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ABSTRACT

Cytokinins were discovered in the 1950s by their ability to
promote cell division in cultured plant cells. Recently, there
have been significant breakthroughs in our understanding
of the biosynthesis, metabolism, perception and signal
transduction of this phytohormone. These advances,
coupled with physiological and other approaches, have
enabled remarkable progress to be made in our under-
standing of the interactions between cytokinin function and
environmental inputs. In this review, we first highlight the
most recent advances in our understanding of cytokinin
biosynthesis, metabolism and signalling. We then discuss
how various environmental signals interact with these
pathways to modulate plant growth, development and
physiology.

Key-words: abiotic stress; light; nutrients; signal
transduction.

INTRODUCTION

Cytokinins were first identified as factors that promoted the
proliferation of cultured plant cells (Miller et al. 1955,
1956). Subsequently, this phytohormone was linked to
numerous aspects of plant growth and development, includ-
ing seed germination, vasculature development, meristem
function, apical dominance and leaf senescence (Mok &
Mok 2001). Much progress has been made recently in our
understanding of cytokinin biosynthesis and signalling, and
how environmental cues interact with these components to
modulate plant growth, development and physiology. In this
review, we will first discuss cytokinin biosynthesis, metabo-
lism and signalling, and with an emphasis on recent findings,
we will then discuss the role of cytokinin in the assimilation
of various macronutrients, the crosstalk with light signalling
and, finally, the interactions of cytokinin with abiotic and
biotic factors. For additional information, the reader should
see recent detailed reviews of cytokinin biosynthesis and

metabolism (Sakakibara 2006; Hirose et al. 2008) and sig-
nalling (Ferreira & Kieber 2005; Choi & Hwang 2007;
Müller & Sheen 2007; To & Kieber 2007).

CYTOKININ BIOSYNTHESIS

The first committed and rate-limiting step of cytokinin bio-
synthesis, the transfer of an isopentenyl moiety from dim-
ethylallyl diphosphate (DMAPP) to the N6 position of
ATP/ADP (Fig. 1), is catalysed by the enzyme isopentenyl-
transferase (IPT) (Kakimoto 2001; Takei, Sakakibara &
Sugiyama 2001a; Sakakibara 2006; Hirose et al. 2008). The
immediate products of the IPT reaction are isopentenylad-
enine (iP) ribotides, the isoprene side chain of which is
subsequently trans-hydroxylated by the P450 monooxyge-
nases CYP735A1 and CYP735A2 to yield zeatin ribotides
(Takei, Yamaya & Sakakibara 2004b). Cytokinin nucle-
otides can be converted to their most active free base forms
via dephosphorylation and deribosylation. Recently, a gene
encoding an enzyme catalysing one such reaction was iden-
tified in rice. The lonely guy (log) mutant was isolated in a
screen for rice plants that displayed shoot meristem defects
(Kurakawa et al. 2007). LOG encodes a phosphoribohydro-
lase that directly and specifically converts cytokinin-5′-
monophosphates to the free base form (Fig. 1). LOG
expression is localized to the tip of shoot meristems, and it
likely fine tunes the spatial distribution of bioactive cytoki-
nins to regulate meristem activity.

The first plant IPTs were identified in silico by their
sequence similarity to the Agrobacterium tumefaciens tmr
gene, and their identity was confirmed by the expression
and analysis of the proteins in Escherichia coli (Kakimoto
2001; Takei et al. 2001a). IPTs are encoded by a small gene
family that displays distinct spatial and sub-cellular distri-
butions (Miyawaki, Matsumoto-Kitano & Kakimoto 2004;
Takei et al. 2004a; Hirose et al. 2008). This suggests that
cytokinin synthesis is localized in discrete sites throughout
the plant, which is at odds with the classic notion that cyto-
kinins are made primarily in roots and transported to
shoots. Despite their non-overlapping patterns of expres-
sion, single and double loss-of-function mutants of ipt are
aphenotypic in Arabidopsis; however, higher-order loss-of-
function ipt mutants display reduced rosette development,
reduced shoot meristem function and increased root growth
(Miyawaki et al. 2006), phenotypes similar to transgenic
plants engineered to have a reduced cytokinin content via
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Figure 1. Environmental inputs into cytokinin synthesis and signalling. For the biosynthetic pathway, reactions in which the genes
encoding the enzymes have been identified are depicted in blue. Biologically active cytokinins are highlighted in yellow, with the free base
cytokinin species being more active than the riboside forms. It is also likely that, at least in some species such as maize, cis-zeatin is also
an active cytokinin. Cytokinin levels are tightly controlled in plants via inactivation by conjugation to sugar moieties and degradation by
cytokinin oxidase/dehydrogenase (CKX). Cytokinin signalling is a multi-step phospho-relay, and phosphoryl transfer is depicted by the
light green arrows. Output processes are depicted by the black arrows. See text for additional details regarding the role of the various
steps shown. The effect of environmental signals on various genes encoding these processes is depicted. DMAPP, dimethylallyl
diphosphate; tZ, trans-zeatin; cZ, cis-zeatin; iP, N6-(D2-isopentenyl) adenenine; iPRTP, iP riboside 5′-triphosphate; iPRDP, iP riboside
5′-diphosphate; iPRMP, iP riboside 5′-monophosphate; iPR, iP riboside; tZRTP, tZ riboside 5′-triphosphate; tZRDP, tZ riboside
5′-diphosphate; tZRMP, tZ riboside 5′-monophosphate; tZR, tZ riboside; cZRMP, cZ riboside 5′-monophosphate; cZR, cZ riboside; IPT,
isopentenyltransferase; CK, cytokinin; AHKs, Arabidopsis hybrid sensor kinase receptors; AHPS, Arabidopsis histidine phosphotransfer
proteins; ARRs, Arabidopsis response regulators; CRFs, cytokinin response factors; HK, hybrid sensor kinase receptor.
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overexpression of the cytokinin-degrading enzyme cytoki-
nin oxidase/dehydrogenase (CKX) (Werner et al. 2003).

CYTOKININ METABOLISM

In addition to the regulation of its biosynthesis, the levels of
active cytokinins are also regulated by conjugation to
sugars and by degradation. Cytokinins can be irreversibly
inactivated by conjugation to glucose at the N3, N7 and N9

positions of the adenine ring, and can be reversibly modi-
fied by conjugation to glucose and, to a lesser extent xylose,
to the hydroxyl group of the side chain (Sakakibara 2006).
Several of the enzymes catalysing these reactions have been
identified (Martin, Mok & Mok 1999a,b; Martin et al. 2001).
Overexpression of a zeatin O-glucosyltransferase in maize
leads to phenotypes resembling those of cytokinin-deficient
plants, consistent with a role for this enzyme in inactivating
cytokinins (Pineda Rodo et al. 2008).

Cytokinins with unsaturated isoprenoid side chains (Z-
and iP-type cytokinins) can be irreversibly degraded by
cleavage of the N6 side chain by the enzyme CKX. CKX is
encoded by a multigene family that is differentially regu-
lated by biotic and abiotic factors (Brugiere et al. 2003;
Werner et al. 2003, 2006). Major quantitative trait loci
(QTL) that are responsible for increasing the number of
reproductive organs in the inflorescence meristem, and
hence grain number, of the indica variety of rice were
identified as a loss-of-function mutation in a CKX gene,
OsCKX2 (Ashikari et al. 2005). Reduced expression of this
cytokinin oxidase gene causes an increase in the cytokinin
content in the inflorescence, which leads to the increase in
the number of reproductive organs.

