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Regulator of Cell Division 
Cytokinins (CK) adalah suatu kelas zat pengatur tumbuh (phytohormones) yang 

dikenal secara khusus sebagai promotor pembelahan sel atau cytokinesis pada 

tanaman, dan terlibat terutama dalam pertumbuhan dan diferensiasi sel, serta 

mempengaruhi dominansi titik tumbuh atas, pertumbuhan tunas samping (axillary bud 

growth), dan penuaan daun. 

 
Schaller et al. (2014) 

The control of cell division is fundamental in plant growth and development 

and is a central function of cytokinins that regulate many cellular processes 
 
 

 
Fig. 2. Cytokinin signa-ling pathway. Cytokinins are perceived by receptor 

histidin kinases (HK). . Inactive HK monomers dimerize in the presence of CK 

and form active dimer (A) which triggers phosphorylation cascade (B). 

Phosphate is transferred from HK on type-B response regulators (B-RRs; D) 

by histidine phosphotransfer protein (HP; C) through the nuclear membrane. 

Active B-RRs triggers gene expression, final protein products then execute the 

response to CK, one of the target genes are type-A response regulators which 

inhibit the signaling pathway in negative feedback loop manner (A-RRs, E). It 

was proposed that HK receptors cycle continuously between endosome and 

plasma membrane (based on Dortay et al., 2008; Lomin et al., 2011; F). 
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LECTURE OUTCOMES 
After the completion of this lecture and mastering the lecture materials, 

students should be able to 
1. explain the fundamental process of plant development in relation to 

cytokinins and their discovery including their chemical structures. 
2. explain the metabolism of cytokinins including genes and enzymes. 
3. explain cytokinin actions including cytokinin receptor, type-A response 

regulator genes and type-B ARR genes, and histidine phosphotransfer 
proteins 

4. explain the biological roles of cytokinins many processes in the life of plants. 
 
 

LECTURE OUTLINE 
 
 

1. INTRODUCTION 
1. Plant Development 

2. Cytokinin Discovery 

2. METABOLISM OF CYTOKININS 
1. A Gene for Cytokinin Synthesis 

2. IPT Enzyme in Cytokinin 

Biosynthesis 

3. Cytokinins as Long Distance and 

Local Signals 

4. Cytokinins Metabolism 

3. MODES OF CYTOKININ ACTION 
1. A Cytokinin Receptor 

2. Type-A Response Regulator Genes 

and Type-B ARR Genes 

3. Histidine Phosphotransfer Proteins 

 

4. THE BIOLOGICAL ROLES OF 
CYTOKININS 
1. Shoot Growth and Cell Proliferation 

2. Interaction with other hormones and 

transcription factors 

3. Root Growth Inhibition 

4. Cytokinins and Cell Cycle 

5. Auxin:Cytokinin Ratio and 

Morphogenesis  

6. Apical Dominance and Lateral Bud 

Growth 

7. Cytokinins and Leaf Senescence 

8. Cytokinins and Nutrient Movement 

9. Cytokinins and Light Signaling via 

Phytochrome 

10. Cytokinins and Vascular Development 

11. Cytokinins and Agriculture 

12. Cytokinins and Biological Nitrogen 

Fixation 

 

 

 

1. INTRODUCTION 
 

1. Cell Division and Plant Development 
 Cell division is the first fundamental process that determine the growth and 

development of plants.   

 Zygote (a single cell) has to divide to produce sufficient cells for 
differentiation which is then followed by cell division to develop tissues or 

organs.  
 Cell division in a primary or secondary meristem ceases usually once the cells 

have fully assumed their function (transport, photosynthesis, support, 

storage, or protection) during the life of the plant.   
 Under some circumstances (aging/abscission, wounding etc.), mature plant 

cells may resume cell division in the intact plant. 
- In many species, mature cells of the cortex and/or phloem resume 

division to form secondary meristems, such as the vascular cambium or 

the cork cambium.  
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Smolarkiewicz & Dhonukshe (2013) 

 
 

 The abscission zone at the base of a leaf petiole is a region where mature 
parenchyma cells begin to divide again after a period of mitotic inactivity 
forming a layer of cells with relatively weak cell walls where abscission can 

occur.  
 Wounding of plant tissues induces cell divisions at the wound site. 

- Even highly specialized cells, such as phloem fibers and guard cells, may 
be stimulated by wounding to divide at least once. 

- Wound-induced mitotic activity typically is self-limiting; after a few 
divisions the derivative cells stop dividing and redifferentiate. 

 A wound invaded by the soil-dwelling bacterium Agrobacterium tumefaciens 

would cause continual cell division throughout the life of the plant to produce 
an unorganized mass of tumor-like tissue called a gall (Fig.21.1).  

 
 
Fig. 21.1 Tumor that formed on a tomato stem infected with 

the crown gall bacterium, Agrobacterium turnefaciens. (From 

Aloni et al. 1998, courtesy of R. Aloni.) 

 

 

2. The Discovery of Cytokinin 
 The cessation of cell division in mature plant cells 

is attributed to the condition of cells that no longer 
receive a particular signal-possibly a hormone-that 
is necessary for the initiation of cell division.   

 The idea that cell division may be initiated by a 
diffusible factor originated with the Austrian plant 

physiologist Gottlieb Haberlandt. 
- In 1913, he demonstrated that vascular tissue contains a water-soluble 

substance or substances that will stimulate the division of wounded 
potato tuber tissue. 

 The effort to determine the nature of this factor (or factors)coupled with an 

interest to grow organs, tissues, and cells in culture on a simple nutrient 

medium led to the discovery of the cytokinins in the 1950s. 
 In the 1930s, Philip White demonstrated that tomato roots can be grown 

indefinitely in a simple nutrient medium containing only sucrose, mineral 
salts, and a few vitamins, with no added hormones (White 1934). 
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 Various substances were tested to initiate and sustain the proliferation of 

normal stem tissues in culture.  
- Yeast extract and tomato juice were found to have a positive effect, at 

least with some tissues.  
- The strongest positive effect was shown by Coconut milk that seemed to 

contain a substance supportive of cell division. 
- In the 1950s, Folke Skoog and Carlos Miller found that autoclaved 

herring sperm DNA was a potent activator of the proliferation of 

cultured tobacco pith cells. 
 They identified an adenine (6-aminopurine) derivative, 6 –

furfurylaminopurine, as the active compound and named it kinetin.  
- In the presence of auxin, kinetin stimulated tobacco pith parenchyma 

tissue to proliferate in culture.  

