et al. 2006). Taken

together, CKs may participate in regulating LR develop-

ment at different stages through the regulation of distinct

CK-dependent signaling pathways that might reflect both

intrinsic developmental programs and other environmental

stimuli and adaptive responses.

CaMV 35S4GR4ipt transactivation, used in this

work, allows ipt overexpression in all root tissues, including

pericycle cell files and early stages of LRPs (Supplementary

Fig. S1). While our manuscript was under review, new

results were published describing use of GAL4-GFP (green

fluorescent protein) enhancer trap lines in order to induce

ipt expression specifically in initiating pericycle cells or

developing LRPs (Laplaze et al. 2007). The authors

demonstrated that ipt induction in xylem pole pericycle

cells (LR founder cells) leads to changes in the cellular

pattern of developing LRPs and arrest of LRP development

at stage V, while ipt induction in developing LRPs does not

affect LR formation. From this new point of view, the

growth arrest at stages II–IV and the irregular morphology

of LRPs that we observed should be a consequence of

CK action occurring as early as LRPs initiate. These results

also suggest that although the CaMV 35S4GR4uidA

transactivated roots exhibit differences in intensities of

the GUS reporter expression between mature (differen-

tiated) and apical (formed by elongating and rapidly divid-

ing cells) parts of the primary root (Supplemental material,

Fig. S1), this system seems to distribute CK sufficiently

throughout the root, very probably via the root vascular

tissues.

LRP initiation, their further development and the

moment of emergence seem to be specific stages of an

otherwise continuous process also in terms of the origin of

auxin supply. The initiation of the very first LRP, which

occurs as soon as 40 h after germination (Beeckman et al.

2001) in acropetal sequence (Dubrovsky et al. 2006), seems

to depend solely on the primary root basipetal auxin

transport (Casimiro et al. 2001, De Smet et al. 2007), while

their emergence is positively correlated with functional

primary root acropetal auxin transport via the phloem

(Reed et al. 1998, Casimiro et al. 2001). Between these two

stages, 3–5 cell-layer LRPs have been proposed to acquire

an independent auxin-autonomous status temporarily

(Laskowski et al. 1995). Our data on the frequencies of

initiating LRPs in response to endogenous CK production

demonstrate that LRP initiation is not fully inhibited but

proceeds further in the used transactivation system,

indicating a low impact of CK on the basipetal auxin

transport. In contrast, the reduced frequencies of late

developmental stages before emergence (VI–VII), and the

arrest of LRPs at the auxin-autonomous stage IV as a
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Fig. 5 (�) Uninduced and (þ) greatly enhanced DEX-induced
endogenous CK levels measured at the end of the transient 24 h
pulse of ipt expression. Early (2–3 DAG) and late (5–6 DAG) pulses
of endogenous CK overproduction are compared. The amounts of
every group of CKs differed significantly between the early and the
late pulses of uninduced samples (Mann–Whitney U-test, in each
comparison P50.05) except for iP-type CKs (P¼ 0.201). The
amounts of every group of CKs differed significantly between the
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their biological relevance. For terminology see Supplementary
Table S1 and footnotes.
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consequence of CK overproduction, imply possible inter-

ference of CK with polar cell-to-cell auxin transport within

developing LRPs.

Benkova et al. (2003) demonstrated the importance of

establishing local active auxin transport during LRP

initiation and development. Auxin accumulates at the

position of a future primordium, and, as the LRP develops,

its graded distribution becomes established, with the

maximum located at the tip of the primordium.

Disruption in the polar auxin distribution that is dependent

on proteins from the PIN family (Petrášek et al. 2006)

correlates with defects in patterning during LRP develop-

ment. Individual pin mutants exhibited changed frequencies

of initiated LRPs and LRPs with abnormal development

accompanied by defects in DR5 activity distribution. The

impairment of the DR5 activity distribution in developing

LRPs and the increased frequency of defects in LRP

patterning that we observed due to CK overproduction

indicate that enhanced CK levels interact with auxin during

LRP morphogenesis via regulation of the auxin distribu-

tion. Our conclusions are in agreement with those of

Laplaze et al. (2007) who, in addition to changed DR5-

driven uidA expression, also observed affected PIN1

and PIN6 expression patterns in roots treated with

exogenous CK.

However, in contrast to changes scored in the

developing LRPs, we observed neither significant changes

in the spatial pattern of the DR5 activity maximum, nor any

obvious changes in the cell division pattern in the main root

promeristem of the seedlings exhibiting the intermediate

phenotype (Fig. 2). Thus, the intermediate level of

endogenous CK enhancement described here does not

affect components directly involved in the maintenance of

auxin distribution responsible for stem cell organization in

the main root meristem.

Developmental specificity of the root response to CK

overproduction

A temporary induction of ipt transactivation in the

pOp/LhGR system made it possible for us to identify a

development-specific primary root response to enhanced

endogenous CK levels. Transient pulses of ipt overexpres-

sion specified a time interval, between the second and the

fourth day of Arabidopsis seedling development, during

which primary root elongation was inhibited to a greater

extent than 1 or 2 d later. There are several interesting

aspects to consider. First, after germination, the final

number of dividing cells of the primary root meristem

gradually increases until it reaches a finite number, which is

not earlier than 5 DAG (Ioio et al., 2007). In the

experiments presented here, transient ipt overexpression

revealed that there is a mechanism that attenuates the

response to endogenous CK overproduction when the

meristem cell number is finite compared with younger

primary roots. Secondly, Bhalerao et al. (2002) have shown

that a sharp basipetal IAA concentration gradient is

established in the root tip as late as 6 DAG, and that

shoot-derived auxin appears in the primary root as a sudden

IAA pulse between the fifth and the seventh day of root

development, not reaching the root apex earlier than 7 or 8

DAG. The results describing opposite roles for CK and

auxin in the root meristem size have been published

(Beemster and Baskin 2000, Ioio et al. 2007). Thus CK

may be ‘allowed’ to act and produce a stronger response

before the sharp auxin concentration gradient in the

primary root tip becomes established and/or a further

pulse of auxin ‘arrives’ from the shoot. Thirdly, differential

expression of AtIPT genes (Miyawaki et al. 2004, Takei

et al. 2004) has recently brought a more advanced view of

CK action during root development. AtIPT1::GUS was

expressed in xylem precursor cells of primary root

meristems but the signal was no longer detectable starting

from 5 DAG onwards. AtIPT1::GFP also exhibited a

temporary expression pattern in young roots with an

immature vascular system. AtIPT5::GUS expression in the

columella of the primary root apex disappears at the

seventh day of root development. AtIPT5::GUS expression

in the LRP diminishes and is lost after LR emergence.

Based on these observations, it seems that in developing

root meristems there is a specific time point at which the

termination of expression of CK biosynthesis genes is

correlated with (i) root meristem maturation; (ii) the

establishment of the sharp basipetal auxin concentration

gradient; and, possibly, (iii) the increase in the shoot-

derived auxin concentration in the primary root. The fact

that the responsiveness of a 3-day-old plant is greater to the

transient increase of endogenous CK compared with a

6-day-old plant is in agreement with the above findings.

It implies a possible role for CK during primary meristem

maturation together with the existence of mechanisms to

fine-tune the concentration of CK and auxin temporally at

specific stages of root development. Whether this can be

generalized and whether all the above-mentioned aspects

can be applied to LR development before and early after

LRs emerge from the primary root is not quite clear.

However, it is very probable that LR development should

still be influenced by CK and auxin metabolism originating

in the primary root.

Based on a detailed quantitative analysis of CK levels,

our data indicate that the level and spectrum of various

forms of CKs most probably change temporally during

plant development. The different strength of the induced

root response at the two different developmental intervals

resulted from quantitatively saturated and a qualitatively

similar proportion of CK metabolites. This suggests the

presence of development-specific mechanisms involved in
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the regulation of CK metabolism and/or signaling during

the first 6 d of A. thaliana development. One indication

for the higher sensitivity of the 3-day-old meristem to the

increased levels of endogenous CKs may be the observed

qualitative differences in the proportion of CK metabolites

in controls (uninduced plants) between day 3 and 6 (see

Supplementary Fig. S2E). The observed difference in the

proportion of N-7- glucosides in early and late stages after

ipt transactivation (Supplementary Fig. S2D) suggests that

the mechanisms involved in the maintenance of CK

homeostasis by CK glycosylation might differ in early and

late intervals. Thus, differences in the specificity of

inactivation of CKs by glucosylation might be one of the

factors responsible for the developmental-specific sensitivity

of the immature root meristems in A. thaliana. However,

further studies would have to be done to define the

particular molecular mechanisms regulating the complex

net of CK metabolism and signaling during early root

development.

Materials and Methods

Plant material and the pOp/LhGR system

Arabidopsis thaliana lines of the Columbia (Col-0) ecotype
were used in this study. Glucocorticoid-inducible overexpression of
the ipt gene from Agrobacterium tumefaciens or the uidA gene was
achieved by use of the pOp/LhGR system for transcriptional
activation or, in other words, by CaMV 35S4GR4ipt or CaMV
35S4GR4uidA transactivation (Craft et al. 2005, Moore et al.
2006). Briefly, the system is based on interaction of two
components. The first component comprises a gene of interest
(e.g. ipt or uidA) placed under control of a synthetic pOp promoter;
lac operators are part of the pOp promoter. The second component
is a chimeric transcription factor LhGR, consisting of (i) a mutant
lac repressor that binds its operator with increased affinity; (ii) a
transcription activation domain-II from GAL4 of Saccharomyces
cerevisiae; and (iii) a glucocorticoid ligand-binding domain (GR
LBD). The LhGR is expressed constitutively from the CaMV 35S
promoter, but the transcriptional activation of expression of a
target gene will not take place under normal conditions because the
GR LBD is occupied by the plant heat-shock proteins (HSP 90
complex). HSP 90 is released and the target gene expression is
activated in the presence of a glucocorticoid ligand, e.g. DEX.