In sum, the steady-state level of active cytokinins is deter-
mined by the relative rates of biosynthesis and release
of the conjugated forms and the rates of conjugation and
degradation.

CYTOKININ SIGNALLING

Elements of the cytokinin signalling pathway share
homology to bacterial two-component signalling cascades,
by which bacteria perceive extracellular stimuli via a
membrane-bound receptor kinase and a cystolic response
regulator (RR). In plants, the cytokinin two-component
system is a multi-step phospho-relay, consisting of hybrid
sensor kinase receptors (HKs), histidine phosphotransfer
proteins (HPs) and RRs (Fig. 1) (Ferreira & Kieber 2005;
Müller & Sheen 2007; To & Kieber 2007). In Arabidopsis,
these proteins are referred to as the Arabidopsis hybrid
sensor kinase receptors (AHKs), Arabidopsis histidine
phosphotransfer proteins (AHPs) and Arabidopsis res-
ponse regulators (ARRs), respectively.

The cytokinin receptors

The first cytokinin receptor (AHK4/CRE1/WOL) was
isolated as a mutant that failed to form large green
calli on shoot-initiation media and/or whose function in

heterologous system was dependent on applied cytokinin
(Inoue et al. 2001; Suzuki et al. 2001a; Ueguchi et al. 2001).
Two additional cytokinin receptors (AHK2 and AHK3) are
present in Arabidopsis (Higuchi et al. 2004; Nishimura et al.
2004). The AHKs bind active cytokinins with high affinity
and are able to complement yeast and E. coli histidine
kinase mutants in a cytokinin-dependent manner (Inoue
et al. 2001; Suzuki et al. 2001a; Yamada et al. 2001). The
three AHKs display kinase activity when bound to their
ligand; however, in the absence of cytokinin,AHK4 (but not
AHK2 nor AHK3) displays phosphatase activity (Mähönen
et al. 2006b).The ability to regulate kinase and phosphatase
activities may provide multiple strategies to modulate cyto-
kinin responses.

The AHKs are positive, functionally overlapping regula-
tors of cytokinin signalling (Higuchi et al. 2004; Nishimura
et al. 2004; Riefler et al. 2006). The triple receptor mutant is
insensitive to cytokinin, and its growth is severely impaired,
including reduced leaf size and number, an extremely
stunted root and an abbreviated inflorescence that pro-
duces a few flowers that are mostly sterile (Nishimura et al.
2004; Riefler et al. 2006).

The HPs

The AHPs are a small family of proteins that act as inter-
mediates in cytokinin signalling. The AHPs interact directly
with various histidine sensor kinases and type-A and type-B
RRs (see further discussion) in yeast two-hybrid assays
(Urao et al. 2000; Suzuki et al. 2001b; Tanaka et al. 2004;
Dortay et al. 2006). Genetic analyses indicate that the AHPs
are partially redundant positive elements in cytokinin sig-
nalling (Hutchison et al. 2006). The quintuple ahp1,2,3,4,5
mutant has a stunted primary root phenotype very similar
to that of the triple receptor mutant (Hutchison et al. 2006).
AHP6, a pseudo HP that lacks the His residue that is the
target of phosphorylation, acts as an inhibitor of cytokinin
signalling (Mähönen et al. 2006a) that functions to facilitate
protoxylem specification by interfering with cytokinin
signalling in a spatially defined manner (Mähönen et al.
2006a).

The type-A RRs

The type-A RRs are members of a large gene family whose
transcription is rapidly elevated by exogenous cytokinin
(Brandstatter & Kieber 1998; D’Agostino, Deruère &
Kieber 2000; Asakura et al. 2003; Jain, Tyagi & Khurana
2006). In addition to transcriptional regulation, cytokinin
treatment also results in an increase in the half-life of a
subset of type-A ARR proteins (To et al. 2007). Type-A
RRs contain a single receiver domain that is phosphory-
lated on a conserved Asp by the upstream AHPs. Genetic
analysis in Arabidopsis indicates that type-A ARRs are
partially redundant negative regulators of cytokinin signal-
ling (To et al. 2004) that act through phospho-dependent
interactions with as yet to be identified target proteins (To
et al. 2007).
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Disruption of subsets of type-A ARR genes affects
multiple aspects of development, including rosette size,
root elongation, phyllotaxy, meristem function and embryo
development (To et al. 2004; Leibfried et al. 2005; Müller &
Sheen 2008). Four type-A ARRs are directly repressed by
the meristem identity transcription factor WUSHEL, and
the disruption of these type-A ARRs leads to defects in the
shoot apical meristem function (Leibfried et al. 2005). Simi-
larly, in maize, the disruption of a single type-A RR leads to
alterations in leaf phyllotaxy and an increased size of the
meristem (Giulini,Wang & Jackson 2004).Two type-A ARR
genes have recently been shown to be repressed by auxin
and to play a role in root stem cell specification in the early
embryo (Müller & Sheen 2008).

The type-B RRs

Type-B ARRs contain a receiver domain as well as a
C-terminal extension that harbours a DNA-binding GARP
domain. A consensus binding sequence for type-B ARRs
has been delineated, (G/A)GGAT(T/C), and this sequence
is over-represented in the promoters of many of the cyto-
kinin primary response genes, including the type-A ARRs
(Sakai, Aoyama & Oka 2000; Rashotte et al. 2003). Consis-
tent with their role as transcription factors, type-B ARRs
localize to the nucleus (Hwang & Sheen 2001; Imamura,
Yoshino & Mizuno 2001; Asakura et al. 2003; Mason et al.
2004). Genetic and molecular analyses indicate that the
type-B ARRs are redundant positive elements in cytokinin
signalling and are the immediate upstream activators of
type-A ARR gene expression (Hwang & Sheen 2001; Sakai
et al. 2001; Mason et al. 2005;Argyros et al. 2008; Ishida et al.
2008b).The arr1,10,12 triple mutant shows almost complete
insensitivity to cytokinin in numerous assays and displays
severe developmental defects similar to those observed in
the triple ahk and quintuple ahp mutants (Argyros et al.
2008; Ishida et al. 2008b).

Other transcription factors involved in
cytokinin responses

In addition to the type-B ARRs, there are several other
transcription factors that have been implicated in the
response to cytokinin. The cytokinin response factors
(CRFs) act, along with the type-B ARRs, to mediate the
transcriptional response to cytokinin (Rashotte et al. 2006).
The six CRFs are a subset of the APETALA2 (AP2)-like
superfamily. Three of the CRFs are induced in response to
exogenous cytokinin in a type-B ARR-dependent manner
(Rashotte et al. 2003, 2006).A subset of cytokinin-regulated
genes are misexpressed in crf loss-of-function mutants.
Recently, a subgroup of the plant-specific transcription
factor family GLABROUS1 enhancer-binding protein
[GeBP, GPL (GeBP-like)] has been implicated in cytokinin
responsiveness (Chevalier et al. 2008). The disruption of
three closely related members of this family results in an
elevated level of type-A ARR gene expression and reduced

sensitivity to cytokinin specifically in the shoot. The GeBP/
GPL proteins likely act to antagonize the negative feedback
of the type-A ARRs.