- No kinetin induced cell division occurs without auxin in the culture 
medium.  

 Kinetin is not a naturally occurring plant 
growth regulator, and it does not occur as a 
base in the DNA of any species. 

- It is a by-product of the heat-induced 
degradation of DNA, in which the 

deoxyribose sugar of adenosine is 
converted to a furfuryl ring and shifted 
from the 9 position to the 6 position on 

the adenine ring. 
- The discovery of kinetin suggested that 

naturally occurring molecules with 
structures similar to that of kinetin 
regulate cell division activity within the plant.  

 
 

2. PRINCIPAL CYTOKININS 
 

1. Natural Cytokinin 
 Extracts of the immature endosperm of maize (Zea mays L.) were then 

found to contain a substance that had the same biological effect as kinetin.  
- This substance stimulated mature plant cells to divide when added to a 

culture medium along with an auxin.  
 Letharn (1973) isolated the molecule responsible for this activity and 

identified it as trans-6-(4-hydroxy-3 methylbut-2-enylamino) purine, which 

he called zeatin that turns out to be the predominant cytokinin in coconut 
milk. 

 The molecular structure of zeatin is similar to that of kinetin, and both 
molecules are adenine (aminopurine) derivatives.  

 The different, side chain in both cases is linked to the nitrogen attached to C6 

(=N6) of adenine.  
 Because the side chain of zeatin has a double bond, it can exist in either the 

cis or the trans configuration. 
 In higher plants, zeatin occurs in both the cis and the trans configurations, 

and these forms can be interconverted by an enzyme known as zeatin 

isomerase, which is found in some, but not all plants. 
 The trans form of zeatin is much more active in biological assays, it is likely 

that the cis form also plays important roles in some plant species. 
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 Zeatin is generally the most prevalent active cytokinin in higher plants, but 

other substituted aminopurines that are active as cytokinins have been 
isolated from many plant and bacterial species.  

 These aminopurines differ from zeatin in the nature of the side chain 
attached to the N6 position (Fig. 21.2). 

 

 
 

 

Fig. 21.2  Structures of 

other aminopurines that 
are active as cytokinins. 

 
 
 

2. Cytokinin Characteristics 
 Cytokinin action. Cytokinins are defined as compounds that have biological 

activities similar to those of trans-zeatin namely: 
- Inducing cell division in callus cells in the presence of an auxin  

- Promoting bud or root formation from callus cultures when in the 
appropriate molar ratios to auxin 

- Delaying senescence of leaves 

- Promoting expansion of dicot cotyledons 
 Many chemical compounds have been synthesized and 

tested for cytokinin activity.  
 Nearly all tested compounds active as cytokinins are 

N6-substituted aminopurines, such as 

benzyladenine (BA): 
 All the naturally occurring cytokinins are aminopurine 

derivatives.  
 There are also synthetic cytokinin compounds that 

have not been identified in plants, most notably the 

diphenylurea-type cytokinins; one of these, 
thidiazuron, is used commercially as a defoliant and 

herbicide. 
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 Free cytokinin. Biologically active cytokinins are present as free molecules 

(not covalently attached to any macromolecule) in plants and certain 
bacteria.  

 Usually zeatin is the most abundant naturally occurring free cytokinin, but 
dihydrozeatin (DHZ) and isopentenyl adenine (iP) also are commonly found 

in higher plants and bacteria. 
 Many of microorganisms associated with higher plants produce and secrete 

substantial amounts of cytokinins and/or cause the plant cells to synthesize 

plant hormones, including cytokinins. 
- The cytokinins produced by microorganisms include trans-zeatin, iP, cis-

zeatin, and their ribosides, as well as 2-methylthioderivatives of zeatin.  
 Infection of plant tissues with these microorganisms can induce the tissues to 

divide and, in some cases, to form special structures, such as mycorrhizal 

arbuscules, in which the microorganism can reside in a mutualistic 
relationship with the plant. 

 Increased cytokinin, from interacting other orgnisms (bacteria, fungi, viruses, 
or insects) can cause an increase in the proliferation of the shoot apical 
meristem and/or the growth of lateral 

buds, which normally remain dormant. 
 This proliferation, known as fasciation, 

often manifests as a phenomenon known 
as a witches' broom (Fig. 21.3), so-
called because these growths can 

resemble an old-fashioned straw broom. 
 
 

Fig. 21.3 Witches' broom on a fir tree (Abies 

sp.) caused by the fir broom rust fungus, 

Melampsorella caryophyllacearum. (Courtesy 

of Bob Erickson, Natural Resources Canada, 

Canadian Forest Service.) 

 

 

3. CYTOKININ METABOLISM 
1. Side Chains 

 Cytokinins are synthesized in roots, developing embryos, young leaves, 

fruits, and crown gall tissues, as well as by plant-associated bacteria, 
fungi, insects, and nematodes. 

 Cytokinins (CKs), a group of phytohormones, are adenine derivatives that 
carry either an isoprene-derived or an aromatic side chain at the N6 
terminus. 
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 The side chains of cytokinins are synthesized from an isoprene derivative. 

 Isoprene is similar in structure to the side chains of zeatin and iP. 
 The side chains of naturally occurring cytokinins are chemically related to 

rubber, carotenoid pigments, gibberellin and abscisic acid, and some of 
the plant defense compounds known as phytoalexins.  

 All of these compounds are constructed, at least in part, from isoprene 
units. 

 Large molecules of rubber and the carotenoids are constructed by the 

polymerization of many isoprene units; cytokinins contain just one of 
these units.  

 The precursor for the formation of these isoprene structures in cytokinins 
is dimethylallyl diphosphate (DNIAPP), which is derived from either the 
mevalonate pathway (primarily for cis-zeatin) or the methylerythritol 

phosphate (MEP) pathway (primarily for DHZ, iP, and trans-zeatin). 
 