We performed both continuous and transient CaMV
35S4GR4ipt or uidA transactivations. Induction of the contin-
uous target gene expression was swiched on at germination and
lasted 6 d, followed by phenotype evaluation at 6 DAG. Induction
of the 24 h transient ipt expression was carried out at six
developmental points. Each of the six samples was exposed to
DEX for 24 h intervals at 0–24, 24–48, 48–72, 72–96, 96–120 or
120–144 h after germination.

The CaMV 35S4GR4ipt transactivation in A. thaliana can
yield a wide range of CK-related phenotypes. Their severity
depends on the rate and level of ipt expression and the
concentration of DEX, but is also influenced by the number of
engineered lac operators and the character of the flanking genomic
sequences (Craft et al. 2005, Moore et al. 2006). Continuous DEX
treatment of a transgenic line homozygous for pOp::ipt (in Craft
et al. 2005 referred to as pOpBK-ipt; the number of operators equals

two in this construct) and CaMV 35S::LhGR-N fusions yielded a
strong (þþ) phenotype response (Fig. 1C). The same line was used
to perform transient 24 h DEX induction of CK overproduction.
Continuous DEX treatment of the F1 generations of the crosses
between the CaMV 35S4GR4ipt and DR5::GUS (Ulmasov et al.
1997) or DR5rev::GFP (Benkova et al., 2003) lines resulted in an
intermediate (þ) phenotype response (Fig. 1B). To study the
morphology of root meristems, both transgenic lines were used.
Heterozygous line was used to assess potential changes in
morphogenesis and the spatial pattern of auxin response of
developing LRPs. The CaMV 35S4GR4uidA transactivation
was carried out to define the spatial pattern of expression of a
target gene driven from the pOp promoter, i.e. the expression
pattern of pOp::uidA (referred to as pOpBK-GUS, two lac
operators, Craft et al., 2005; see the Supplementary material,
Fig. S1).

Growth conditions and dexamethasone induction of a target gene
from the pOp promoter

Seeds were sterilized in 70% ethanol for 2min, allowed to dry,
and plated on solidified medium containing a basal Murashige and
Skoog mixture including MES buffer, 1% sucrose and 1.25% agar,
pH 5.6. The plates were sealed with gas-permeable tape (Spofapor,
Chemofarma, a.s., Ústı́ nad Labem, Czech Republic) and kept in
darkness at 48C for 3 d. The seeds germinated and the plants grew
on vertically positioned plates under long-day conditions (16 h
light, 218C, and 8 h dark, 198C) in three-shelf growth chambers
with an average photosynthetic photon flux density of
140 mmolm�2 s�1 (Percival Scientific, Ltd., Perry, IA, USA). ipt
or uidA (GUS) expression was induced by 10 mM DEX (Sigma,
St. Louis, MO, USA) (Craft et al. 2005, Moore et al. 2006) via its
uptake by roots from solid medium. Seeds either germinated on
DEX-containing medium and seedlings were screened at 6 d of
continuous ipt or uidA induction, i.e. at 6 DAG, or the seeds or
seedlings were temporarily transferred to DEX-containing medium
for 24 h (transient pulses of ipt expression, see the above
paragraph).

Histochemistry, GFP localization and microscopy

Before roots were analyzed in detail, the overall phenotype of
seedlings was viewed, documented and analyzed by using a digital
camera, SZX 9 stereo microscope and image analysis software
[(analySIS), (OlympusC&S, s.r.o., Praha, Czech Republic)].

Histochemical staining for GUS activity was performed in
0.1M sodium phosphate buffer, pH 7.0, containing 0.1M Triton
X-100, 0.1% X-glc, 5mM EDTA, 2.5mM K3[Fe(CN)6] and
2.5mM K4[Fe(CN)6] for 8 h at 378C unless otherwise stated. The
reaction was stopped by placing the seedlings in 70% ethanol. The
seedlings were cleared (Malamy and Benfey 1997) and mounted in
50% glycerol. The roots were screened for the frequency of LRP,
DR5::GUS expression pattern, or a morphological boundary
between the last dividing and the first elongating cortex cell of
the primary root meristem viewed by Nomarski optics using a
BX61 microscope equipped with a DP50 camera (OlympusC&S,
s.r.o., Praha, Czech Republic). In the case of the intermediate
phenotypes, we have viewed 271 LRPs among 31 untreated
individuals and 331 LRPs among 46 DEX-treated individuals. In
another experiment, 304 LRPs of 31 untreated seedlings were
compared with 126 LRPs of 43 highly activated individuals
displaying the strong phenotype.

Epifluorescence or confocal microscopy was used to localize
the DR5rev::GFP expression pattern. The seedlings were
transferred directly from plates to 5% glycerol on the microscopic
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slides. Prior to confocal microscopy (Sarastro 2000; Molecular
Dynamics, Sunnyvale, CA, USA), the roots were stained
with 10 mM propidium iodide, and GFP and propidium iodide
fluorescence was further detected as described in Ottenschläger
et al. (2003).

Quantitative real-time PCR

ipt expression was induced by 10 mM DEX at two different
time intervals. Total RNA was isolated from the whole DEX-
induced as well as control seedlings through the use of TRIzol�

Reagent (Invitrogen, Carlsbad, CA, USA). The samples were
treated with DNase (Ambion, Austin, TX, USA) prior to cDNA
synthesis, which was carried out in the presence of oligo(dT)
primer and Superscript II reverse transcriptase (Invitrogen,
Carlsbad, CA, USA). To quantify ipt and actin gene expression,
real-time PCR was performed using Rotor-Gene-3000 equipment
and software (Corbett Research, Biocompare, Inc., San Francisco,
CA, USA). Taq DNA polymerase (Top Bio, Praha, Czech
Republic) was used for DNA amplification. The detection of
increasing numbers of amplicons was based on the fluorescence of
the DNA intercalator SYBR� Green I (Molecular ProbesTM,
Invitrogen, Carlsbad, CA, USA). Ipt expression levels were
normalized to ACTIN2 and ACTIN8 levels. The sequences of the
PCR primers were as follows: forward primer recognizing ACTIN2
and 8, 50-GGT GAT GGT GTG TCT-30; reverse primer
recognizing ACTIN2 and 8, 50-ACT GAG CAC AAT GTT AC-
30; ipt forward primer, 50-ATC CTC CCT CAA GAA TAA GC-30;
ipt reverse primer, 50-CTG AAA GGA ACG ACG C-30.

Extraction, purification and quantitative analysis of CKs

CK extraction, purification and quantitation were performed
as described in Lexa et al. (2003) with some minor modifications
(see Supplementary material). A total of 27 substances were
measured in CK extracts of DEX-treated as well as control CaMV
35S4GR4ipt individuals (see Supplementary Table S1). The
mean values of biologically active CKs (grouped as free bases,
ribosides and riboside phosphates), biologically inactive CK
conjugates (O-glucosides, N-7-glucosides and N-9-glucosides),
and those classified as iP-type and Z-type CK metabolites are
presented in Fig. 5.

Supplementary material

Supplementary material mentioned in the article is avail-
able to online subscribers at the journal website www.pcp.
oxfordjournals.org.
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for their kind gift of the A. thaliana lines allowing CaMV
35S>GR>ipt and CaMV 35S>GR>uidA transactivation. We
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Supplemental Data, Kuderova et al. 

Supporting data 

Expression of DEX-induced CaMV 35S>GR>uidA transactivation 

preferentially occurs in the more differentiated part of the primary root 

To identify spatial specificity of the CaMV 35S>GR>ipt transactivation, we have 

inspected GUS activity in plants carrying uidA under control of pOp promoter in 

the identical genetic background (plants homozygous for CaMV 35S::LhGR) used 

for the CaMV 35S>GR>ipt transactivation. In six-day-old seedlings after 

continuous DEX-treatment, maximal β-GLUCURONIDASE (GUS) activity was 

found in the older part of the root, extending but weakening towards the root apex 

(Fig. S1). While all cell files of the older part of the root exhibited strong GUS 

activity (Fig. S1B, F, G), the staining was more pronounced in the vascular tissues 

of the younger part of the root (Fig. S1C, D, H), where it gradually weakened and 

disappeared (Fig. S1A). Unlike the less stringent conditions of GUS product 

localization (Fig. S1B-E), the presence of 2.5 mM K3[Fe(CN)6] and 2.5 mM 

K4[Fe(CN)6] (preventing secondary diffusion of GUS product) in the substrate 

solution (Fig. S1A, F-I) resulted in a relatively weak signal in a number of 

developing LRP compared with other cell files of the primary root. After 

emergence, the developing meristems of the LRs and the primary root meristem 

were void of the signal (Fig. S1E, G, I). A sharp boundary was visible at the 

root/shoot junction (Fig. S1J), most likely reflecting the uptake of DEX by root 

hairs and root epidermal cells, its subsequent penetration to lower cell files, and 

its further distribution through vascular tissues to the rest of the root as well as to 

the hypocotyl (Fig. S1K) and the rest of the aerial part of the seedling (Fig. S1L-

N). The initiation at root/shoot junction and spatial localization of this pOp::uidA  
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expression pattern was unchanged when screened soon after germination or 

induced temporarily between day 2 and 3 or between day 5 and 6 after 

germination (not shown).  