CYTOKININ AND THE ASSIMILATION OF
MACRONUTRIENTS: IT’S ELEMENTAL MY
DEAR WATSON

Nitrogen

The abilities to sense nitrogen levels and to regulate nitro-
gen uptake are essential for plant growth and reproduction.
Plants obtain nitrogen from inorganic forms present in the
soil, the most abundant of which is nitrate (NO3

-). The
perception and assimilation of nitrate is dynamically regu-
lated in planta (Stitt 1999). Once absorbed from the soil,
nitrate ions are translocated to the shoot, where they are
reduced to nitrogen-containing organic compounds, includ-
ing amino acids and proteins. Nitrate levels regulate the
expression of genes involved in its assimilation and reduc-
tion, such as nitrate transporters, nitrate reductase,
glutamine synthetase and glutamate synthase, as well as the
enzyme activities of their encoded proteins (reviewed in
Sakakibara, Takei & Hirose 2006). The level of nitrate also
correlates with the expression of genes involved in sugar
metabolism, sulphur assimilation and secondary metabo-
lism, reflecting the importance of nitrate as a principal
regulator of nitrogen assimilation and plant metabolism
(Forde 2002).

The level of nitrate available to the plant regulates the
endogenous concentration of cytokinins. Plants grown on
low levels of nitrogen show reduced levels of cytokinin, and
the addition of nitrate leads to an increase in the levels of
various cytokinin species (Salama & Waering 1979; Samuel-
son & Larsson 1993; Takei et al. 2001b), which in turn leads
to the up-regulation of the cytokinin-responsive type-A
RRs (Sakakibara et al. 1998;Taniguchi et al. 1998; Kiba et al.
1999). Nitrate addition up-regulates cytokinin levels in part
by inducing expression of cytokinin biosynthetic genes.
AtIPT3 and AtIPT5 expression are up-regulated after
nitrate treatment, predominantly in the roots (Miyawaki
et al. 2004; Takei et al. 2004a). However, the addition of
ammonium to N-starved plants leads to an increase in the
levels of AtIPT5 but not AtIPT3, indicating that the regu-
lation of cytokinin biosynthesis depends on the forms of
nitrogen available to the plant (Takei et al. 2004a). The
expression of CYP735A2 (Fig. 1) is also regulated by nitrate
levels (Takei et al. 2004b; Wang et al. 2004).

Recent microarray analyses have revealed that the
expression of the nitrate- and cytokinin-inducible low-
affinity nitrate transporter gene NRT1.3 is compromised in
a type-B arr1,10,12 triple mutant (Argyros et al. 2008), sug-
gesting that the expression of this nitrate-responsive gene
is, in part, regulated by cytokinin signalling components.
Genome-wide microarray analysis revealed that treatment
with either cytokinin or nitrate induces the expression of
various genes involved in primary metabolism (Wang et al.
2000, 2003, 2004; Rashotte et al. 2003; Brenner et al. 2005;
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Kiba et al. 2005), and a significant overlap among the sets of
genes induced by each treatment is observed (Sakakibara
et al. 2006).

The correlation among nitrate, cytokinin levels and their
effects on gene expression has led to the suggestion that
cytokinin can act as a root to shoot signal to regulate tissue-
specific nitrogen metabolism (Takei et al. 2001b, 2002;
Gessler, Kopriva & Rennenberg 2004; Sakakibara 2006).
Whereas iP is the most abundant cytokinin species present
in leaf exudates and in the phloem (Weiler & Ziegler 1981;
Emery & Atkins 2002; Corbesier et al. 2003), zeatin riboside
is transported in the xylem (Beveridge et al. 1997; Takei
et al. 2001b).Along with the localized expression of AtIPT3
in the phloem (Miyawaki et al. 2004) and the high levels of
expression of CYP735A2 in the roots and stems, but low
CYP735A2 levels in the leaves (Takei et al. 2004b), these
data suggest a model in which increased nitrate in the roots
leads to the induction of AtIPT3 and CYP735A2 and thus
the biosynthesis of zeatin ribosides in the root, which can
subsequently be transported to the shoot via the xylem. In
the shoot, up-regulation of AtIPT3 and possibly AtIPT5
would lead to the accumulation of iP cytokinins, which are
translocated via the phloem to other parts of the plant.
The balance of different cytokinin species, perceived by
two-component elements, would signal the availability of
nitrate forms, and would ultimately lead to the expression
of cytokinin-responsive and, potentially, also nitrate-
responsive genes to regulate nitrogen metabolism in the
plant (Sakakibara et al. 2006).

Phosphorus

Phosphorus is a macronutrient that is essential for many
biochemical reactions, and its availability as orthophos-
phate (Pi), the form of phosphorus that is preferentially
taken up by plants, is limited in most agricultural soils. In
response to phosphate starvation, plants undergo various
forms of adaptation that are reminiscent of responses to
alterations in the levels of cytokinin, including an increase
in the number of lateral roots and an increase in the
root : shoot ratio (Raghothama 1999).

A role for cytokinins in the Pi-starvation response has
been suggested based on evidence that cytokinin levels are
reduced in Pi-starved plants (Salama & Waering 1979;
Horgan & Waering 1980; Wagner & Beck 1993). Consistent
with this, the Arabidopsis pho1 and pho2 mutants, which fail
to accumulate and hyper-accumulate Pi in shoots, respec-
tively, show altered sensitivity to cytokinin (Lan, Li &
Fischer 2006).

Pi starvation leads to complex changes in gene expression
(Hammond et al. 2003; Wu et al. 2003). An initial transient
change in the expression of genes encoding general stress
response factors is observed, followed by the induction of
genes directly involved in the response to Pi starvation
(Hammond et al. 2003). In general, cytokinins down-
regulate Pi starvation-responsive genes (Martin et al. 2000;
Hou et al. 2005). Microarray analysis of rice plants under
Pi starvation not only confirmed these results but also

identified genes that were up-regulated or unchanged upon
cytokinin addition, indicating that the effect of cyto-
kinin in Pi-starvation gene expression is complex (Wang
et al. 2006).

The ahk3,4 mutant is defective for the cytokinin repres-
sion of gene expression in the local response to Pi starvation
but is unaffected in the systemic response (Martin et al.
2000; Franco-Zorrilla et al. 2005). This suggests that while
AHK3 and AHK4 are necessary for the local response,
AHK2 may play an important role in the systemic response,
perhaps redundantly with AHK3. Consistent with this
model, AHK4 is primarily expressed in roots and AHK2
and AHK3 most highly in shoots (Higuchi et al. 2004; Nish-
imura et al. 2004).The expression of AHK4 was found to be
repressed by the addition of Pi, indicating a negative feed-
back regulatory role for cytokinin (Franco-Zorrilla et al.
2002).

Sulphur

Sulphur is assimilated by plant roots in its inorganic, anionic
sulphate form. Upon assimilation, sulphate is reduced to
sulphide in plastids, giving rise to the sulphur-containing
amino acid cysteine, which is either directly incorporated
into proteins and glutathionine or converted into the amino
acid methionine. In addition, sulphur acts as a cofactor for
various enzymes, is involved in the modification of proteins,
carbohydrates and lipids, and is essential for the formation
of secondary metabolites involved in defence responses to
pathogens and herbivores (Leustek et al. 2000).

Sulphate-responsive genes are up-regulated in response
to cytokinin in either sulphur-depleted or non-depleted
conditions and are only marginally up-regulated by other
plant hormones (Ohkama et al. 2002). The expression of
APR1, which encodes an enzyme involved in the key step of
sulphate assimilation, is induced by cytokinin (Ohkama
et al. 2002). The genes encoding sulphate transporters are
also regulated by cytokinin (Maruyama-Nakashita et al.
2004), as well as by sucrose and/or nitrate (Ohkama et al.
2002; Rouached et al. 2008). However, the concentration of
cytokinins is not altered after sulphate starvation, and the
application of cytokinin does not change the concentration
of O-acetyl-L-serine (Ohkama et al. 2002), a cysteine bio-
synthetic precursor that acts as a positive regulator of sul-
phate starvation-responsive genes (Kim et al. 1999; Hirai
et al. 2003), suggesting that the action of cytokinin in the
regulation of sulphate uptake and sulphate-responsive
genes is most likely indirect.