 

2. IPT Enzyme 
 The first committed step in cytokinin biosynthesis is the transfer of the 

isopentenyl group to an adenosine moiety catalyzed by isopentenyl 
transferase (IPT). 

- IPT enzyme was first identified in the cellular slime mold Dictyostelium 
discoideum, and subsequently the ipt gene from Agrobacterium was 

found to encode such an enzyme.  
 The Arabidopsis genome contains nine different IPT genes, seven of which 

were capable of synthesizing free cytokinins when expressed in E. coli. 

- Unlike Agrobacterium Ipt (note that the convention for bacterial proteins 
is that they are capitalized without italics), the Arabidopsis enzymes 

utilize adenosine triphosphate (ATP) and adenosine diphosphate (ADP) 
preferentially over AMP, and use dimethylallyl diphosphate (DMAPP) as 
the source of the side chain rather than HMBDP. 

 

 
Fig. 1 Key elements of the cytokinin biosynthesis (green box), degradation (brown box) 

and response pathway (yellow box).  IPT, Adenosine phosphate-isopentenyltransferase; 

AHK, arabidopsis histidine kinase; AHP, Arabidopsis homologs of histidine-containing 

phosphotransmitters; CKX, cytokinin dehydrogenase; type-B ARR, type-B Arabidopsis 

response regulator; CYP735A (CYP735A1 and CYP735A2) are cytochrome P450 

monooxygenases (P450s) that catalyze the biosynthesis of tZ (trans-Zeatin).  Schaller et 

al. (2014) 
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Fig. 21.5 Simplified biosynthetic pathway for cytokinin biosynthesis.  Key elements of 

the cytokinin biosynthesis (green box), degradation (brown box) and response pathway 

(yellow box).  The first committed step in cytokinin biosynthesis is the addition of the 

isoPtenyl side chain from DMAPP (dimethylallyl diphosphate) to an adenosine moiety 

(ATP or ADP). The products of these reactions (iPRTP or iPRDP) are converted to zeatin 

(ZTP or ZDP) by a cytochrome P450 monooxygenase (CPY735A). Dihydrozeatin (DHZ) 

cytokinins are made from the various forms of trans-zeatin by an unknown enzyme (not 

shown). The ribotide and riboside forms of trans-zeatin can be interconverted and free 

trans-zeatin can be formed from the riboside by enzymes of general purine metabolism. 

 

 

3. Ti Pasmid 
 Plant cells, during infection by A. tumefaciens, incorporate bacterial DNA into 

their chromosomes.  

 The virulent strains of Agrobacterium contain a large plasmid known as the 
Ti plasmid.  

 Plasmids are circular pieces of extrachromosomal DNA that are not essential 
for the life of the bacterium 
- However, plasmids frequently contain genes that enhance the ability of 

the bacterium to survive in special environments. 
 A small portion of the Ti plasmid, known as the T-DNA, is incorporated into 

the nuclear DNA of the host plant cell (Fig. 21.4). 
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Fig. 21.4 Tumor induction by A. tumefaciens. (After Chilton 1983.) 
 
 

- T-DNA carries genes necessary for the biosynthesis of cytokinins and 
auxin, as well as a member of a class of unusual carbon- and nitrogen-

containing amino acid derivatives called opines. 
 Opines are not synthesized by plants except after crown gall transformation. 
 The T-DNA gene involved in cytokinin biosynthesis, known as the ipt gene 

(the convention for bacterial genes is that they are written in lower case 
italics), encodes an isopentenyl transferase (IPT) enzyme. 

 The IPT enzyme transfers the isopentenyl group from 1-hydroxy-2-methyl-2-
(E)-butenyl 4-diphosphate (HMBDP) to adenosine monophosphate (AMP) to 
form tZRMP (trans-zeatin riboside 5'-monophosphate) (Fig. 21.5). 

 

4. Cytokinin as Signals 
 Cytokinins are synthesized in roots and move through the xylem into the 

shoot, along with the water and minerals taken up by the roots.  

- In Arabidopsis and other plant species, xylem sap contains mainly trans-
zeatin riboside, whereas the phloem contains principally iP and cis-zeatin-
type ribosides. 

 Direct evidence that cytokinin can act as a mobile signaling element has 
come from grafting experiments using an Arabidopsis mutant defective in 

multiple IPT genes. 
- This mutant is unable to form cambium as a result of the decreased 

cytokinin synthesis.  

 If an ipt mutant shoot scion is grafted onto a wild-type rootstock, cambial 
activity is restored in the mutant shoot. 

 In the converse experiment, in which a wild-type shoot is grafted to an ipt 
mutant root, cambial activity is also restored in the mutant root.  

 These experiments indicate a number of important points.  

- First, root-derived cytokinins are probably not essential for normal shoot 
growth.  

- Secondly, transported cytokinins are functional, and this transport can 
occur both from the root to the shoot and vice versa. 
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 Although cytokinins appear to act as long-distance signals, they are also 

capable of acting as local, or paracrine signals.  
 The release of apical buds from dormancy and the promotion of cells to exit 

from the root apical meristem are examples of cytokinins acting locally. 
 

5. Cytokinin Level 
 The level of active cytokinin in a particular cell is the summation of the de 

novo biosynthesis, deconjugation, and transport into that cell, minus the 

conjugation, degradation, and transport out of cytokinin from that cell. 
 

 
 

 Many plant tissues contain the enzyme cytokinin oxidase which cleaves the 
side chain from zeatin (both cis and trans), zeatin riboside, iP, and their N-

glucosides. 
- In Arabidopsis, cytokinin oxidase is encoded by a multigene family whose 

members show distinct patterns of expression.  
 Dihydrozeatin and its conjugates, as well as aromatic cytokinins such as 

benzyladenine, are resistant to cleavage.  

- The nitrogens at the 3, 7, and 9 positions of the adenine ring of cytokinins 
can be conjugated to glucose residues.  

 Alanine can also be conjugated to the nitrogen at the 9 position, forming 
lupinic acid.  