 

Supplementary materials and methods 

Extraction, purification, and quantitative analysis of CKs 

Detection and quantitation were carried out using an HPLC/MS system consisting 

of an HTS-Pal auto-sampler with a cooled sample stack (CTC Analytics, 

Zwingen, Switzerland), quaternary HPLC pump (Rheos 2200, Flux Instruments, 

Basel, Switzerland), Delta Chrom CTC 100 Column oven (Watrex, Praha, CR), 

and TSQ Quantum Ultra AM triple-quad high resolution mass spectrometer 

(Thermo Electron, San Jose, USA) equipped with an electrospray interface. The 

dried extract was re-dissolved in diluted acetonitrile and filtered. A 5 µl aliquot 

was injected onto a C18 HPLC Synergy Hydro-RP column, 250×2 mm, 4 µm 

(Phenomenex, Torrance, USA) and analyzed using ternary gradient elution 

(water/acetonitrile/0.01% acetic acid) starting at 8% acetonitrile for 5 min, 

followed by increase in acetonitrile to 15% for 10 min, and subsequently to 50% 

for 11 min. The proportion of 0.01% acetic acid was maintained at 25% 

throughout the analysis. The rest of the sample was removed from the column by 

increasing the content of acetonitrile to 90% for 9 min. Before the next injection, 

the column was equilibrated using 8% acetonitrile for 20 min. The mass 

spectrometer was operated in the positive SRM (single reaction monitoring) mode 

with monitoring of 2 to 4 transitions for each compound. The most intensive ion 

was used for quantification and the rest was used for identity confirmation. CKs 

were quantified using a multilevel calibration graph with [2H] labeled cytokinins 
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as internal standards. The detection limits of different cytokinins varied from 0.05 

to 0.1 pmol/sample. 

 

Statistical analyses 

We used the Kruskal-Wallis test to compare the values of continuous parameters 

among samples (groups) followed by multiple comparisons when significant 

differences were found among samples. To compare the values of parameters 

between only two samples (groups), the Mann-Whitney U test was used. When 

appropriate (normal distribution of data, homogeneity of variances), the 

parametric t-test and ANOVA followed by the Tuckey post-hoc test were used to 

compare values among two or more groups, respectively. The Bonferonni 

correction was used to cope with multiple usage of the Mann-Whitney U test 

when comparing proportional values of groups of CKs. The χ2 goodness-of-fit 

was used to analyze the dependence of two categorical parameters (i.e. number of 

LRP in different growth stages in two groups of seedlings, number of different 

types of stained LRP in two groups, etc.). Data analyses were performed using 

Microsoft EXCEL 2002 and Statistical software for Windows 7.1. 

 

Supplementary figure legends 

Figure S1. pOp::GUS expression pattern at 6 DAG of seedlings subjected to the 

CaMV 35S>GR>uidA transactivation. (A) The whole seedling. (B-I) Details of 

root sections viewed sequentially in the direction from the root/shoot junction to 

the root tip; (B-E) less or (F-I) more stringent conditions of GUS product 

localization. By lower stringency is meant treatment of seedlings with substrate 

solution lacking K3[Fe(CN)6]/K4[Fe(CN)6]. By higher stringency is meant 
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preventing potential secondary GUS product diffusion by adding 

K3[Fe(CN)6]/K4[Fe(CN)6] to the substrate solution (see Materials and methods). 

(J) Root/shoot junction, (K) hypocotyl, (L) shoot apical meristems, (M) cotyledon 

vasculature, and (N) the tip of cotyledon. In (A) and (J-N) more stringent 

conditions were applied. Scale bars: 1 mm (A) and 25 μm (B-N). 

 

Figure S2. Comparison of the relative distribution of (-) uninduced and (+) 

induced endogenous CKs extracted from seedlings of the CaMV 35S>GR>ipt line 

of A. thaliana that were subjected to a transient pulse of ipt overexpression 

between the 2nd and 3rd DAG (early) and between the 5th and 6th DAG (late). CKs 

are arranged in various categories in terms of their biological relevance. (A) 

Proportion of biologicaly active CKs to their conjugated forms was significantly 

higher in uninduced controls (-) compared with CK overproducing individuals (+) 

after early ipt pulse (Mann-Whitney U test, N = 10, P = 0.011). Other differences 

were not significant. (B) Proportion of the iP-type- to Z-type CKs was 

significantly higher at early than at late stage in IPT-overexpressing seedlings 

(Mann-Whitney U test, N = 11, P = 0.006). Other differences were not significant. 

(C) Proportion of ribosides and free bases to nucleotide phosphates were not 

significantly different between early and late ipt pulse. (D) Proportion of N-7-

glucosides to other conjugates was significantly higher at early than at late stage 

in IPT-overexpressing seedlings (Mann-Whitney U test, N = 12, respectively, P = 

0.006). (E) Significantly lower proportion of the CKX-degradable- to CKX-

nondegradable CKs was found in uninduced control at early than at late stage 

(Mann-Whitney U test, N = 10, P = 0.011). (CK conjugates) inactive reversibly 

conjugated O-glucosides and irreversibly inactivated N-7- or N-9- glucosides; 
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(active CKs) biologically active free bases, ribosides and ribotides (riboside 

phosphates); (Z-type CKs) cis- or trans-zeatin in the form of free bases, ribosides, 

ribotides and CK conjugates; (iP-type CKs) isopentenyl adenine in the form of 

free bases, ribosides, ribotides and CK conjugates; (phosphates) riboside 

phosphates;(bases) free bases; (CKs degradable by CKXs) isopentenyl adenine 

and trans-zeatin in the form of free bases and ribosides; (CKs nondegradable by 

CKXs) cis-zeatin and dihydrozeatin in the form of free bases and ribosides; for 

detailed terminology see Tab. S1 and the legend to Tab. S1. 

 

Table S1. Endogenous CK levels in seedlings of the CaMV 35S>GR>ipt line of 

A. thaliana subjected to the “early” (3) or “late” (6) transient 24 h pulse of ipt 

overexpression; DEX-induced (+) or uninduced (-) CK levels; values represent the 

mean of LC/MS/MS measurements of CK metabolites arranged and grouped as 

biologically active free bases, ribosides (R), and ribotides (riboside phosphates, 

RP), inactive reversibly conjugated O-glucosides (OG), irreversibly inactivated N-

7- (7G) or N-9- (9G) glucosides, and trans-zeatin (tZ)- and isopentenyl adenine 

(iP)-type CKs; cis-zeatin (cZ), dihydrozeatin (DHZ); DHZ7G-1 and DHZ7G-2 are 

enantiomers of  dihydrozeatin N-7-glucoside.   

 

Supplementary figures and tables 

 







Table S1, Kuderova et al.

bases ribosides phosphates
(-)3 iP tZ cZ DHZ iPR ZR cZR DHZR iPRP ZRP cZRP

Valid N 4 4 4 4 4 4 4 4 4 4 2
Mean 0,118 0,6 0 0,09 0,35 0,39 1,87 0,112 7,8 285 16
Confidence -0,144 -0,5 -0,19 -0,34 -0,35 0,65 -0,215 -2,8 195
Confidence 0,380 1,6 0,36 1,04 1,13 3,08 0,439 18,4 375
Std.Dev. 0,164 0,6 0 0,17 0,43 0,47 0,76 0,206 6,7 57 0

(+)3
Valid N 6 6 6 6 6 6 6 6 8 8 7
Mean 0,3 65 0,06 0,57 2,4 342 2,43 9,6 14,4 2250 22
Confidence -0,4 52 -0,09 0,30 1,5 306 1,06 7,1 11,2 2005 13
Confidence 0,9 77 0,21 0,83 3,2 377 3,80 12,1 17,7 2495 31
Std.Dev. 0,6 12 0,15 0,25 0,8 34 1,30 2,4 3,9 293 10

(-)6
Valid N 6 6 6 6 6 6 6 6 4 4 4
Mean 0,24 0,726 0,0444 0 0,530 0,83 0,76 0 23 62 3,7
Confidence -0,15 0,101 -0,0665 -0,162 -0,03 0,20 21 33 2,0
Confidence 0,64 1,351 0,1553 1,221 1,69 1,31 26 92 5,4
Std.Dev. 0,38 0,595 0,1056 0 0,659 0,82 0,53 0 2 18 1,1

(+)6
Valid N 6 6 6 6 6 6 6 6 12 10 10
Mean 0,11 233 0,4482 11,3 0,430 853 2,3 38 31 8570 27
Confidence -0,17 190 -0,3385 7,3 -0,004 800 0,6 33 26 7316 20
Confidence 0,38 276 1,2348 15,3 0,863 907 3,9 43 36 9824 35
Std.Dev. 0,26 41 0,7496 3,8 0,413 51 1,6 5 8 1752 10



O-glucosides N-7-glucosides
(-)3 DHZRP ZOG cZOG DHZOG ZROG cZROG DHZROG iP7G Z7G cZ7G DHZ7G-1 DHZ7G-2

2 4 4 4 4 4 4 4 4 4 4 4
4,0 5,2 1,17 0,42 0,3 0 0,04 23 12 0 0,55 0,07

-13,2 3,9 -1,79 -0,38 -0,7 -0,09 20 6 -0,04 -0,15
21,1 6,4 4,12 1,22 1,4 0,17 27 19 1,14 0,29
1,9 0,8 1,86 0,50 0,7 0 0,08 2 4 0 0,37 0,14

(+)3
8 6 6 6 6 6 6 6 6 6 6 6

46 175 0,83 2,2 12 0,14 0,27 20 413 0 9,2 2,14
40 150 -0,37 1,4 10 -0,22 -0,07 16 380 7,4 1,04
52 200 2,02 2,9 14 0,50 0,62 24 446 10,9 3,23
7 23 1,14 0,7 2 0,34 0,33 4 31 0 1,7 1,04

(-)6
4 4 6 6 6 6 6 6 4 6 3 6

1,186 9,2 1,6 0,62 0,43 0 0,02 32 28 0,4 1,6 0,04
-0,639 5,9 -2,5 0,18 -0,41 -0,04 28 25 -0,6 1,2 -0,05
3,011 12,5 5,6 1,07 1,27 0,08 36 30 1,4 1,9 0,12
1,147 2,1 3,8 0,42 0,80 0 0,06 4 1 0,9 0,2 0,09

(+)6
10 6 6 6 6 6 6 6 6 6 6 6

252 768 1,1 46 109 0 3,3 24 1433 0 92 54
218 595 -1,8 31 92 2,4 22 1348 69 38
286 942 4,0 61 126 4,3 26 1519 115 70
48 165 2,8 14 16 0 0,9 2 82 0 22 15