Iron

Iron is a micronutrient required in small quantities for plant
growth. In alkaline soils, iron can become limiting, leading
to chlorosis and other defects. Iron deficiency triggers the
induction of genes involved in iron uptake, including genes
encoding high-affinity iron transporters. The expression of
these genes is regulated primarily at the level of transcrip-
tion, and a basic helix-loop-helix (bHLH) transcription
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factor, called FIT1 in Arabidopsis, is involved in this regu-
lation (Briat, Curie & Gaymard 2007). A recent report pro-
vides evidence that cytokinins act to negatively regulate the
expression of a subset of iron-responsive genes (Séguéla
et al. 2008). This repression requires the AHK3 and AHK4
receptors but is independent of iron status and of FIT1. A
transient rise in AtIPT3 and type-A ARR gene expression
occurred in response to iron resupply to iron-starved plants
(Séguéla et al. 2008), which is reminiscent of the induction
of these same genes in response to nitrogen resupply. It
was found that other factors that inhibit root growth, such
as mannitol and NaCl, also repress the iron-starvation
response genes (Séguéla et al. 2008). The authors propose
that cytokinin down-regulates iron-responsive gene expres-
sion through a growth-dependent pathway (Séguéla et al.
2008), which may underlie the effect of cytokinin on other
nutrient assimilation pathways. Further studies that care-
fully examine the timing of the effects of cytokinin on root
growth and nutrient-regulated genes expression, coupled
with a better understanding of the transcription circuits
regulating iron-responsive gene expression, should help
clarify this issue.

THE BRIGHT SIDE OF LIGHT

The response pathways for light and cytokinin are inter-
twined in several contexts.The profound changes that occur
in etiolated seedlings in response to light, called photomor-
phogenesis, can be partially mimicked by growth of seed-
lings in the presence of exogenous cytokinin or by elevation
of endogenous cytokinin (Chory et al. 1994; Lochmanova
et al. 2008). The cytokinin-induced de-etiolation is absent in
a type-B arr1,10,12 triple mutant (Argyros et al. 2008), indi-
cating that the canonical two-component response pathway
is necessary for this response. While these studies demon-
strate that increased cytokinins are sufficient to partially
mimic photomorphogenesis in etiolated seedlings, they do
not address if they are involved in other responses to light.

A key mediator of many light responses is the red light
photoreceptor phytochrome. Sweere et al. found that the
type-A RR ARR4 stabilized the active, Pfr form of one
phytochrome, PhyB, by reducing the rate of dark reversion,
and thus ARR4 acts as a positive regulator of the PhyB
function (Sweere et al. 2001). This effect required a phos-
phorylatable form of ARR4 and depended on the AHK
cytokinin receptors (Mira-Rodado et al. 2007). In contrast,
loss-of-function mutations in arr3, arr4, arr3,4 and the
arr3,4,5,6 quadruple mutants were more sensitive to red
light as compared to wild-type seedlings (To et al. 2004),
suggesting that these type-A ARRs, including ARR4, are
negative regulators of the PhyB function. These conflicting
data may reflect differences in the growth conditions used
in these two studies, as Mira-Rodado et al. found that the
arr4 loss-of-function mutant was hyposensitive to red light
in their growth conditions (Mira-Rodado et al. 2007). Nev-
ertheless, these results implicate multiple type-A ARRs in
the regulation of phytochrome function.

Another point of convergence between light signalling
and cytokinin occurs via the HY5 protein.This transcription
factor is a positive regulator of photomorphogenesis, acting
downstream of multiple families of photoreceptors, includ-
ing the phytochromes and cryptochromes (Chang et al.
2008). Intriguingly, hy5 mutants are partially insensitive to
cytokinin in root elongation and callus initiation assays
(Cluis, Mouchel & Hardtke 2004). Recent studies have
demonstrated that cytokinin can increase the abundance of
HY5 protein but not its transcript levels, suggesting that
cytokinin increases HY5 protein stability (Vandenbussche
et al. 2007). HY5 was also found to be necessary for the
induction of anthocyanin in response to cytokinin in blue
light but not for the inhibition of hypocotyl elongation by
cytokinin in the dark (Vandenbussche et al. 2007). These
results suggest that a subset of cytokinin responses may be
mediated through HY5.

Recently, the regulation of cytokinin degradation by
CKX has been linked to the response to shade in Arabi-
dopsis. Plants grown under canopy shade receive a low ratio
of red/far red light (R/FR), which induces a number of
developmental changes including increased hypocotyl elon-
gation and a rapid arrest of leaf primordia growth (Cara-
belli et al. 2007). Carabelli et al. found that exposure to low
R/FR resulted in a rapid increase in auxin signalling in the
leaf primordia, which in turn led to the elevation of expres-
sion of AtCKX6 expression (Carabelli et al. 2007). This is
hypothesized to result in the reduction of cytokinin levels in
the leaf primordia, and hence a reduction in cell prolifera-
tion. Consistent with this, a loss-of-function ckx6 mutant did
not display the arrest of leaf primordia growth in response
to low R/FR conditions that was observed in wild-type
seedlings (Carabelli et al. 2007).

Elements of the two-component cytokinin response
pathway play a role in the circadian clock, which entrains
plants to light/dark diurnal cycles.The first evidence for this
came from the genetic analysis of type-A ARR mutants.The
arr3,4 and arr3,4,5,6 mutants had a longer circadian period
and a leading phase change similar to that displayed in phyB
mutants (Salomé et al. 2005). The changes in circadian
rhythms were absent in the arr3 and arr4 single mutants,
suggesting that these two RRs have redundant functions in
this response (Salomé et al. 2005). Surprisingly, the altered
periodicity of the arr3,4 mutant was suppressed by a reduc-
tion in ARR8 and ARR9 function, even though no photope-
riod phenotype was observed in the arr8,9 mutant itself.This
suggests that these pairs of type-A ARRs can act antagonis-
tically in this response.The finding that the introduction of an
ARR5 genomic transgene into the arr3,4,5,6 mutant fully
rescued the cytokinin hypersensitivity (To et al. 2004, 2007),
but did not affect the altered periodicity of the circadian
rhythm (Salomé et al. 2005), suggests that ARR3 and ARR4
act independently of cytokinin in this context. Furthermore,
ARR4 displays both PhyB-dependent and -independent
effects on the circadian clock (Salomé et al. 2005; Hanano
et al. 2006). Intriguingly, the expression of the ARR9 gene
(but none of the other two-component genes) displays a
strong circadian oscillation,and the timing of this expression
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is controlled by the major clock components [CIRCADIAN
CLOCK ASSOCIATED 1 (CCA1), LATE ELONGATED
HYPOCOTYL 1 (LHY1), TIMING OF CAB EXPRES-
SION 1 (TOC1)] (Ishida, Yamashino & Mizuno 2008a).
Cytokinin treatment was found to cause a shift in the phase
of the circadian clock (Hanano et al. 2006; Zheng et al. 2006)
in an ARR4- and PhyB-dependent manner (Zheng et al.
2006). A mechanistic link for this effect is suggested by the
observation that cytokinin induces the expression of LHY
and CCA1 genes but represses the expression of TOC1
(Zheng et al. 2006).Thus, there appears to be an interdepen-
dent regulatory loop between the clock genes and cytokinin
response genes (i.e. ARR9). Further studies should help
define the mechanisms underlying this intriguing interaction
among light, cytokinin and circadian rhythm.