 The hydroxyl group of the side chain of cytokinins is also the target for 

conjugation to glucose residues, or in some cases xylose residues, yielding 
O-glucoside and O-xyloside cytokinins. 

- Dormant seeds often have high levels of cytokinin glucosides but very low 
levels of hormonally active free cytokinins.  

- Levels of free cytokinins increase rapidly, however, as germination is 

initiated, and this increase in free cytokinins is accompanied by a 
corresponding decrease in cytokinin glucosides. 

 
 

4. CYTOKININ ACTIONS 
 

1. A Cytokinin Receptor 
 Cytokinin is first perceived by hybrid histidine kinase (HK) receptors, mainly 

localized in endoplasmic reticulum (ER), and results in autophosphorylation. 
- Arabidopsis (A. thaliana) possesses three cytokinin receptors: 

ARABIDOPSIS HISTIDINE KINASE2 (AHK2), AHK3, and CYTOKININ 

RESPONSE1/AHK4. 
 Other receptor is CKI1 based on the phenotype resulting from CKI1 

overexpression, combined with its similarity to bacterial receptors. 
- Plant cells generally require cytokinin in order to divide in culture, but a 

cell line that overexpresses CKI1 (CYTOKININ INDEPENDENT 1) is 

capable of growing in culture in the absence of added cytokinin. 
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 CKI1 encodes a protein similar in sequence to bacterial two-component 

sensor histidine kinases, which are ubiquitous receptors in prokaryotes.  
Typically these systems are composed of two functional elements:  

- a sensor histidine kinase, which senses signals, and a downstream 
response regulator, whose activity is regulated via phosphorylation by the 

sensor histidine kinase.  
 The sensor histidine kinase is usually a membrane-bound protein that 

contains two distinct domains: the "input" domain and the "transmitter" 

domain (Fig. 21.6). 
 

 
Fig. 21.6 Simple versus phosphorelay types of two-component signaling systems. (A) 

In simple two-component systems, the input domain is the site where the signal is 

sensed. This domain regulates the activity of the histidine kinase domain, which 

when activated autophosphorylates a conserved histidine residue. The phosphate is 

then transferred to an aspartate residue that resides within the receiver domain of a 

response regulator. Phosphorylation of this aspartate regulates the activity of the 

output domain of the response regulator, which in many cases is a transcription 

factor. (B) In the phosphorelay-type two-component signaling system, an extra set 

of phosphotransfers is mediated by a histidine phosphotransfer protein (Hpt) called 

AHPs in Arabidopsis. The Arabidopsis response regulators are called ARRs. H, 

histidine; D, aspartate. 

 
 

 CRE1 (Cytokinin response 1), encoding a protein similar to bacterial histidine 
kinases like CKI1, is also a cytokinin receptor with the following evidence; 

- CRE1 ability to replace SLN1 dependent on cytokinin, the cytokinin-
insensitive phenotype of the cre1 mutants in Arabidopsis, and the ability 
of purified CRE1 to bind cytokinin with high affinity. 

 Two other genes in the Arabidopsis genome (AHK2 and AHK3) are closely 
related to CRE1, suggesting that, like the ethylene receptors, cytokinin 

receptors are encoded by a multigene family. 
- These transmembrane hybrid kinases contain an extracellular CHASE 

(Cyclase/histidine kinase-associated sensing extracellular) domain, 

similar to the one found in CRE1.  
 Furthermore, the function of both AHK2 and AHK3, like that of CRE1, is 

dependent on cytokinin in the yeast and E. coli systems.  
- A triple mutant has been identified in which CRE1, AHK2, and AHK3 are 

all disrupted (Higuchi et al. 2004; Nishimura et al. 2004).  
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 This triple mutant displays a variety of developmental abnormalities, 

including little or no floral development, greatly reduced root growth, and 
reduced rosette size (Fig. 21.7). 

 

 
Fig. 21.7 Phenotypes of Arabidopsis plants harboring mutations in two or all three of 

the cytokinin receptors (cre1, ahk2, and ahk3). The parental wild-type ecotypes 

(Columbia and WS) are shown on the left. (From Nishimura et al. 2004.) 

 
 

2. Type-A Response Regulator Genes 
 One of the primary effects of cytokinin is to alter the expression of various 

genes.  

 Among the first genes to be up-regulated in response to cytokinin are the 
ARR (ARABIDOPSIS RESPONSE REGULATOR) genes.  

 In Arabidopsis, response regulators are encoded by a multigene family. They 

fall into two basic classes:  
- the type-A ARR genes, the products of which are made up solely of a 

receiver domain, and  
- the type-B ARR genes, which encode a transcription factor domain in 

addition to the receiver domain (Fig. 21.8). 
 

 
Fig. 21.8 Comparison of the structures of the type-A and type-B ARRs. The type-

A ARRs consist solely of an aspartate (D)-containing receiver domain, but the 

type-B proteins also contain a fused output domain at the carboxy terminus 

 
 

- The transcription rate of the type-A genes, but not the type-B genes, 
increases very rapidly in response to applied cytokinin. 
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- The type-A ARRs negatively regulate cytokinin signaling by interacting 

with other proteins in a manner dependent on their phosphorylation 
state.  

 The expression of a wide variety of other genes is altered in response to 
cytokinin. These include; 

- the gene that encodes nitrate reductase;  
- tight-regulated genes such as LHCB and SSU;  
- defense-related genes such as PRI; and  

- genes that encode rRNAs, cytochrome P450s, peroxidase, extensin (a cell 
wall protein rich in hydroxyproline), and various transcription factors. 

 The type-B ARRs, which contain a DNA-binding domain and a transcriptional 
activator domain in addition to the receiver domain, have been shown to be 
the direct upstream activators of type-A ARR transcription in response to 

cytokinin.  
 Increased type-B ARR function leads to an increase in the transcription of the 

type-A ARRs, and disruption of multiple type-B ARRs adjusts the induction of 
the type-A ARRs by cytokinin . 

 Like the type-A ARRs, the type-B ARRs display partial functional redundancy, 

but in contrast to the type-A ARRs, loss-of-function mutations in the type-B 
ARRs lead to insensitivity to cytokinin. 