N-9-glucosides
(-)3 iP9G Z9G cZ9G DHZ9G bases ribosidesphosphates-glucosides-glucosides-glucosides total CKs active CKs conjugates

4 4 4 4 4 4 4 4 4 4 4 4 4
1,07 2,1 0 0,56 0,753 2,717 302,8 7,10 36,20 3,73 353,295 306,270 47,03
0,34 -1,8 0,04 -0,082 0,802 206,0 2,17 28,28 -0,02 267,611 209,428 35,57
1,81 6,0 1,08 1,588 4,632 399,6 12,03 44,11 7,48 438,979 403,113 58,48
0,46 2,4 0 0,33 0,524 1,203 60,8 3,10 4,98 2,36 53,848 60,860 7,20

N-9-glucosides grouped CKs
(+)3 iP9G Z9G cZ9G DHZ9G bases ribosidesphosphates-glucosides-glucosides-glucosides total CKs active CKs conjugates

6 6 6 6 6 6 8 6 6 6 6 6 6
0,69 127 0,1 1,06 65,38 356,05 2329,8 190,39 444,45 128,51 3491,69 2728,34 763,35
0,00 116 -0,1 0,28 52,20 318,28 2082,0 166,79 410,23 117,35 3138,50 2377,46 708,06
1,38 138 0,3 1,85 78,55 393,81 2577,6 213,99 478,67 139,66 3844,88 3079,22 818,64
0,66 10 0,2 0,75 12,56 35,98 296,4 22,49 32,61 10,63 336,55 334,35 52,69

N-9-glucosides
(-)6 iP9G Z9G cZ9G DHZ9G bases ribosidesphosphates-glucosides-glucosides-glucosides total CKs active CKs conjugates

6 4 6 6 6 6 4 4 4 4 2 4 3
1,22 8,8 0,4 0,353 1,0119 2,115 90,386 10,14 60,88 10,836 191,3383 93,3786 84,702
0,32 4,6 -0,3 -0,108 0,7341 1,111 60,321 6,30 52,42 4,567 145,3640 64,6956 75,819
2,13 12,9 1,1 0,813 1,2897 3,119 120,451 13,99 69,34 17,105 237,3125 122,0616 93,584
0,86 2,6 0,7 0,438 0,2647 0,957 18,894 2,42 5,32 3,940 5,1170 18,0258 3,576

N-9-glucosides
(+)6 iP9G Z9G cZ9G DHZ9G bases ribosidesphosphates-glucosides-glucosides-glucosides total CKs active CKs conjugates

6 6 6 6 6 6 10 6 6 6 6 6 6
1,57 418 0 15 245,2048 893,847 8879 927,6 1603 434,41 12753,7563 9788,3847 2965,37
0,97 317 10 199,0556 838,116 7620 726,3 1497 328,57 10355,8980 7595,9401 2585,30
2,17 520 19 291,3540 949,577 10139 1129,0 1710 540,24 15151,6146 11980,8292 3345,44
0,57 97 0 4 43,9753 53,105 1760 191,9 102 100,85 2284,9027 2089,1653 362,17



+ ZR + ZRPP-type CKs Z-type CKs
4 4 4

285,94 32,613 320,682
196,21 20,703 223,205
375,67 44,523 418,159
56,39 7,485 61,259

+ ZR + ZRPP-type CKs Z-type CKs
6 6 5

2640 38,39 3576,11
2294 31,58 3368,43
2985 45,19 3783,78
329 6,48 167,26

+ ZR + ZRPP-type CKs Z-type CKs
4 4 2

63,834 58,015 134,1383
34,123 54,921 65,2929
93,545 61,109 202,9836
18,672 1,944 7,6626

+ ZR + ZRPP-type CKs Z-type CKs
6 6 6

9437 55,275 12698,4815
7255 45,554 10305,3009

11619 64,996 15091,6621
2079 9,263 2280,4453
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Abstract Plants exhibit an amazing developmental flex-

ibility. Plant embryogenesis results in the establishment of

a simple apical–basal axis represented by apical shoot and

basal root meristems. Later, during postembryonic growth,

shaping of the plant body continues by the formation and

activation of numerous adjacent meristems that give rise to

lateral shoot branches, leaves, flowers, or lateral roots. This

developmental plasticity reflects an important feature of the

plant’s life strategy based on the rapid reaction to different

environmental stimuli, such as temperature fluctuations,

availability of nutrients, light or water and response

resulting in modulation of developmental programs. Plant

hormones are important endogenous factors for the inte-

gration of these environmental inputs and regulation of

plant development. After a period of studies focused pri-

marily on single hormonal pathways that enabled us to

understand the hormone perception and signal transduction

mechanisms, it became obvious that the developmental

output mediated by a single hormonal pathway is largely

modified through a whole network of interactions with

other hormonal pathways. In this review, we will summa-

rize recent knowledge on hormonal networks that regulate

the development and growth of root with focus on the

hormonal interactions that shape the root apical meristem.

Keywords Root meristem � Hormonal cross-talk �
Abscisic acid � Auxin � Brassinosteroid � Cytokinin �
Ethylene � Gibberellin � Arabidopsis

Introduction: when root grows

The root meristem is an organ of well-defined structure

with stereotypical patterns of cell types along radial and

longitudinal axes. The radial pattern is organized in con-

centric rings of lateral root cap, epidermis, ground tissue

(cortex and endodermis) and a pericycle surrounding a

central stele (Dolan et al. 1993; van den Berg et al. 1998).

The radial patterning is laid down during embryogenesis

and maintained by stem cell niche activity consisting of

four sets of initials: the lateral root cap/epidermal, the

cortical/endodermal, the columella and the pericycle/vas-

cular initials surrounding quiescent centre (QC) (Dolan

et al. 1993; van den Berg et al. 1998). Stem cells have the

capacity for prolonged self-renewal (Watt and Hogan

2000). Each stem cell undergoes an asymmetric division to

produce one daughter cell that remains under the influence

of a short-range signal from the QC, preventing differen-

tiation and maintaining the stem cell status and the other

daughter cell becomes part of differentiated tissues (van

den Berg et al. 1998).

Along the longitudinal axis, the root meristem forms a

distal root tip, including stem cell niche, columella and

lateral root cap, proximal meristem with a population of

rapidly dividing cells and elongation zone where cells

leaving the root meristem undergo rapid elongation and

mature (Dolan et al. 1993). The longitudinal root meristem

organization is completed during the postembryonic

development when the balance in the rate of generation

of new cells in the proximal root meristem and the
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differentiation of daughter cells leaving root meristem is

established, resulting in the formation of the root meristem

of stable size (Dello Ioio et al. 2007; Dolan et al. 1993).

The identification of mutants with defects in the root

meristem organization has provided a basis for under-

standing the mechanisms of radial and longitudinal

patterning in the root. Organization of root meristem along

the longitudinal axis is primarily under the control of the

plant hormone auxin and of the downstream auxin-acting

family of PLETHORA (PLT) (AP2-like transcription fac-

tors) genes. The PLT expression follows the auxin gradient

along the root meristem with its maxima in the stem cell

niche region. PLT genes have been shown to act in a

dosage dependent manner, high activity promotes stem cell

identity and maintenance, whereas low levels promote

mitotic activity of stem cell daughters; and even lower

levels are required for cell differentiation (Aida et al. 2004;

Galinha et al. 2007).

In parallel with the auxin and PLT pathway, the

SHORTROOT/SCARECROW (SHR/SCR) pathway regu-

lates the radial patterning, and they converge to specify and

regulate function of the stem cell niche. Plants homozygous

for the scr and shr mutations are defective in the division of

the cortex/endodermis initial daughter cell, resulting in the

formation of a single layer of ground tissue instead of two

(Benfey et al. 1993; Scheres et al. 1995). Functional

studies revealed that SHR, a transcription factor of the

GRAS family, acts upstream of the SCR transcription

factor (Helariutta et al. 2000). SHR moves from the central

vasculature, place of its transcription, into the surrounding

tissue layer, where after heterodimerization with SCR, it

stimulates by a positive feedback loop the expression of

SCR gene (Cui et al. 2007; Di Laurenzio et al. 1996;

Nakajima et al. 2001). Ectopic expression experiments

suggested that the SHR movement is limited to a single cell

layer and that heterodimerization with SCR might be the

mechanism to sequester the SHR protein in the nucleus and

restrain its movement to a single cell layer adjacent to the

stele (Cui et al. 2007). Recently, two zinc-finger proteins,

MAGPIE (MGP) and JACKDAW (JKD), have been

identified as factors required for radial patterning and

contribute to refining the SHR and SCR action range

(Welch et al. 2007).

Both auxin/PLT and SHR/SCR pathways are closely

interconnected with the activities of several hormonal

pathways. The PLT pathway acts downstream of the auxin

signalling (Aida et al. 2004; Galinha et al. 2007), whereas

among the eight direct targets of SHR, as elegantly iden-

tified by a set of microarray analyses (Levesque et al.

2006), one is involved in the brassinosteroid pathway

(cytochrome P450/BRox62 regulating brassinosteroid bio-

synthesis; (Shimada et al. 2003)) and the other in the

gibberellin signalling (SNEEZY/SLEEPY2 (SNE) F-box

protein (Levesque et al. 2006)). Several other indirect tar-

gets are the molecular components of auxin biosynthesis

SUR2(SUPERROOT) (Barlier et al. 2000), signalling

IAA12/BDL(BODENLOS) and ARF5/MP(MONOPTEROS)

(Hamann et al. 2002; Hardtke and Berleth 1998) and

transport PIN3 and PIN7 (Friml et al. 2003a; Friml et al.

2002b); brassinosteroid perception BRL3 (Cano-Delgado

et al. 2004) and biosynthesis Cyp90D1 (Kim et al. 2005)

and gibberellin signalling RGL1 and RGL2 (Lee et al.