IN TIMES OF TROUBLE

Cytokinin function has been linked to a variety of abiotic
stresses (Hare, Cress & van Staden 1997). The examination
of public microarray expression data reveals that the genes

encoding the proteins in the cytokinin signalling pathway
are differentially affected by various abiotic stresses
(Fig. 2). For example, cold stress appears to rapidly
up-regulate the expression of multiple type-A ARRs and
conversely to down-regulate the expression of all three
cytokinin receptors (Fig. 2). This suggests a role for cytoki-
nin in the response to cold stress, but there are no reports
linking cytokinin to a rapid response to cold stress.

The expression of the AHK2 and AHK3 genes was found
to be induced after dehydration (Tran et al. 2007), which is
also observed in the public microarray data (Fig. 2). The
elevation of these cytokinin receptors could lead to an
increase in the sensitivity to cytokinin. The exposure of
plants to drought results in a decrease in the level of cyto-
kinins in the xylem sap (Bano et al. 1994; Shashidhar, Prasad
& Sudharshan 1996). A recent study has confirmed that
isoprene-type cytokinins (zeatin and zeatin riboside) are
decreased in the xylem in response to drought stress but
surprisingly found that the level of the aromatic cytokinin
6-benzylaminopurine (BAP) was elevated (Alvarez et al.
2008). The increased level of aromatic cytokinin could

Figure 2. Responsiveness of cytokinin
signalling genes to different abiotic
stresses in Arabidopsis. The expression
heat map data are adapted from
BIO Array Resource (BAR,
http://bar.utoronto.ca/) (Toufighi et al.
2005), using the default parameters. The
values are log2-transformed ratios with
the colour scale as depicted. The times of
the experimental treatment for the cold,
osmotic and salt conditions are indicated
in the bar, lower right. Drought
experiments include a 0.25 h treatment.
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inhibit leaf senescence during drought conditions and/or
might increase the level of proline (Alvarez et al. 2008),
which acts as an osmotic protectant in response to water
stress.

Consistent with the notion that elevated cytokinin levels
may promote survival in drought conditions, a recent study
found that the expression of Agrobacterium ipt from a
drought/maturation-induced promoter [SENESCENCE
ASSOCIATED RECEPTOR PROTEIN KINASE
(SARK)] resulted in a remarkable tolerance to extreme
drought conditions in tobacco (Rivero et al. 2007). Trans-
genic plants showed almost complete recovery following a
drought regime that killed wild-type plants. Moreover, no
loss in yield was reported under water restriction (Rivero
et al. 2007). This is consistent with the finding that BAP
levels are elevated in conditions of water deficit (Alvarez
et al. 2008) and suggests that endogenous cytokinin may
play a role in conferring drought tolerance.

The treatment of Arabidopsis with either osmotic or salt
stress has a strong effect on the expression of the AHK
cytokinin receptors (Fig. 2). AHK2 and AHK4 were down-
regulated, both in the root and the shoot, in response to
osmotic or salt stress.Conversely,AHK3 was up-regulated in
response to these conditions (Fig. 2). Consistent with this, an
AHK3 orthologue from Medicago sativa was found to be
induced by salt stress (Coba de la Peña et al. 2008). This
altered suite of AHK receptor expression may have impor-
tant effects on receptor output following exposure to cyto-
kinin. Consistent with an important role of these AHKs in
the response to salt stress, the disruption of AHK2 and/or
AHK3 resulted in increased tolerance to drought and salt
stresses (Tran et al. 2007).These data suggest that the AHKs
may act as negative regulators in stress signalling.Consistent
with this, ahk2,3 double mutants displayed constitutively
elevated expression of stress-responsive genes (Tran et al.
2007). Interestingly, AHP4, but none of the other AHPs, is
down-regulated in response to salt and osmotic stress
(Fig. 2). AHP4 is evolutionarily distinct from the other
AHPs, and, in contrast to the other functional HPs in Arabi-
dopsis, may play a negative role in cytokinin signalling in
some context (Hutchison et al. 2006). The expression of
several of the CRF genes,which were identified as cytokinin-
responsive AP2 transcription factors (Rashotte et al. 2006),
is down-regulated in response to salt stress, especially in
roots. These genes may play an important role in mediating
the input of cytokinin into the salt stress response pathway.

CYTOKININ AND PATHOGENS:
OUT, DAMN’D SPOT!

After pathogen infection, plants initiate a series of defence
responses in order to contain the invader. When defence is
not possible, disease develops, leading to a complex and
intimate association in which plants try to minimize patho-
gen damage, while pathogens try to obtain nutrients to grow
and complete their life cycle.

Several lines of evidence support a possible link between
cytokinin and pathogenicity. One line of evidence comes

from observations that cytokinin levels in plants are altered
after pathogen infection. For example, in beans (Phaseolus
vulgaris), the levels of active cytokinins are decreased after
inoculation with the viral pathogen white clover mosaic
potexvirus (Clarke et al. 1999). In wheat plants, infection
with the fungal pathogen Tilletia caries leads to an increase
in the cytokinin levels to twice the levels seen in uninfected
plants (Maksimov, Ganiev & Khairullin 2002). Moreover,
the application of exogenous cytokinin leads to changes in
pathogen susceptibility. For example, when bean seedlings
are treated with exogenous cytokinin, the level of replica-
tion of white clover mosaic potexvirus is reduced, accom-
panied by an induction of defence-response genes, such as
those encoding pathogenesis-related (PR) proteins (Clarke,
Burritt & Guy 1998). Up-regulation of stress- and defence-
related genes also occurs in cytokinin-treated seedlings and
plant cell cultures (Schäfer et al. 2000; Rashotte et al. 2003;
Brenner et al. 2005) and in tomato plants overexpressing
the Agrobacterium ipt gene (Martineau et al. 1994). Further
evidence of crosstalk between cytokinin and defence-
response pathways was provided by the characterization
of the uni1-d mutant in Arabidopsis. uni1-d carries a
mutation in a Coiled Coil-Nucleotide Binding domain-
Leucine-Rich Repeat (CC-NB-LRR) resistance protein
and shows increased cytokinin sensitivity and up-regulation
of defence-related genes (Igari et al. 2008).

While there appears to be a link among cytokinin levels,
pathogenicity and defence-related gene expression, the
sources and species of cytokinins involved in specific plant–
pathogen interactions is uncertain. Several pathogens, such
as the bacteria A. tumefaciens and the biotrophic actino-
mycete Rhodococcus fascians, are able to synthesize cyto-
kinins, which is important for their pathogenicity (Crespi
et al. 1992; Sakakibara et al. 2005). The analysis of Arabi-
dopsis plants overexpressing cytokinin oxidases indicates
that both plant- and pathogen-derived cytokinins play a
role in disease development in the R. fascians interaction
(Depuydt et al. 2008). Plasmodia of the obligate biotrophic
pathogen Plasmodiophora brassicae, causal agent of clu-
broot disease, can produce cytokinin (Muller & Hilgenberg
1986), and the infection of Arabidopsis plants with this
pathogen leads to the up-regulation of ARR5 and differen-
tial regulation of genes encoding cytokinin oxidases, sug-
gesting that pathogen-derived cytokinins are involved in
disease development (Devos et al. 2006; Siemens et al.
2006). Moreover, transgenic plants overexpressing cytoki-
nin oxidases show decreased disease symptoms indicating a
role for cytokinins in P. brassicae pathogenicity (Siemens
et al. 2006).