- The current data suggest that phosphorylation of the receiver domain of 
the type-B ARRs enables them to increase the transcription of a set of 
genes including the type-A ARRs. 

 

3. Histidine Phosphotransfer Protein 
 Phosphorylation of the type-B ARRs in the nucleus is the key point of 

cytokinin action that begins by binding cytokinin to the CRE1/AHK receptors 

at the cell surface to initiate a phosphotransfer.  
- How then is the phosphate transferred from the receptors bound to the 

plasma membrane to the type-B ARRs in the nucleus?  

 The answer is that another set of proteins, the AHP (Arabidopsis histidine 
phosphotransfer) proteins, acquire the phosphate from the activated 

receptors, and move into the nucleus, where they transfer the phosphate 
group to the type-B ARRs. 

 There is an additional set of phosphotransfers that are mediated by a 

histidine phosphotransfer protein (Hpt), and the transfer of phosphate is 
as follows;  

- Phosphate is first transferred from ATP to a histidine within the histidine 
kinase domain of the sensor kinase, and then transferred to an aspartate 
residue on the fused receiver. 

- From the aspartate residue, the phosphate group is then transferred to a 
histidine residue present in the Hpt protein, and then finally to an 

aspartate on the receiver domain of the response regulator. 
 This phosphorylation of the receiver domain of the response regulator alters 

its activity.  

 Thus, Hpt proteins are predicted to mediate the phosphotransfer between 
sensor kinases and response regulators.  

 In Arabidopsis there are five Hpt genes, called AHPs.  
- The AHP proteins have been shown to physically associate with receiver 

domains from both the cytokinin histidine kinase receptors and response 

regulators, consistent with their role in mediating phosphotransfer among 
these signaling elements. 

 Finally, disruption of multiple AHP genes in Arabidopsis leads to cytokinin 
insensitivity.  
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 These findings indicate that the AHPs are the immediate downstream targets 

of the activated cytokinin receptors, and that these proteins transduce the 
cytokinin signal to the nucleus, where they phosphorylate and activate the 

type-B and type-A ARRs.  
 A model of cytokinin signaling is presented in Fig. 21.9. Cytokinin binds to 

the CRE1, AHK2 and AHK3 receptors and initiates a phosphorelay that 
ultimately results in the phosphorylation and activation of the type-B ARR 
proteins.  

- Activation of the type-B proteins (transcription factors) leads to the 
alteration of the transcription of various targets that mediate the changes 

in cellular function, such as an activation of the cell cycle. 
 

 
Fig. 21.9 Model of cytokinin signaling. This model is based on studies in Arabidopsis, 

but the mechanism for cytokinin signaling is probably similar in other higher plants. 

 

 
 

5. CYTOKININ ROLES 
 

Summary 
 Cytokinins (CKs) are ubiquitous phytohormones that participate in many 

processes of plants. 
 Cytokinins can stimulate or inhibit a variety of physiological, metabolic, 

biochemical, and developmental processes. 

 It is increasingly clear that endogenous cytokinins play an important role in 
the regulation of these events in the intact plant.  
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 In addition to its role in cell proliferation, cytokinin affects many other 

processes, including vascular development, apical dominance, nutrient 
acquisition, and leaf senescence. 

 

1. Shoot Growth 
 Cytokinins promote shoot growth by increasing cell proliferation in the shoot 

apical meristem. 
 Elevated levels of cytokinins may result in fasciation of shoots, a condition 

resulting from over-proliferation of the shoot apical meristem.  
 Low endogenous cytokinin levels via overexpression of cytokinin oxidase or 

by mutation of the IPT genes results in a substantial retardation of shoot 
development (Fig. 21.10). 
- This is due to a reduction in the size of the shoot apical meristem (Fig. 

21.11).  
 Disruption of cytokinin perception (e.g., in a triple-receptor mutant) also 

results in a reduced shoot apical meristem, leading to a stunted shoot and 
little or no flower production (Fig. 21.12). 

 
 
Fig. 21.10 Tobacco plants overexpressing genes for cytokinin 

oxidase. The plant on the left is the wild type. The two plants 

on the right are each overexpressing one of two different 

Arabidopsis cytokinin oxidase genes: AtCKX1 and AtCKX2. 

Shoot growth is strongly inhibited in the transgenic plants. 

(From Werner et al. 2001.) 

 
 

 
Fig. 21.11 Cytokinin is required for normal growth of the shoot apical meristem. (A) 

Longitudinal section through the shoot apical meristem of a wild-type tobacco plant. (B) 

Longitudinal section through the shoot apical meristem of a transgenic tobacco 

overexpressing a gene that encodes cytokinin oxidase (AtCKX1). Note the reduction in the 

size of the apical meristem in the cytokinin-deficient plant. (From Werner et al. 2001.) 
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Fig. 21.12 Comparison of the rosettes of the wild-type Arabidopsis and the triple cytokinin 

receptor-knockout mutant, ahk2 ahk3 cre1. (From Nishimura et al. 2004.) 

 

 

2. Hormone Interaction 
 Cytokinins interact with other hormones and with several key transcription 

factors. 
 Cytokinin levels positively regulate the expression of the KNOTTED1-like 

(KNOX) homeobox transcription factor homologs KNAT1 and STM, genes that 
are important in the regulation of meristem function.  

 Similarly, KNOX genes positively regulate cytokinin levels via the induction of 
a subset of IPT genes in Arabidopsis and rice.  

 Gibberellins also play a role in regulating the shoot apical meristem. The 

KNOX proteins downregulate (reduce) the expression of GA20 oxidase, a 
gene encoding an enzyme in GA biosynthesis.  

- Thus, the KNOX proteins act to establish a high cytokinin:GA ratio in the 
shoot apical meristem, which signals cells in the meristem to continue to 

proliferate, rather than differentiating into leaf primordia.  
 Cytokinins in turn induce the expression of GA2 oxidase in the shoot apical 

meristem, which encodes an enzyme that degrades active GAs. 

 This increase in the degradation of GA by cytokinin reinforces the effect of 
KNOX proteins on GA levels. 