2002; Wen and Chang 2002); and GA3 biosynthesis

(Helliwell et al. 1998; Levesque et al. 2006). This clearly

reflects that root development requires not only transcrip-

tional network but also network of hormonal signalling.

Indeed, besides the plant hormone auxin, the key hor-

monal regulator of the root organogenesis, other plant

hormones, e.g. cytokinin (Dello Ioio et al. 2007; Mahonen

et al. 2006; Werner et al. 2003), ethylene (Ortega-Martinez

et al. 2007; Swarup et al. 2007), brassinosteroids (Mouchel

et al. 2006), gibberellin (Fu and Harberd 2003; Ubeda-

Tomas et al. 2008) and abscisic acid (Achard et al. 2003)

also participate in the regulation of different aspects of root

organogenesis and activity. Lately, it became obvious that

single hormone input is strongly modulated by other hor-

monal pathways acting in parallel. Characterization of

these interactions and their impact on the root meristem

development will be discussed in detail in the following

sections.

Auxin: the hormonal regulator of root development

Auxin has been shown to regulate an extremely broad

range of developmental processes, such as embryogenesis,

organogenesis of leaves, flowers, ovules or lateral roots,

gravitropic responses and apical hook formation. The

whole process of root organogenesis, begining with the

establishment of the root pole in embryos (Friml et al.

2003a; Weijers et al. 2006), positioning and formation of

stem cell niche (Blilou et al. 2005; Sabatini et al. 1999),

maintenance of mitotic activity in proximal meristem

(Beemster and Baskin 2000; Dello Ioio et al. 2007; Galinha

et al. 2007; Stepanova et al. 2008) and rapid elongation

and differentiation of cells leaving the root meristem

(Rahman et al. 2007) has been shown to be under the

control of auxin. A real breakthrough in our understanding

of how auxin molecule can lead to such a variety of

developmental responses is the discovery of the instructive

function of the auxin gradient formed along the longitu-

dinal axis of the root meristem (Benkova et al. 2003; Friml

et al. 2002a; Sabatini et al. 1999). The auxin gradient is

generated by the concerted action of AUX/LAX auxin

influx carriers (Bennett et al. 1996; Yang et al., 2006), PIN

auxin efflux carriers (Galweiler et al. 1998; Luschnig et al.

1998; Friml et al. 2002a, b; Friml et al. 2003b; Petrášek
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et al. 2006) and members of the multi-drug-resistant/

P-glycoprotein (MDR/PGP) subfamily of ATP-binding

cassette (ABC) proteins (Blakeslee et al., 2007). Interfer-

ence with its establishment results in dramatic patterning

and developmental defects in the root meristem (Blilou

et al. 2005; Friml et al. 2002a; Sabatini et al. 1999).

It is still not precisely known how the auxin gradient

achieves the specificity of the response required for the

different aspects of the root meristem development by

using the signal transduction pathway consisting of four

TIR/AFB auxin receptors of the F-box protein family

(Dharmasiri et al. 2005), 29 AUX/IAA negative regulators

(Overvoorde et al. 2005) and 23 ARF (AUXIN

RESPONSE FACTORS) transcription factors (Okushima

et al. 2005), activating the expression of downstream auxin

response genes. It has been proposed that certain combi-

nations of AUX/IAAs and ARFs determine the response

specificity (Hamann et al. 2002; Knox et al. 2003; Weijers

et al. 2005). In the case of root development, the specific

pair of IAA12/BDL and ARF5/MP was identified to

determine the establishment of root pole in early embryo-

genesis (Hamann et al. 2002). Beside the BDL-MP pair,

some other genes of the auxin signalling pathway (SHY2/

IAA3, AXR3/IAA17 and AXR2/IAA7) were shown to be

involved in different aspects of root growth (Leyser et al.

1996; Nagpal et al. 2000; Tian and Reed 1999), although

their direct ARF counterparts are still unknown. The PLT

gene family seems to play an important role in the devel-

opmental interpretation of the auxin gradient. PLT genes

respond in an auxin concentration-dependent manner to

regulate stem cell identity and maintenance, mitotic

activity of stem cells’ daughters and cell differentiation

(Galinha et al. 2007).

Auxin: universal partner in hormonal interactions?

Interestingly, many mutants in the auxin pathway exhibit not

only auxin-related root phenotypes but also an altered sen-

sitivity to other hormones. For example, root growth of the

auxin transport mutants aux1 and pin2 is also ethylene

resistant (Roman et al. 1995). Similarly, mutants in the auxin

signalling shy2-2/iaa3, axr2/iaa7 and tir1 do not exclusively

exhibit an auxin-resistant root phenotype, but also exhibit a

changed sensitivity to other hormones such as cytokinins,

abscisic acid or ethylene (Alonso et al. 2003; Tian and Reed

1999; Wilson et al. 1990). This promiscuous behaviour of

mutants points out that auxin regulated events in root growth

are tightly interconnected with other hormonal pathways and

in many interactions auxin seems to act downstream of other

hormonal pathways. From longstanding investigations on

regulatory pathways in root development, auxin has emerged

as one of the key factors involved in many very specific

aspects of root organogenesis. Therefore, from practical

reasons, auxin and its interactions will be discussed in the

context of respective hormonal pathways (see Fig. 1).

Ethylene is all around … and interacts

Typically, seedlings germinated at high ethylene concen-

trations have short hairy roots, a phenotype in some aspects

resembling auxin-treated roots. Detailed developmental

studies revealed that ethylene affects root growth primarily

by inhibiting the rapid expansion of cells leaving the root

meristem (Le et al. 2001; Ruzicka et al. 2007; Swarup

et al. 2007). More recently, ethylene has also been dem-

onstrated to participate in the regulation of the cell division

activity of the QC. Manipulation of the ethylene pathway

by genetic or chemical tools affected the division activity

of the QC suggesting its functions in maintenance of stem

cell niche by regulating the balance between proliferation

and quiescence of stem cells (Ortega-Martinez et al. 2007).

As mentioned above mutations in many auxin transport

or signalling components cause aberrant responses to eth-

ylene, thus pointing to an ethylene–auxin interaction.

Mutations in the auxin influx and efflux carrier genes

AUX1 and EIR1/AGR/PIN2 (Luschnig et al. 1998; Pickett

et al. 1990; Roman et al. 1995), several components of the

auxin signalling cascade, including the auxin receptor TIR1

(Alonso et al. 2003) and the AUX/IAA regulators axr2/

iaa7 (Wilson et al. 1990) and axr3/iaa17 (Leyser et al.

1996; Swarup et al. 2007) confer ethylene insensitive root

growth phenotypes. Stepanova et al. (2005) demonstrated

that mutations in two Arabidopsis genes ASA1 and ASB1

encoding subunits of the anthranilate synthase enzyme that

synthesizes an auxin precursor also confer ethylene

insensitive root growth phenotypes. Gene interaction

studies have positioned these auxin pathway components

downstream of the ethylene signal transduction pathway

(Roman et al. 1995; Stepanova et al. 2005), suggesting that

ethylene inhibition of root growth requires auxin biosyn-

thesis, transport and responses. The hypothesis is further

corroborated by other findings. As indicated by Rahman

et al. (2001), aux1 root growth can be sensitized to ethyl-

ene when cultured in the presence of auxin. Accordingly,

ethylene sensitivity of the ethylene response reporter EBS

in roots depends on auxin (Stepanova et al. 2007). Mea-

surements of the auxin biosynthesis rate upon ethylene

treatment revealed a stimulatory effect of ethylene on the

auxin biosynthetic pathway (Swarup et al. 2007). Indeed,

several genes of the auxin biosynthesis pathways were

isolated and found to be under transcriptional control of

ethylene. Beside ASA1 and ASB1, (Stepanova et al. 2005),

recently, a small family of genes encoding a long-antici-

pated tryptophan aminotransferase, TAA1, regulating the

indole-3-pyruvic acid branch of the auxin biosynthetic

pathway (Stepanova et al. 2008; Tao et al. 2008) has been
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identified. Interestingly, TAA1 and its close homologue

TAR2 are expressed in different organs including root

meristem. Lack of their functions caused a drastic reduc-

tion in the meristem size and collapse of the root meristem,

similar to mutants with reduced auxin levels due to a

defective auxin transport (Benjamins et al. 2001; Blilou

et al. 2005). Thus, analysis of TAA1 and its homologues

represents an important and for a long time missing link

between local auxin production, tissue-specific ethylene

effects and organ development, including root meristem

(Stepanova et al. 2008).

A mechanistic model integrating our recent knowledge

on the auxin - ethylene cross talk in roots has been pro-

posed (Ruzicka et al. 2007; Stepanova et al. 2007; Swarup

et al. 2007). According to this model, ethylene stimulates

auxin biosynthesis in different plant organs via its known

signalling pathway. In addition, ethylene increases the

auxin transport capacity by regulating the transcription of

several auxin transport components, including PIN1, PIN2

and AUX1 (Ruzicka et al. 2007). The additionally pro-

duced auxin is redistributed by polar auxin transport

towards the root tip. The major components of the auxin

transport in these tissues, AUX1 and PIN2, mediate the

auxin delivery into cells of the elongation zone, where

auxin accumulates and induces local auxin responses that

inhibit cell elongation and overall root growth (Ruzicka

et al. 2007; Stepanova et al. 2007; Swarup et al. 2007).