Several physiological functions attributed to cytokinins
may explain their role in plant–pathogen interactions. The
interaction of some biotrophic pathogens and their hosts
leads to the formation of green bionissia (formerly known
as green islands), which are sites of green living tissue sur-
rounding the sites of active pathogen growth (Walters,
McRoberts & Fitt 2008). The formation of these green bio-
nissia is correlated with elevated levels of cytokinins in
these tissues, as for example, in the interaction of barley and
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the fungal pathogen Blumeria graminis (Coghlan & Walters
1992). It is commonly thought that cytokinins delay the
onset of senescence in green bionissia, allowing pathogens
to obtain more nutrients from the plant (Walters et al.
2008). The effects of cytokinin in nutrient assimilation and
allocation within the plant, previously described in this
review and elsewhere (Ashby 2000; Walters & McRoberts
2006), might also play an important role, especially for
biotrophic pathogens, which obtain their nutrients from
living plant cells.

Nevertheless, necrotrophic pathogens, or those that
obtain their nutrients from dead plant cells, are also able to
cause the formation of green tissue around the sites of
infection, which have been named green necronissia
(Walters et al. 2008). For instance, the inoculation of the
fungal pathogen Pyrenophora teres on barley plants can
cause the formation of green necronissia, and the applica-
tion of exogenous cytokinin is able to mimic this effect
(Angra & Mandahar 1991). Similar results were observed in
maize leaves infected with Dreschlera maydis (anamorph of
Cochliobolus heterostrophus) (Angra-Sharma & Sharma
1999). In contrast to its role in the formation of green bio-
nissia, a role for cytokinin in these interactions might occur
through the regulation of cell death (Carimi et al. 2003).
A specific role for cytokinin in the pathogenicity of
necrotrophic pathogens might also be exerted through the
control of senescence. Because these pathogens use toxins
and cell wall-cleaving enzymes to cause cell damage and
death, the control of plant cell senescence might be corre-
lated to the pathogen’s ability to cause disease. This could
be the case in the relationship between Arabidopsis and
the necrotrophic fungus Botrytis cinerea, which, although
unable to synthesize cytokinins, induces senescence in plant
cells in a manner that can be reverted by the overexpression
of a bacterial ipt (Swartzberg et al. 2008).

CYTOKININ AND NODULATION (NOD): FIXING
TO GROW?

Nitrogen-fixing rhizobacteria play an important role in the
control of available nitrogen in the soil.Through the process
of nitrogen fixation, these bacteria are able to convert N2

into organic forms that can be assimilated by the plants.
The bacteria obtain dicarboxylic acids from the plant in
exchange for ammonia produced during nitrogen fixation,
an energetically costly process that is tightly regulated in
legume plants.

The process of nitrogen fixation occurs in specialized
structures in the legume root called nodules. In the course
of nodule organogenesis, the bacteria induce morphogenic
alterations in the roots of their legume plant hosts, a process
that requires extensive modification of the root epidermis
for infection initiation and subsequent activation of cell
division leading to nodule formation, and in which Nod
factors produced by rhizobial bacteria play a crucial role.

Cytokinins have been suggested to play a role in Nod
based on various lines of evidence, including their ability to
induce cell division. Some nitrogen-fixating bacteria, such as

Rhizobium leguminosarum and Bradyrhizobium japoni-
cum, produce compounds with cytokinin-like activity that
could act to induce cell division in the host during Nod
(Phillips & Torrey 1972; Sturtevant & Taller 1989). Appli-
cation of exogenous cytokinin leads to the induction of cor-
tical cell divisions (Torrey 1961) and up-regulation of early
nodulin genes (Dehio & Debruijn 1992; Mathesius et al.
2000). The expression of the Agrobacterium ipt gene in a
Rhizobium Nod- (Nod defective) strain conferred the ability
to induce nodule-like structures on alfalfa roots. Moreover,
the expression of the same gene in E. coli led to the forma-
tion of cell division clusters indicative of nodule formation,
suggesting that cytokinin is sufficient for some aspects of
Nod, at least in some species (Cooper & Long 1994).

The expression of two-component elements involved in
cytokinin signalling is correlated to the Nod process. An
ARR5 promoter-GUS reporter was rapidly induced in
response to rhizobial infection in Lotus japonicus in the
deformed root hairs, as well as in nodule primordia, but
declined as nodule development progressed (Lohar et al.
2004). In Medicago truncatula, the expression of MtCRE1
(an orthologue of CRE1/AHK4) and type-A MtRR genes,
is elevated upon inoculation in the areas of nodule devel-
opment (Gonzalez-Rizzo, Crespi & Frugier 2006). More-
over, the disruption of the MtCRE1 gene results in a failure
to initiate cortical cell divisions that are necessary for Nod
in M. truncatula (Gonzalez-Rizzo et al. 2006) and L. japoni-
cus (Murray et al. 2007), while a gain-of-function mutation
in the same receptor leads to the spontaneous formation of
root nodules in the absence of rhizobia (Tirichine et al.
2007). Together, these studies demonstrate that cytokinin
function is necessary and sufficient for Nod.

The mode of action of cytokinin in Nod is still unclear and
most likely involves interplay among different factors. Cyto-
kinin could play an important role in the regulation of the
transcription of genes involved in the re-differentiation of
cortical cells, as genes encoding transcription factors with
roles in Nod, such as NIN and NSP2 (Schauser et al. 1999;
Oldroyd & Long 2003),are regulated by cytokinin,with NIN
showing a kinetics and spatial pattern of expression similar
to that of RRs (Grønlund et al. 2005; Gonzalez-Rizzo et al.
2006).Another interesting possibility is that cytokinin might
play a role in the regulation of the Ca+ + spiking in response
to Nod (Ehrhardt, Wais & Long 1996), possibly through the
action of cytokinin-regulated calcium-dependent protein
kinases (CDPKs) such as MtCPK3 in M.truncatula (Gargan-
tini et al. 2006). Furthermore, cytokinin might also play an
important role in regulating the sink/source relationships
and nitrogen metabolism in nodules to coordinate the
exchange of nutrients between the rhizobial cells within the
nodule and the host plant.

CONCLUSIONS

In sum, while it is clear that cytokinin likely plays a role in
the response to many environmental signals, much remains
to be clarified. Physiological studies have correlated
changes in cytokinin levels to responses to environmental
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cues. Genome-wide microarray studies reveal overlapping
transcriptional responses between cytokinin and various
environmental inputs.The components of the cytokinin bio-
synthetic and signalling pathway are, in turn, transcription-
ally altered by environmental perturbations. While many
of the links of cytokinin to various environmental stimuli
have been simply correlative, recent studies using mutants
that alter cytokinin biosynthesis or signalling have begun
to demonstrate an important role for cytokinins in these
responses. However, because of the wide range of outputs
of the cytokinin signalling pathway, dissecting the role of
cytokinin in the response to a particular stress remains chal-
lenging. For example, ethylene has been implicated in the
response to both biotic and abiotic stresses, and cytokinin
elevates ethylene biosynthesis (Vogel et al. 1998). This is a
complicating factor in dissecting the role of cytokinin in the
response to a particular stress, as it is unclear if the effects of
cytokinin are direct or the result of altered ethylene levels.
Nevertheless, it is evident that cytokinin plays an important
role in the response to a diverse array of environmental
inputs. Continued analysis using the large number of tools
now available to alter cytokinin levels and responsiveness
will continue to shed light on this subject.As we further our
understanding of the circuitry underlying the input of cyto-
kinin into the response to various environmental signals,
we should be able to engineer these pathways to produce
plants with increased tolerance to biotic and abiotic
stresses.