 There is also a direct link between cytokinin signaling and the homeodomain 
protein WUSCHEL (WUS).  
- WUS is expressed in the organizing center of the shoot apical meristem 

and induces a stem cell fate to the overlying cells.  
 A subset of type-A ARR genes are directly repressed by WUS binding to their 

promoters. 
- This down-regulation of type-A ARR gene expression results in a niche of 

cells within the shoot apical meristem that are hypersensitive to 

cytokinin.  
 

3. Root Growth Inhibition 
 Cytokinins inhibit root growth by promoting the exit of cells from the root 

apical meristem. 
 Overexpression of cytokinin oxidase in tobacco increases root growth (Fig. 

21.13), primarily by increasing the size of the root apical meristem (Fig. 

21.14).  
 However, disruption of all three cytokinin receptors in Arabidopsis results in 

reduced cell division in both root and shoot apical meristems. 
 Similarly, mutations that partially disrupt cytokinin perception also cause 

enhanced root growth. 
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Fig. 21.13 Cytokinin suppresses the growth of roots. 

The cytokinin-deficient, AtCKX1-overexpressing roots 

(right) are larger than those of the wild-type tobacco 

plant (left). (From Werner et al. 2001.) 

 
 

 
Fig. 21.14 Cytokinin suppresses the size and cell division activity of roots. (A) Wild 

type. (B) Plant overexpressing AtCKX1. These roots were stained with the fluorescent 

dye 4',6'-diamidino-2-phenylindole (DAPI), which stains DNA in the nucleus (From 

Werner et al. 2001.) 

 
 

 However, disruption of all three cytokinin receptors in Arabidopsis results in 
reduced cell division in both root and shoot apical meristems.  

 The mechanism by which cytokinins negatively regulate root apical 
meristems has recently been explored.  

 The size of a meristem is determined by  

- the rate at which cells divide minus  
- the rate at which cells exit the meristem by growth and differentiation.  

 Cytokinins accelerate the process of vascular differentiation in the root tip, 
causing a concomitant decrease in the size of the root apical meristem.  
- That is, increased cytokinin function enhances the rate at which cells 

differentiate into vascular tissue; the result is fewer meristematic cells 
and, thus, less root growth.  

 Conversely, decreased cytokinin function decreases the rate of vascular 
differentiation, and results in a greater number of apical meristem cells and 
more root growth. 

 

4. Cell Cycle 
 Cytokinins regulate cell division by affecting the controls that govern the 

passage of the cell through the cell division cycle.  

 Zeatin levels peak in synchronized culture tobacco cells at the end of S 
phase, the G2/M phase transition, and in late G1 
- Inhibition of cytokinin biosynthesis blocks cell division, and application of 

exogenous cytokinin allows cell division to proceed.  
 Evidence suggests that both auxin and cytokinins participate in regulating 

the cell cycle by controlling the activity of cyclin-dependent kinases 
(CDKs). 
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- The CDKs, in concert with their regulatory subunits, the cyclins, are 

enzymes that regulate the eukaryotic cell cycle.  
 

 
Fig. 1. Cytokinin activation of the mitotic cell cycle. The central green 

circle indicates timing and relative size of cytokinin peaks during the cell 
cycle based on studies with BY-2 tobacco cells. Potential mechanisms for 
cytokinin activation at G1/S and G2/M are depicted.  Source: Schaller et 

al. (2014) 
 

 
 Cytokinins also elevate the expression of the CYCD3 gene, which encodes a 

D-type cyclin.  

- In Arabidopsis, CYCD3 is expressed in proliferating tissues such as shoot 
meristems and young leaf primordia.  

 Overexpression of CYCD3 can bypass the cytokinin requirement for cell 
proliferation in culture (Fig. 21.15). 

 These data suggest that a major mechanism for cytokinin's ability to 

stimulate cell division is its increase of CYCD3 function. 
 

 
Fig. 21.15 CYCD3-expressing callus 

cells can divide in the absence of 

cytokinin. Leaf explants from 

transgenic Arabidopsis plants 

expressing CYCD3 from a cauliflower 

mosaic virus 35S promoter were 

induced to form calluses through 

culturing in the presence of auxin plus 

cytokinin or auxin alone. The wild-

type control calluses required 

cytokinin to grow. The CYCD3-

expressing calluses grew well on 

medium containing auxin alone. The 

photographs were taken after 29 days. (From Riou-Khamlichi et al. 1999.) 

 
 

5. Auxin:Cytokinin Ratio 
 The auxin:cytokinin ratio regulates morphogenesis in cultured tissues. 

 The differentiation of cultured callus tissue, derived from tobacco pith 
segments into either roots or shoots, depends on the ratio of auxin to 

cytokinin in the culture medium.  
 Whereas high auxin:cytokinin ratios stimulated the formation of roots, low 

auxin:cytokinin ratios led to the formation of shoots. At intermediate 

levels, the tissue grew as an undifferentiated callus (Fig. 21.16). 
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Fig. 21.16 The regulation of growth and organ formation in cultured 
tobacco callus at different concentrations of auxin and kinetin. At low 
auxin and high kinetin concentrations (lower left), buds developed. At 

high auxin and low kinetin concentrations (upper right), roots developed. 
At intermediate or high concentrations of both hormones (middle and 

lower right), undifferentiated callus developed. (Courtesy of Donald 
Armstrong.) 

 

 
 The effect of auxin:cytokinin ratios on morphogenesis can also be seen in 

crown gall tumors by mutation of the T-DNA of the Agrobacterium Ti plasmid. 
- Mutating the ipt gene (the tmr locus) of the Ti plasmid blocks zeatin 

biosynthesis in the infected cells.  

 The resulting high auxin:cytokinin ratio in the tumor cells causes the 
proliferation of roots instead of undifferentiated callus tissue.  

 In contrast, mutating either of the genes for auxin biosynthesis (tms locus) 
lowers the auxin:cytokinin ratio and stimulates the proliferation of shoots 
(Fig. 21.17).  

 These partially differentiated tumors are known as teratomas. 
- Mutation or deletion of these regions gives Ti plasmids that initiate 

tumors with specific characteristics. 
 