Thus, inhibition of auxin responses in several mutants of

the auxin signalling results in ethylene insensitive root

growth. As revealed by tissue targeted inhibition of auxin

responses, ethylene inhibition of root growth requires auxin

responses in multiple cell layers of the elongation zone

tissues (Swarup et al. 2007). However, this mechanism can

account for most, but not all, ethylene effects on the root

Fig. 1 Scheme of the hormonal cross-talk involved in the regulation

of the root apical meristem growth and development. Selected

regulators of the cross-talk are highlighted. Dashed lines correspond

to not completely clear or mostly indirect regulations. c.d. is transition

zone where differentiation starts
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growth. Some of the auxin insensitive mutants, e.g. slr/

iaa14 (Fukaki et al. 2002), shy2-2/iaa3 (Tian and Reed

1999) or nph4-1/arf7, arf19 (Okushima et al. 2005) are

strongly resistant to auxin, but not or weakly to ethylene

(Li et al. 2006a; Ruzicka et al. 2007). In addition, auxin

transport mutants aux1 and pin2 do not exhibit complete

ethylene resistance. Based on the extensive gene expres-

sion analysis, Stepanova et al. (2007) predicted that

besides an auxin-mediated ethylene response there are at

least three other types of interactions between auxin and

ethylene. Thus, although an important part of the ethylene

effect on root growth is performed through the auxin

pathway, there appears to be a direct ethylene-specific,

auxin response-independent component for this regulation.

Maintenance of a proper ethylene–auxin concentration

balance along the root meristem seems to be one of the

important mechanisms involved in ethylene–auxin regu-

lated root growth. Besides the previously described control

of the auxin biosynthesis by ethylene, auxin control over

ethylene biosynthesis is also well established (Bleecker and

Kende 2000; Liang et al. 1992; Yang and Hoffman 1984).

One of the rate-limiting enzymes in the ethylene synthesis

pathway is 1-aminocyclopropane-1-carboxylate synthases

(ACS). Numerous ACS genes are expressed in the root

meristem in a tissue-specific manner (Tsuchisaka and

Theologis 2004) and their expression is enhanced upon

auxin treatment (Tsuchisaka and Theologis 2004). This

complicated regulatory loop between auxin and ethylene

biosynthetic pathways suggests the presence of a complex

feedback mechanism involving components that tightly

control the actual auxin–ethylene level in root cells. One of

the candidates for such a component might be the

POLARIS (PLS) gene encoding a short 36-amino acid

peptide. Mutation in PLS results in an enhanced ethylene

phenotype, repressed auxin transport and auxin accumu-

lation (Casson et al. 2002; Chilley et al. 2006). PLS

transcription itself is under the negative control of ethylene

and is stimulated by auxin. The pls mutant phenotype can

be restored by genetic and pharmacological inhibition of

the ethylene action, implicating PLS as a negative regulator

of ethylene responses. Chilley et al. (2006) proposed a

model in which the PLS transcription is activated at the

root tip by the relatively high auxin concentration that

accumulates and is required for correct cell division at that

position (Blilou et al. 2005; Friml et al. 2002a; Sabatini

et al. 1999). Here, PLS acts as a negative regulator of

ethylene signalling, which is inhibitory to cell division and

expansion, and therefore root growth. Although some

aspects of pls phenotype are seemingly in contradiction

with previously shown stimulatory effect of ethylene on

auxin biosynthesis, PLS might be an important component

of the ethylene sensing mechanism for the tuning auxin

pathway action during root development.

Cytokinin: antagonist in root

The negative role of cytokinin (CK) on root growth is a

long-known phenomenon that has been proven by both

exogenous CK application and overexpression of the bac-

terial ISOPENTENYLTRANSFERASE (IPT) gene (Hewelt

et al. 1994; Kuderova et al. 2008; Li et al. 2006b; Medford

et al. 1989; Smigocki 1991). Accordingly, decreased

endogenous CK levels via overexpression of the CYTO-

KININ OXIDASE/DEHYDROGENASE (CKX) gene results

in an opposite effect i.e. enhanced root meristem and the

root growth (Werner et al. 2003; Yang et al. 2003).

Interestingly, studies on mutants of CK signalling

revealed a positive role of CK in the root meristem. The

root meristem was reduced in the triple cytokinin receptor

mutant ahk2,ahk3,ahk4 and multiple mutant in ahp mem-

bers of the signal transduction cascade (Higuchi et al.

2004; Hutchison et al. 2006; Nishimura et al. 2004; Riefler

et al. 2006; To et al. 2004). Based on the phenotypes of CK

signalling mutants, the modulation of CK levels led to the

hypothesis of ‘‘supraoptimal’’ CK concentration in the root

meristem (Ferreira and Kieber 2005), according to which,

downregulation of the endogenous CK levels to optimal

levels via CKX overexpression enhances root growth.

However, both complete absence of the CK signal in CK

signalling mutants and its abundance after IPT overex-

pression and/or exogenous application, respectively, exert

optimal levels and lead to inhibitory effects (Ferreira and

Kieber 2005).

A role for CK during embryonal root formation has been

suggested by the wooden leg (wol) mutant identified for its

defect in the radial root patterning (Scheres et al. 1995). In

the wol embryos, the last series of divisions in the stele is

missing, leading to the formation of the pericycle with a

reduced cell number (Scheres et al. 1995). In the postem-

bryonal development, wol mutation affects the asymmetric

division of the procambium, resulting in a defective vas-

culature without phloem and formed exclusively by the

protoxylem (Mahonen et al. 2000; Scheres et al. 1995).

WOL was found to be allelic to the CK receptor AHK4/

CRE1, thus pointing to a role for CK as a negative regu-

lator of the protoxylem differentiation from the

procambium. CK inhibition of the protoxylem differentia-

tion allows procambial cells to undergo another

developmental pathway, leading to phloem formation.

AHP6, the downstream component of the CK transduction

pathway, has been revealed to act in a negative regulatory

feedback loop, antagonizing the CK effects (Mahonen et al.

2006).

Interestingly, the wol defect in the vasculature formation

is rescued by the fass (fs) mutation (Scheres et al. 1995),

allelic to TONNEAU2 that codes for the putative novel

protein phosphatase 2A regulatory subunit (Camilleri et al.
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2002). It seems that additional cell layers in the radial

pattern of the fs mutant (Torres-Ruiz and Jurgens 1994)

allow phloem differentiation while the reduced number of

cells in the stele of wol is ‘‘used up’’ by xylem pole-

directed protoxylem differentiation (Scheres et al. 1995).

However, missexpression of AHP6 in wol embryos

(Mahonen et al. 2006) suggests that positional, CK-medi-

ated information rather than the cell number is critical for

the proper vascular specification. As demonstrated also by

the conditional expression of CKX, phenocopying wol, CK

is a sufficient and necessary signal to provide this infor-

mation during both embryonal and postembryonal root

meristem development (Mahonen et al. 2006). That fs

mutation is accompanied with increased levels of auxin and

ethylene (Fisher et al. 1996) might imply a hormonal origin

of wol complementation and suggest a role for CK/auxin/

ethylene interplay during embryonal radial root pattern

specification.

The role of CK in the embryonal specification of the root

meristem stem cells was recently described (Muller and

Sheen 2008). In the set of elegant experiments using CK-

responsive synthetic reporter, authors have shown that

output of CK signalling is antagonized by auxin. This effect

is mediated by auxin-inducible expressions of ARR7 and

ARR15 type-A response regulators acting as negative reg-

ulators of CK signalling. In the absence of auxin, expression

of ARR7 and ARR15 are balanced with CK signalling levels

(CK induce expression of type-A ARRs, which in turn

inhibit CK signalling phosphorelay). However, auxin-

mediated local expression of ARR7 and ARR15 bypasses the

CK feedback loop and counteracts CK signalling. In con-

ditional arr7 and arr15 double mutants, ectopic CK

phosphorelay output was detected, accompanied with

defects in root stem cell region and misexpression of SCR,

PLT1 and WUSCHEL_RELATED-HOMEOBOX 5 (WOX5)

genes (Muller and Sheen 2008). These results provide

insight into the molecular mechanism of long-known

antagonistic effects of CK and auxin interaction and intro-

duce the role of these interactions in root meristem

establishment during the early embryogenesis.

Biometric analysis on root growth (Beemster and Baskin

2000) demonstrated that CK reduces the relative elongation

rate and blocks the increase of the meristem size. In some

aspects, CK regulated root growth resembles typical eth-

ylene-induced inhibition. CK was found to stimulate

ethylene production and root growth of ethylene insensitive

mutants to be CK resistant (Cary et al. 1995). Moreover,

inhibitors of ethylene signalling and biosynthesis partially

relieve roots from CK inhibition. These results suggest that

part of the CK effects on root growth is mediated through

ethylene. Molecular characterization of the ACS5 and

ACS9 genes in ethylene overproduction (eto2 and eto3)

mutants revealed that dominant eto2 mutation does not

increase the specific activity of the ethylene biosynthesis

ACS5 enzyme, rather it increases the half-life of the pro-

tein. Similarly, CK treatment was shown to enhance the

stability of ACS5 by a mechanism that is at least partially

independent of the eto2 mutation (Chae et al. 2003).

Altogether, rapid expansion of cells in the root transition

zone seems to be under the control of at least three hor-

monal pathways––cytokinin, ethylene and auxin

downstream of this regulatory chain. Importantly, feedback

loop mechanisms comprising control of the CK biosyn-

thesis by auxin (Eklof et al. 1997; Nordstrom et al. 2004),

or the ethylene biosynthesis by auxin (Tsuchisaka and

Theologis 2004; Yang and Hoffman 1984) represent an

important part of the homeostatic mechanism.

Recently, Dello Ioio et al. (2007) have analysed the role

of CK in the root meristem formation and have demon-

strated that CK does not interfere with specification of the

QC and stem cell function, nor with the overall division

rate in the proximal meristem. CK affects primarily the rate

of meristematic cell differentiation, resulting in shortening

of the meristematic zone. Accordingly, depletion of CK by

overexpression of CKX or by mutation of three Arabidopsis

cytokinin biosynthesis genes ipt2,ipt3,ipt7 increases the

root meristem size (Dello Ioio et al. 2007; Werner et al.

2003). The role of CK signalling in longitudinal root pat-

terning has been further confirmed by the expansion of the

root meristem in the ahk3 and response regulator mutants

arr1 and arr12.

Important knowledge on the CK control mechanism on

the root meristem development has arisen from the targeted

depletion of CK in different root meristem tissue layers.