ACKNOWLEDGMENTS

We thank Jayson Punwani and Jennifer To for helpful dis-
cussions and comments on the manuscript. This work was
supported by funding from the National Science Founda-
tion (NSF) (#IOS-0618286) and Department of Energy
(DOE) (#DE-FG02-05ER15669).

REFERENCES

Alvarez S., Marsh E.L., Schroeder S.G. & Schachtman D.P. (2008)
Metabolomic and proteomic changes in the xylem sap of maize
under drought. Plant, Cell & Environment 31, 325–340.

Angra R. & Mandahar C. (1991) Pathogenesis of barley leaves by
Helminthosporium teres: green island formation and the possible
involvement of cytokinins. Mycopathologia 114, 21–27.

Angra-Sharma R. & Sharma D.K. (1999) Cytokinins in pathogen-
esis and disease resistance of Pyrenophora teres-barley and
Dreschslera maydis-maize interactions during early stages of
infection. Mycopathologia 148, 87–95.

Argyros R.D., Mathews D.E., Chiang Y.-H., Palmer C.M., Thibault
D.M., Etheridge N., Argyros D.A., Mason M.G., Kieber J.J. &
Schaller G.E. (2008) Type B response regulators of Arabidopsis
play key roles in cytokinin signaling and plant development. The
Plant Cell 20, 2102–2116.

Asakura Y., Hagino T., Ohta Y., Aoki K., Yonekura-Sakakibara K.,
Deji A., Yamaya T., Sugiyama T. & Sakakibara H. (2003)
Molecular characterization of His-Asp phosphorelay signaling
factors in maize leaves: implications of the signal divergence by
cytokinin-inducible response regulators in the cytosol and the
nuclei. Plant Molecular Biology 52, 331–341.

Ashby A.M. (2000) Biotrophy and the cytokinin conundrum.
Physiological and Molecular Plant Pathology 57, 147–158.

Ashikari M., Sakakibara H., Lin S., Yamamoto T., Takashi T., Nish-
imura A., Angeles E.R., Qian Q., Kitano H. & Matsuoka M.
(2005) Cytokinin oxidase regulates rice grain production.
Science 309, 741–745.

Bano A., Hansen H., Dörffling K. & Hahn H. (1994) Changes in the
contents of free and conjugated abscisic acid, phaseic acid and
cytokinins in xylem sap of drought stressed sunflower plants.
Phytochemistry 37, 345–347.

Beveridge C.A., Murfet I.C., Kerhoas L., Sotta B., Miginiac E. &
Rameau C. (1997) The shoot controls zeatin riboside export
from pea roots. Evidence from the branching mutant rms4. The
Plant Journal 11, 339–345.

Brandstatter I. & Kieber J.J. (1998) Two genes with similarity to
bacterial response regulators are rapidly and specifically induced
by cytokinin in Arabidopsis. The Plant Cell 10, 1009–1020.

Brenner W.G., Romanov G.A., Kollmer I., Burkle L. & Schmülling
T. (2005) Immediate-early and delayed cytokinin response genes
of Arabidopsis thaliana identified by genome-wide expression
profiling reveal novel cytokinin-sensitive processes and suggest
cytokinin action through transcriptional cascades. The Plant
Journal 44, 314–333.

Briat J.F., Curie C. & Gaymard F. (2007) Iron utilization and
metabolism in plants. Current Opinion in Plant Biology 10, 276–
282.

Brugiere N., Jiao S., Hantke S., Zinselmeier C., Roessler J.A., Niu
X., Jones R.J. & Habben J.E. (2003) Cytokinin oxidase gene
expression in maize is localized to the vasculature, and is induced
by cytokinins, abscisic acid, and abiotic stress. Plant Physiology
132, 1228–1240.

Carabelli M., Possenti M., Sessa G., Ciolfi A., Sassi M., Morelli G. &
Ruberti I. (2007) Canopy shade causes a rapid and transient
arrest in leaf development through auxin-induced cytokinin
oxidase activity. Genes & Development 21, 1863–1868.

Carimi F., Zottini M., Formentin E., Terzi M. & Lo Schiavo F.
(2003) Cytokinins: new apoptotic inducers in plants. Planta 216,
413–421.

Chang C.S., Li Y.H., Chen L.T., et al. (2008) LZF1, a HY5-regulated
transcriptional factor, functions in Arabidopsis de-etiolation.
The Plant Journal 54, 205–219.

Chevalier F., Perazza D., Laporte F., Le Hénanff G., Hornitschek P.,
Bonneville J.M., Herzog M. & Vachon G. (2008) GeBP and
GeBP-like proteins are noncanonical leucine-zipper transcrip-
tion factors that regulate cytokinin response in Arabidopsis.
Plant Physiology 146, 1142–1154.

Choi J. & Hwang I. (2007) Cytokinin: perception, signal transduc-
tion and role in plant growth and development. Journal of Plant
Biology 50, 98–108.

Chory J., Reinecke D., Sim S., Washburn T. & Brenner M. (1994) A
role for cytokinins in de-etiolation in Arabidopsis. Plant Physi-
ology 104, 339–347.

Clarke S.F., McKenzie M.J., Burritt D.J., Guy P.L. & Jameson P.E.
(1999) Influence of white clover mosaic potexvirus infection on
the endogenous cytokinin content of bean. Plant Physiology 120,
547–552.

Clarke S.J., Burritt D.J. & Guy P.L. (1998) Influence of plant hor-
mones on virus replication and pathogenesis-related proteins
in Phaseolus vulgaris L. infected with white clover mosaic potex-
virus. Physiological and Molecular Plant Pathology 53, 195–
207.

Cluis C.P., Mouchel C.F. & Hardtke C.S. (2004) The Arabidopsis
transcription factor HY5 integrates light and hormone signaling
pathways. The Plant Journal 38, 332–347.

Coba de la Peña T., Cárcamo C.B., Almonacid L., Zaballos A.,
Lucas M.M., Balomenos D. & Pueyo J.J. (2008) A salt

1156 C. T. Argueso et al.

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 1147–1160



stress-responsive cytokinin receptor homologue isolated from
Medicago sativa nodules. Planta 227, 769–779.

Coghlan S.E. & Walters D.R. (1992) Photosynthesis in green-
islands on powdery mildew-infected barley leaves. Physiological
and Molecular Plant Pathology 40, 31–38.

Cooper J.B. & Long S.R. (1994) Morphogenetic rescue of Rhizo-
bium meliloti nodulation mutants by trans-zeatin secretion. The
Plant Cell 6, 215–225.

Corbesier L., Prinsen E., Jacqmard A., Lejeune P., Van Onckelen
H., Périlleux C. & Bernier G. (2003) Cytokinin levels in leaves,
leaf exudate and shoot apical meristem of Arabidopsis thaliana
during floral transition. Journal of Experimental Botany 54,
2511–2517.

Crespi M., Messens E., Caplan A.B., Van Montagu M. & Desomer
J. (1992) Fasciation induction by the phytopathogen Rhodococ-
cus fascians depends upon a linear plasmid encoding a cytokinin
synthase gene. The EMBO Journal 11, 795–804.

D’Agostino I., Deruère J. & Kieber J.J. (2000) Characterization of
the response of the Arabidopsis ARR gene family to cytokinin.
Plant Physiology 124, 1706–1717.