 
Notes: 
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Fig. 21.17 Map of the T-DNA from an Agrobacteri-um Ti plasmid, showing the effects 

of T-DNA muta-tions on crown gall tumor morphology. The genes iaaH and iaaM 

encode the two enzymes involved in auxin biosynthesis, ipt encodes a cytokinin 

biosynthesis enzyme, and 6b encodes a transcriptional regulator that controls tumor 

growth. Mutations in these genes produce the phenotypes illustrated. (From Morris 

1986, courtesy of R. Morris.) 

 

 

6. Apical Dominance 
 One of the primary determinants of plant form is the degree of apical 

dominance.  
- Plants with strong apical dominance, such as maize, have a single 

growing axis with few lateral branches.  
- In contrast, many lateral buds initiate growth in shrubby plants.  

 Branching patterns are normally determined by light, nutrients, and 

genotype.  
- Branching is also triggered by decapitation, a phenomenon that allows 

primary growth to continue after the loss of the terminal bud. 
 Physiologically, branching is regulated by a complex interplay of hormones, 

including auxin, cytokinin, and a recently, identified root-derived signal. 
 Auxin transported polarly from the apical bud suppresses the growth of 

axillary buds. 

 In contrast, cytokinin stimulates cell division activity and outgrowth when 
applied directly to the axillary buds of many species, and cytokinin-

overproducing mutants tend to be bushy.  
 In the nodal region of pea stems, auxin was found to inhibit the expression of 

a subset of IPT genes, which encode the enzyme catalyzing the rate-limiting 

step in cytokinin biosynthesis, and to elevate the expression of cytokinin 
oxidase, which degrades cytokinins (Fig. 21.18). 

- The combined effect of the regulation of these genes by auxin is to keep 
cytokinin levels low in the apical buds.  

- Removal of the shoot apex results in a decreased auxin flow, which 

allows IPT levels to rise and cytokinin oxidase levels to fall (Fig. 21.18). 
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Fig. 21.18 Interaction of auxin and cytokinin in the regulation of shoot branching. 

In a plant with an intact shoot apex (left), auxin (IAA) derived from the shoot apex 

inhibits cytokinin levels in the apical bud by inhibiting IPT gene expression 

(cytokinin biosynthesis) and by elevating cytokinin oxidase expression (CKX) 

(cytokinin degradation), which prevents bud outgrowth. Removal of the shoot apex 

(middle) eliminates the flow of auxin, which results in elevated IPT expression and 

decreased CKX expression. This leads to elevated levels of cytokinins in the apical 

buds, causing them to grow. After the buds have grown for a period (right), they 

begin to make and export their own auxin. IPT is again shut down and CKX 

elevated, resulting in lower cytokinin levels once again. (Adapted from Shimizu-

Sato et al. 2008). 

 
 

7. Leaf Senescence 
 Leaves detached from the plant slowly lose chlorophyll, RNA, lipids, and 

protein, even if they are kept moist and provided with minerals.  

 This programmed aging process leading to death is termed senescence.  
- Leaf senescence is more rapid in the dark than in the light, but 

delayed by treating isolated leaves of many species with cytokinins. 
 As the leaves aged, however, the senescence-specific promoter was 

activated, triggering the expression of the ipt gene within leaf cells just as 

senescence would have been initiated.  
 The resulting elevated cytokinin levels not only blocked senescence, but 

also limited further expression of the ipt gene, preventing cytokinin 
overproduction (Fig. 21.19). 

 The AHK3 receptor appears to be the primary cytokinin receptor 

regulating leaf senescence in Arabidopsis.  
 Elevated AHK3 function results in a significant delay in leaf senescence 

 Conversely, disruption of AHK3, but not other cytokinin receptor genes, 
results in premature leaf senescence. 
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Fig. 21.19 Leaf senescence is retarded in a 

transgenic tobacco plant containing a cytokinin 
biosynthesis gene, ipt, from Agrobacterium 

turnefaciens fused to a senescence-induced promoter 
The ipt gene is expressed in response to signals that 
induce senescence.  (From Gan and Amasino 1995, 

courtesy of R. Amasino.) 
 

 

8. Nutrient Movement  
 Cytokinins influence the movement of 

nutrients into leaves from other parts of the 
plant, a phenomenon known as cytokinin-

induced nutrient mobilization.  
- This process can be observed when 

nutrients (sugars, amino acids, and so on) 
radiolabeled with 14C or 3H are fed to 
plants after one leaf or part of a leaf is 

treated with a cytokinin. 
- Subsequent autoradiography of the whole 

plant reveals the pattern of movement and 
the sites at which the labeled nutrients accumulate. 

 Experiments of this nature have demonstrated that nutrients are 

preferentially transported to and accumulated in the cytokinin-treated 
tissues. It has been postulated that the hormone causes nutrient 

mobilization by creating a new source-sink relationship. 
 The hormone may stimulate the metabolism of the treated area so that 

nutrients move toward it.  

 However, it is not necessary for the nutrient itself to be metabolized in the 
sink cells because even nonmetabolizable substrate analogs are mobilized by 

cytokinins (Fig. 21.20). 
 

 
Fig. 21.20 The effect of cytokinin on the movement of an amino acid in cucumber 

seedlings. A radioactively labeled amino acid that cannot be metabolized, such as 

aminoisobutyric acid, was applied as a discrete spot on the right cotyledon of each of 

these seedlings. The black color indicates the distribution of radioactivity. (Drawn 

from data obtained by K. Mothes.) 
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9. Light Signaling 
 Etiolated leaves treated with cytokinin, before being illumi-nated, form 

chloroplasts with more extensive grana, and chlorophyll and photosynthetic 

enzymes are synthesized at a greater rate upon illumination (Fig. 21.21).  
 These results suggest that cytokinins-along with other factors, such as light, 

nutrition, and development regulate the synthesis of photosynthetic pigments 
and proteins.  

 

 
Fig. 21.21 Cytokinin influence 

on the development of the 

chloroplasts of wild-type 

Arabidopsis seedlings grown 

in darkness. (A) Plastids 

develop as etioplasts in the 

untreated, dark-grown 

control. (B) Cytokinin 

treatment resulted in 

thylakoid formation in the 

plastids of dark-grown 

seedlings. (From Chory et al. 