Depletion of CK restricted to the vasculature of the transi-

tion zone was sufficient to reduce the rate of cell

differentiation of all other tissues and, thus, to diminish the

root meristem size. Such a type of non-cell autonomous

effect suggests that CK acts by antagonizing other signals.

As proposed by Dello Ioio et al. (2007), a candidate for

such a signalling molecule would be auxin, which as

described above, is critical for the control of cell division

and root meristem size. Application of auxin at low con-

centrations causes an increase in the meristem size

(Beemster and Baskin 2000; Dello Ioio et al. 2007). On the

other hand, depletion of CK by CKX has no additional

effects on the meristem size in the auxin efflux carrier triple

mutant pin2,pin3,pin7. Thus, the balance between the auxin

and cytokinin pathways regulates important aspects of root

development and establishment and maintenance of the

meristem size. The molecular mechanisms are so far illu-

sive, although several modes of interaction are conceivable.

First, CK and auxin biosynthesis are dependent on each

other and perturbation in the abundance of one affects the

other. An increase in auxin concentration leads to a

decrease in the CK level (Eklof et al. 1997; Nordstrom
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et al. 2004), and slow inhibitory effect of CK on auxin

biosynthesis was described (Nordstrom et al. 2004). Auxin

has also been shown to contribute to the CK degradation

via stimulation of the CKX activity (Palni et al. 1988). In

contrast, expression of two genes for CK biosynthetic

enzymes AtIPT5 and AtIPT7 in Arabidopsis is induced by

exogenous auxin (Miyawaki et al. 2004).

Second, the activity of the polar auxin transport

machinery, the principal director of the auxin distribution

in the root meristem, might be modulated by CK. Recently,

CK has been shown to affect the local auxin gradient for-

mation and expression of PIN auxin efflux carriers during

lateral root development (Kuderova et al. 2008; Laplaze

et al. 2007).

Third, auxin and cytokinin can regulate a common set of

genes. A promising candidate for the downstream molec-

ular component is PROPORZ1 (PRZ1). This putative

transcriptional adaptor protein has been shown to be

essential for the developmental switch from cell prolifer-

ation to differentiation in response to variations in auxin

and CK concentrations (Sieberer et al. 2003). Expression

of several other genes was found to be under control of

auxin and cytokinin. For example, transcription of the root-

specific putative homeobox gene ATHB53 is differentially

regulated by auxin and CK (Son et al. 2005), and inter-

estingly, CK regulates also expression of genes of the auxin

signalling pathway (SHY2-2/IAA3, AXR3/IAA17 or SAUR-

AC1) (Rashotte et al. 2005).

Brassinosteroid: forget-me-not

Typically, effects of brassinosteroids (BRs) on root growth

strongly depend on the BR concentration used. Exogenous

BRs stimulate root growth at low concentrations, but have an

inhibitory effect at higher BR levels (Mussig et al. 2003).

BR-deficient mutants, such as dwarf1-6/(dwf1-6) and cab-

bage3/(cbb3) (allelic to cpd), defective in brassinosteroid

biosynthesis (Kauschmann et al., 1996; Szekeres et al.,

1996), show shorter roots than wild-type plants (Mussig

et al. 2003). Root-specific BR-deficiency in brevis radix/

(brx) mutant causes reduced root growth due to reduction in

the meristem size, and mature cell size as well (Mouchel

et al. 2004). BRX, isolated as quantitative trait locus affect-

ing root growth in the Arabidopsis accession Umkirch-1

(Uk-1), is a member of a small gene family representing most

probably a novel class of transcriptional factors involved in

the regulation of expression of a rate-limiting enzyme in

brassinosteroid biosynthesis (Mouchel et al. 2006).

Transcriptome profile analyses in roots of two BR

mutants, dwf1-6 and (Mussig et al. 2003) and brx (Mouchel

et al. 2006), revealed a link between BR and the auxin

pathway in root development. Test of auxin response in brx

via microarray analysis showed that almost none of tested

auxin response genes responded normally to auxin in the

BR-deficient brx mutant, but this auxin responsiveness was

largely restored by brassinollide treatment. Accordingly,

expression of the auxin reporter DR5 (Sabatini et al. 1999;

Ulmasov et al. 1997) in brx was fully sensitized to auxin by

BR supply (Mouchel et al. 2006). Altogether, these results

suggested that optimal BR levels are rate limiting for

auxin-induced transcriptional responses. BR does not seem

to act through regulation of endogenous auxin content,

because as shown by Nakamura et al. (2003), BR did not

increase the endogenous auxin levels of either the control

plant or the BR-deficient mutant deetiolated2/det2. Fur-

thermore, the levels of AUX/IAA transcripts were lower in

the det2 mutant than in the control, even though endoge-

nous auxin levels were elevated in the det2 background

(Nakamura et al. 2003).

Accordingly, negative regulators of auxin signalling

IAA14 and IAA2 showed weaker expression in roots of

dwf1-6 (Fukaki et al. 2002; Mussig et al. 2003) and the

NIT3 gene, encoding enzyme involved in IAA biosynthesis

(Kutz et al. 2002) exhibited higher transcript level in the

dwf1-6 mutant background (Mussig et al. 2003).

Brassinosteroids are known to stimulate the production

of ethylene in shoots and roots (Arteca and Arteca 2001;

Schlagnhaufer and Arteca 1985; Yi et al. 1999). In line

with these observations, expression data point to a positive

BR effect on genes involved in ethylene biosynthesis and

ethylene response in roots (Mussig et al. 2003). Thus, part

of the BR inhibitory effect on root growth might be med-

iated through ethylene. More detailed studies are needed to

dissect the ethylene effects in the context of BR action.

However, analysis of the auxin and ethylene resistant

mutants axr1 points to the existence of ethylene-indepen-

dent BR-regulated root growth (Clouse et al. 1993). A

direct BR-ethylene feedback loop might exist that specifi-

cally interferes with BR transport, BR biosynthesis, or BR

responses.

Also another mutant in BR biosynthesis, sax1

(hypersensitive to abscisic acid and auxin), with roots

oversensitive to auxin and ABA suggests that BR interacts

with multiple hormonal pathways (Ephritikhine et al.

1999).

Gibberellins: you have to beat me

Although gibberellin (GA) has been recognized for a long

time mainly as a regulator of shoot growth, its important

role in the regulation of root growth has been demonstrated

as well. The GA-deficient mutant ga1-3 exhibits shorter

roots. Loss of DELLA proteins GAI and RGA, negative

inhibitors of GA signalling, suppress the ga1-3 root phe-

notype, showing that GA pathway acts in the regulation of

root growth (Fu and Harberd 2003). An elegant set of

Plant Mol Biol (2009) 69:383–396 389

123



experiments has recently been performed to map the site of

GA action for regulating root growth (Ubeda-Tomas et al.

2008). When gai, a mutant non-degradable DELLA protein,

was expressed in selected root tissues, the root growth was

retarded specifically when gai was expressed in endodermal

cells. These results demonstrated that the endodermis rep-

resents the primary GA-responsive tissue and that

endodermal cell expansion is rate limiting for elongation of

other tissues and, therefore, of the root as a whole (Ubeda-

Tomas et al. 2008). In work of Paquette and Benfey (2005)

also a role of GA in radial patterning of root meristem has

been revealed and GA shown to act as negative regulator of

the middle cortex formation—the third layer of the root

ground tissue rapidly differentiating to cortex.

GA stimulates growth by promoting the destruction of

DELLA proteins, a subfamily of the GRAS family of

putative transcriptional regulators (Dill et al. 2001; Fu and

Harberd 2003). Thus, DELLA proteins restrain the plant

growth, whereas GA relieves the DELLA-mediated growth

inhibition by targeting the DELLA proteins for destruction.

GA-mediated destabilization of DELLA proteins involves

GA-stimulated phosphorylation, polyubiquitination via a

specific SCF E3 ubiquitin ligase complex and subsequent

destruction in the 26S proteasome (Fu et al. 2002;

McGinnis et al. 2003; Sasaki et al. 2003).

As demonstrated by several laboratories, GA-regulated

root growth involves interaction with other hormonal

pathways, e.g. auxin (Fu and Harberd 2003), cytokinin

(Greenboim-Wainberg et al. 2005), ethylene (Achard et al.

2006) or ABA (Achard et al. 2006) and the regulation of

DELLA proteins stability might represent an important

cross-point.

GA and auxin pathways converge in roots to regulate

cell expansion and tissue differentiation. GA-induced root

elongation was inhibited by the removal of the shoot apex,

which is a major auxin source, and this effect was reversed

by auxin application suggesting that GA stimulation of root

elongation requires auxin. Moreover, application of the

auxin-transport inhibitor 1-N-naphthylphthalamic acid

(NPA), or a mutation in the auxin efflux carrier PIN1

attenuated the effect of GA on root elongation and on RGA

degradation in root cells. GA-induced RGA degradation

was also inhibited in the auxin resistant mutant axr1. These

observations indicate that auxin promotes the growth of

roots by enhancing the GA-induced destabilization of some

of the DELLA proteins (Fu and Harberd 2003). Thus, the

DELLA protein RGA seems to act as integrator of GA and

auxin signals in the root.

Positive regulation of GA biosynthesis by auxin might

be involved in these interactions. A stimulatory effect of

the auxin on GA biosynthesis was demonstrated and sev-

eral components of auxin signalling pathway seem to be

included in this regulation (Frigerio et al. 2006).

GA has been shown to antagonize ethylene inhibitory

effects on root growth (Achard et al. 2003). Ethylene

insensitive root growth of the gai rga GA-insensitive

mutant indicates that ethylene regulates root growth in a

DELLA-dependent manner. In agreement with this obser-

vation, ethylene counteracted GA-induced destabilization

of the RGA protein in root cell nuclei. The effect of

ethylene on RGA stability was mimicked by the loss

of its signalling suppressor CONSTITUTIVE TRIPLE

RESPONSE1 (CTR1) (Guo and Ecker 2004), suggesting

that the ethylene’s RGA stabilizing signal is transduced via

a CTR1-dependent pathway (Achard et al. 2003).

Analysis of SPINDLY (SPY) gene revealed antagonistic

interaction of GA and CK in root growth (Greenboim-

Wainberg et al. 2005). Mutation of SPY results in pheno-

types resembling that of wild-type plants treated with

exogenous GA and overexpression of SPY produced phe-

notypes consistent with a reduced GA action (Izhaki et al.

2001; Swain et al. 2001). This suggests that SPY functions

as a negative regulator of the GA-signal transduction.

Inhibition of root elongation by CK was greatly suppressed

in the spy mutant background, and accordingly, exogenous

application of GA antagonized the inhibitory effect of CK

on root growth. Both GA and spy interfered with the

induction of CK primary response gene ARR5. Thus, SPY

is a potential molecular component that integrates GA and

CK pathways in root growth and acts as a repressor of GA

responses and a positive regulator of CK signalling. Based

on the comparison of GA and CK sensitivities of spy

mutants, it seems that GA suppresses CK responses at least

partially via SPY (Greenboim-Wainberg et al. 2005).

In the shoot apical meristem KNOTTED-like homeobox

genes were shown to play an important role in the estab-

lishment of the hormonal balance between CK and GA.

They activate CK biosynthesis and repress GA 20-oxidase

gene expression and, hence, GA biosynthesis, thus pro-

moting meristem activity (Jasinski et al. 2005; Yanai et al.

2005). Several members of this gene family were shown to

be expressed in distinct domains and cell types of the main

root (Truernit et al. 2006), but their role in the hormonal

interactions and its relevance for root growth regulation

remains to be examined in detail.

Abscisic acid: not only stress

The role of abscisic acid (ABA) in the regulation of root

growth is still not completely clear. However, recent

genetic and molecular studies started to unravel the

importance of ABA regulation in root meristem forma-

tion and root growth. An example of genes involved in

ABA-mediated control of the root meristem is the TET-

RATRICOPEPTIDE-REPEAT THIOREDOXIN-LIKE 1

(TTL1) gene. Mutation in TTL1 causes reduced root
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elongation and disorganization of the root meristem. TTL1

mediates the sensitivity to ABA and to osmotic stress and

is supposed to participate in ABA signalling in Arabidopsis

(Rosado et al. 2006). ABA has been shown to rescue the

root meristem phenotype of Medicago mutant latd. latd

roots have disorganized root tip that is defective in meri-

stem organization, columella root cap formation and root

growth (Liang et al. 2007). latd mutants exhibit normal

ABA levels, but reduced sensitivity to ABA, suggesting

that LATD functions in the ABA signalling.

Multiple ABA effects are associated with ethylene action.

There are several hints that functional ethylene signalling is

necessary for root responses to ABA. The ABA effect on the

root growth was restrained by inhibitors of the ethylene

perception, but not by reduced ethylene biosynthesis, sug-

gesting that, in contrast to CK, ABA does not operate

through ethylene biosynthesis, as confirmed by the mea-

surements of ethylene production upon ABA treatment. Vice

versa, ethylene seems to inhibit root responsiveness to ABA

(Ghassemian et al. 2000). Close interplay of ABA and eth-

ylene in root development indicates era3 mutant identified in

a screen for ABA hypersensitive germination mutant. The

era3 mutation was found to be allelic to the ethylene

insensitive ein2 mutant (Beaudoin et al. 2000; Ghassemian

et al. 2000). Interestingly, the era3 roots are not only resis-

tant to CK and ethylene as previously shown for the ein2

mutant in ethylene signalling (Cary et al. 1995) but also to

ABA. Moreover, they are sensitive to auxin and accumulate

more ABA (Ghassemian et al. 2000). Thus, era3 represents

an important candidate to investigate ABA and ethylene

signalling interaction in the root development. The abi8/

eld1/kob1 mutant with altered ABA-responsive gene

expression was shown to be necessary for the meristematic

activity in the root (Brocard-Gifford et al. 2004). ABI8/

ELD1/KOB1 encodes a protein of unknown function and, in

contrast to most of the other ABA insensitive mutations, the

abi8 phenotype cannot be suppressed by inhibition of the

ethylene pathway. Thus, ABI8 might function in parallel or

downstream of the EIN2 and EIN3 components of the eth-

ylene signalling pathway (Brocard-Gifford et al. 2004).

The nhr1 mutation uncovers interaction between ABA

and auxin (Eapen et al. 2003). Semi-dominant nhr1

mutation was identified in a screen for lack of hydrotropic

root responses. NHR1 affects root meristem formation via

regulation of the QC, columella initials and root cap

specification and affects cell proliferation in the root

meristem. nhr1 shows reduced sensitivity to ABA, NAA

and to the auxin efflux inhibitor NPA. Authors hypothesize

that NHR1 is involved in the ABA-dependent mechanism

of efflux mediated auxin redistribution, allowing positive

hydrotropic response of the root (Eapen et al. 2003).

Similarly to ethylene, salt stress-induced ABA increases

the stability of DELLA negative regulators of the GA

pathway (Achard et al. 2006; Fu and Harberd 2003;

Vriezen et al. 2004). The quadruple DELLA mutant

gai,rga,rgl1,rgl2 is resistant to the growth-inhibitory

effects of ABA. Furthermore, EIN3, a negative regulator of

the ethylene signalling, was found to promote salt tolerance

via enhancement of the DELLA function (Achard et al.

2006). Thus, DELLA proteins integrate ABA and ethylene

signalling in the regulation of the root growth. As ABA and

ethylene signalling are involved in different abiotic and

biotic responses, this mechanism might mediate environ-

mental regulation of the root growth response (Achard

et al. 2006).

Recently, important connection between CK and ABA

signalling was described in Arabidopsis. Homologue of CK

receptors, sensory histidine kinase AHK1, was found to be

a positive regulator of drought and salt stress responses and

ABA signalling. In contrast, CK receptors AHK2, AHK3

and AHK4 were identified to be negative regulators of the

ABA signalling, acting in case of AHK2 and AHK3 via

negative regulation of many stress- and/or ABA-inducible

genes (Tran et al. 2007).

Conclusion

The current status of knowledge on root development

indisputably points out that a complex hormonal network

participates in the regulation of root formation and growth

from the moment of its initiation in the embryo. Essen-

tially, all hormonal pathways are involved and control

different developmental aspects of the root meristem for-

mation. Auxin seems to be the most universal factor acting

in all root developmental events (Dinneny and Benfey

2008; Galinha et al. 2007). CK has been shown to be a

critical factor in radial root patterning (Mahonen et al.

2006; Scheres et al. 1995), establishment of root stem cells

during early embryogenesis (Muller and Sheen 2008) and

establishment of the root meristem size by controlling the

balance between cell division and differentiation of cells

leaving the root meristem (Dello Ioio et al. 2007). Ethylene

and GA act primarily on the rapid elongation of cells

leaving the root meristem (Fu and Harberd 2003; Ruzicka

et al. 2007; Swarup et al. 2007; Ubeda-Tomas et al. 2008).

BR deficiency affects both the division activity of the root

meristem and rapid cell elongation (Mouchel et al. 2004),

and ABA mediates the environmental regulation of root

growth responses (Achard et al. 2006). Importantly, each

hormonal pathway functions in the context of the whole

hormonal network and they mutually modulate their

actions. Thus, for example, auxin regulated processes

require a minimal level of BR (Mouchel et al. 2006).

Maintenance of the root meristem size is balanced by

antagonistic activities of CK and auxin (Dello Ioio et al.
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2007), and the gibberellin pathway is differently modulated

by auxin and ethylene (Achard et al. 2003; Fu and Harberd

2003). Although our knowledge on the molecular compo-

nents and pathways that mediate developmental responses

to hormones has improved enormously in recent years,

molecular mechanisms standing behind their interactions

are poorly understood. However, from most of the recent

studies, it became obvious that diverse mechanisms of

hormonal interactions have evolved to coordinate activity

of hormonal pathways in certain developmental processes.

There are several examples of mutual regulations on the

level of hormone metabolism and distribution (Laplaze

et al. 2007; Stepanova et al. 2005; Stepanova et al. 2008;

Tsuchisaka and Theologis 2004). Transcriptional or post-

translational control over the key molecular components of

signal transduction pathways by other hormonal signals is

another example of a cross-talk strategy (Fu and Harberd

2003; Chae et al. 2003; Muller and Sheen 2008). There are

rare cases in which activation of one hormonal pathway

might branch and stimulate transduction component of

another pathway (Hass et al. 2004). Hormonal signalling

pathways might also differentially regulate expression or

activity of common target gene (Chilley et al. 2006; Son

et al. 2005). Several other modes of hormonal interactions

could be predicted. Although we have no real evidence for

their existence today, they might be revealed in the future

years. In this context, we would like to note that although

sometimes experimental findings might lead to contradic-

tory conclusions on the mode of hormonal interactions

(Ferreira and Kieber 2005), these ‘‘inconsistencies’’ might

point to a very important feature of the hormone behav-

iour––its action is extremely dependent on concentration

and developmental stage (Kuderova et al. 2008; Mussig

et al. 2003). It has been nicely demonstrated by Kuderova

et al. (2008) that the strength of the effects of temporal

pulses of endogenous CK via regulated expression of the

bacterial IPT depends on the developmental status of the

root. Consequently, the same hormone can, during one

developmental process, set up different interactions in

relation to the actual concentration and developmental

stage.

Recent investigations have created a good outline of

different possible modes of interactions between hormones,

which in combination with the fast progress in under-

standing single hormonal pathways represents a promising

start to reveal concrete cross-talk molecular components,

which is the challenge of future research.
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P, Skupa P, Benková E, Perry L, Krecek P, Lee OR, Fink GR,

Geisler M, Murphy AS, Luschnig C, Zazı́malová E, Friml J
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