1994, courtesy of J. Chory.) 

 
 

 A key mediator of many light responses is the red light photoreceptor 
phytochrome.  

 The type-A response regulator ARR4 (Fig. 21.8) has been found to stabilize 
the active, Pfr form of one phytochrome, PhyB, by reducing the rate of dark 
reversion.  

 Thus, ARR4 acts as a positive regulator of PhyB function.  
 Another point of convergence between light signaling and cytokinin occurs 

via the HY5 protein.  
- This bZIP transcription factor is a positive regulator of 

photomorphogenesis, acting downstream of multiple fan-Lilies of 

photoreceptors, including the phytochromes and cryptochromes.  
 Cytokinin increases the abundance of HY5 protein, most likely by increasing 

HY5 protein stability. 
 
 

10. Vascular Development 
 Cytokinins are involved in the development of vascular tissues.  

 Arabidopsis mutants that are strongly insensitive to cytokinin (e.g., triple-
receptor mutants) have reduced root vascular cell files that form only 

protoxylem, lacking both phloem and mature metaxylem.  
 This defect is linked to a reduction in the number of embryonic root vascular 

initials. When the Hpt-like protein AHP6 is mutated so that it lacks 

phosphotransfer activity, this mutation rescues (reverses) these 
developmental defects. 

 In vitro experiments suggest that AHP6 may interfere with phosphotransfer 
between two-component elements.  

 These results suggest that cytokinin is necessary to regulate the balance of 

cell proliferation and differentiation during vascular development, with AHP6 
acting as a negative regulator of cytokinin signaling in this context.  

 Cytokinins are also necessary for the development of the vascular cambium.  
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 In poplar, expression of a cytokinin oxidase gene in cambial cells in 

transgenic plants results in thinner stems as a result of reduced cambial 
function.  

 Furthermore, disruption of multiple IPT genes in Arabidopsis also results in a 
plant with thinner stems and roots, due to the absence of cambium.  

 Thus, cytokinins are required for both the initiation of vascular initials and 
the formation of the lateral meristems in the cambium. 

 

11. Agriculturally Important Traits 
 Some of the consequences of altering cytokinin function could be highly 

beneficial for agriculture if synthesis of the hormone can be controlled.  
 It should be possible to extend photosynthetic productivity in the cytokinin-

overproducing plants as leaf senescence is delayed.   

 Indeed, when an ipt gene is expressed in 
lettuce from a senescence-inducible 

promoter, leaf senescence is strongly 
retarded (Fig. 21.22), similar to the results 

observed in tobacco (Fig. 21.19).  
 
 

Fig. 21.22 Leaf senescence is retarded in transgenic 
lettuce plants expressing the cytokinin biosynthesis 
gene ipt at the time of senescence. Control plants 
(upper five) lack 

 

 
 Manipulation of cytokinin also has the potential to increase grain yield in rice.  

 Humans have unwittingly taken advantage of the promotive effect of 
cytokinin on the shoot apical meristem in their breeding of cultivated rice 
varieties. 

 The rice varieties japonica and indica differ dramatically in their yield, with 
the latter generally producing more grains in their main panicle and 

ultimately a higher yield (Fig. 21.23).  
 

 
Fig. 21.23 Cytokinin regulates grain yield in rice. The grain number in the indica 

variety of rice is higher than that in the japonica variety as a result of a disruption in 

a cytokinin oxidase gene. (A) Whole plants of Koshihikari (a japonica strain) and 

Habataki (an indica strain). (B) Close 

 
 

 The increased grain number in indica varieties has recently been linked to a 

decrease in the function of a cytokinin oxidase gene.  
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 As a consequence of the reduced function of this cytokinin oxidase in the 

indica varieties, cytokinin levels are higher in the inflorescence, which alters 
the inflorescence meristem such that it produces more reproductive organs, 

more seeds per plant, and ultimately a higher yield. 
 

12. Nitrogen-fixing Nodules In Legumes 
 Cytokinins have been implicated in nodulation based on various lines of 

evidence.  

 Some nitrogen-fixing bacteria, such as Rhizobium leguminosarum and 
Bradyrhizobitun japonicum, produce compounds with cytokinin-like activity.  

 

 
Fig. 1. Model depicting auxin- and cytokinin-mediated signaling pathways involved in 

nodule development. Suzaki et al. (2013). NIN = nodule inception (protein/gene); 

NSP, nodulation signaling pathway; LHK, Lotus histidine kinase; CLE, 

clavata3/endosperm surrounding region; CKX, cytokinin oxidase; CRE, cytokinin 

response element; CCaMK, calcium and calmodulin-dependent kinase (CCaMK), RR, 

response regulator 

 

 
 Application of exogenous cytokinin can cause the induction of cortical cell 

divisions and an up-regulation of early nodulin genes. 
 Most compellingly, disruption of MtCRE1 (an ortholog of Arabidopsis CRE1) in 

the legume Medicago truncatula results in a failure to initiate cortical cell 
divisions that are necessary for nodulation, while a gain-of-function mutation 
in the same receptor leads to the spontaneous formation of root nodules in 

the absence of rhizobia. 
 Recent findings show that cytokinin accumulation is tightly regulated during 

nodulation in order to balance the requirement for cell divisions with negative 
regulatory effects of cytokinin on infection events and root development 
(Reid et al., 2016). 

 Together, these studies demonstrate that cytokinin function is necessary and 
sufficient for nodulation. 
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PGD = (CDD) 

 
 

 

 
Fig. 2. Cytokinin and inhibition of the cell cycle in the root apical meristem. The left part of 

the figure depicts potential inputs of cytokinin to negatively regulate the mitotic cell cycle 

and shift to the endocycle. Right: Structure of the root apical meristem. The mitotic cell 

cycle is favored in the cell division zone, the endocycle favored in the 

differentiation/elongation zone. TZ, transition zone; QC, quiescent center. Expression of the 

type-B ARRs is shown in blue. 