Dehio C. & Debruijn F.J. (1992) The early nodulin gene SRENOD2
from Sesbania rostrata is inducible by cytokinin. The Plant
Journal 2, 117–128.

Depuydt S., Dolezal K., Van Lijsebettens M., Moritz T., Holsters M.
& Vereecke D. (2008) Modulation of the hormone setting by
Rhodococcus fascians results in ectopic KNOX activation in
Arabidopsis. Plant Physiology 146, 1267–1281.

Devos S., Laukens K., Deckers P., Van der Straeten D., Beeckman
T., Inze D., Van Onckelen H., Witters E. & Prinsen E. (2006) A
hormone and proteome approach to picturing the initial meta-
bolic events during Plasmodiophora brassicae infection on Ara-
bidopsis. Molecular Plant-Microbe Interactions 19, 1431–1443.

Dortay H., Mehnert N., Burkle L., Schmülling T. & Heyl A. (2006)
Analysis of protein interactions within the cytokinin-signaling
pathway of Arabidopsis thaliana. FEBS Journal 273, 4631–4644.

Ehrhardt D.W., Wais R. & Long S.R. (1996) Calcium spiking in
plant root hairs responding to Rhizobium nodulation signals.
Cell 85, 673–681.

Emery N.R.J. & Atkins C.A. (2002) Cytokinins and roots. In Plant
Roots: The Hidden Half (eds Y. Waisel, A. Eschel & U. Kafkaki)
pp. 417–434. Marcel Dekker, New York, USA.

Ferreira F.J. & Kieber J.J. (2005) Cytokinin signaling. Current
Opinion in Plant Biology 8, 518–525.

Forde B.G. (2002) The role of long-distance signalling in plant
responses to nitrate and other nutrients. Journal of Experimental
Botany 53, 39–43.

Franco-Zorrilla J.M., Martin A.C., Solano R., Rubio V., Leyva A. &
Paz-Ares J. (2002) Mutations at CRE1 impair cytokinin-induced
repression of phosphate starvation responses in Arabidopsis.
The Plant Journal 32, 353–360.

Franco-Zorrilla J.M., Martin A.C., Leyva A. & Par-Ares J.P. (2005)
Interaction between phosphate-starvation, sugar, and cytokinin
signaling in Arabidopsis and the roles of cytokinin receptors
CRE1/AHK4 and AHK3. Plant Physiology 138, 847–857.

Gargantini P.R., Gonzalez-Rizzo S., Chinchilla D., Raices M.,
Giammaria V., Ulloa R.M., Frugier F. & Crespi M.D. (2006) A
CDPK isoform participates in the regulation of nodule number
in Medicago truncatula. The Plant Journal 48, 843–856.

Gessler A., Kopriva S. & Rennenberg H. (2004) Regulation of
nitrate uptake at the whole-tree level: interaction between
nitrogen compounds, cytokinins and carbon metabolism. Tree
Physiology 24, 1313–1321.

Giulini A., Wang J. & Jackson D. (2004) Control of phyllotaxy
by the cytokinin-inducible response regulator homologue
ABPHYL1. Nature 430, 1031–1034.

Gonzalez-Rizzo S., Crespi M. & Frugier F. (2006) The Medicago

truncatula CRE1 cytokinin receptor regulates lateral root
development and early symbiotic interaction with Sinorhizo-
bium meliloti. The Plant Cell 18, 2680–2693.

Grønlund M., Roussis A., Flemetakis E., Quaedvlieg N.E.M., Schla-
man H.R.M., Umehara Y., Katinaks P., Stougaard J. & Spaink
H.P. (2005) Analysis of promoter activity of the early nodulin
Enod40 in Lotus japonicus. Molecular Plant-Microbe Interac-
tions 18, 414–427.

Hammond J.P., Bennett M.J., Bowen H.C., Broadley M.R., East-
wood D.C., May S.T., Rahn C., Swarup R., Woolaway K.E. &
White P.J. (2003) Changes in gene expression in Arabidopsis
shoots during phosphate starvation and the potential for devel-
oping smart plants. Plant Physiology 132, 578–596.

Hanano S., Domagalska M.A., Nagy F. & Davis S.J. (2006) Multiple
phytohormones influence distinct parameters of the plant circa-
dian clock. Genes to Cells 11, 1381–1392.

Hare P.D., Cress W.A. & van Staden J. (1997) The involvement of
cytokinins in plant responses to environmental stress. Plant
Growth Regulation 23, 79–103.

Higuchi M., Pischke M.S., Mähönen A.P., et al. (2004) In planta
functions of the Arabidopsis cytokinin receptor family. Proceed-
ings of the National Academy of Sciences of the United States of
America 101, 8821–8826.

Hirai M.Y., Fujiwara T., Awazuhara M., Kimura T., Noji M. & Saito
K. (2003) Global expression profiling of sulfur-starved Arabi-
dopsis by DNA macroarray reveals the role of O-acetyl-L-serine
as a general regulator of gene expression in response to sulfur
nutrition. The Plant Journal 33, 651–663.

Hirose N., Takei K., Kuroha T., Kamada-Nobusada T., Hayashi H.
& Sakakibara H. (2008) Regulation of cytokinin biosynthesis,
compartmentalization and translocation. Journal of Experimen-
tal Botany 59, 75–83.

Horgan J.M. & Waering P.F. (1980) Cytokinins and the growth
responses of seedlings of Betula pendula Roth. and Acer pseudo-
platanus L. to nitrogen and phosphorus deficiency. Journal of
Experimental Botany 31, 525–532.

Hou X.L., Wu P., Jiao F.C., Jia Q.J., Chen H.M., Yu J., Song X.W. &
Yi K.K. (2005) Regulation of the expression of OsIPS1 and
OsIPS2 in rice via systemic and local Pi signalling and hormones.
Plant, Cell & Environment 28, 353–364.

Hutchison C.E., Li J., Argueso C., et al. (2006) The Arabidopsis
histidine phosphotransfer proteins are redundant positive
regulators of cytokinin signaling. The Plant Cell 18, 3073–3087.

Hwang I. & Sheen J. (2001) Two-component circuitry in Arabidop-
sis signal transduction. Nature 413, 383–389.

Igari K., Endo S., Hibara K., Aida M., Sakakibara H., Kawasaki T.
& Tasaka M. (2008) Constitutive activation of a CC-NB-LRR
protein alters morphogenesis through the cytokinin pathway in
Arabidopsis. The Plant Journal 55, 14–27.

Imamura A., Yoshino Y. & Mizuno T. (2001) Cellular localization
of the signaling components of Arabidopsis His-to-Asp phos-
phorelay. Bioscience, Biotechnology, and Biochemistry 65, 2113–
2117.

Inoue T., Higuchi M., Hashimoto Y., Seki M., Kobayashi M., Kato
T., Tabata S., Shinozaki K. & Kakimoto T. (2001) Identification
of CRE1 as a cytokinin receptor from Arabidopsis. Nature 409,
1060–1063.

Ishida K., Yamashino T. & Mizuno T. (2008a) Expression of the
cytokinin-induced type-A response regulator gene ARR9 is
regulated by the circadian clock in Arabidopsis thaliana. Bio-
science Biotechnology, and Biochemistry 72, 3025–3029.

Ishida K., Yamashino T., Yokoyama A. & Mizuno T. (2008b) Three
type-B response regulators, ARR1, ARR10 and ARR12, play
essential but redundant roles in cytokinin signal transduction
throughout the life cycle of Arabidopsis thaliana. Plant & Cell
Physiology 49, 47–57.

Cytokinin 1157

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 1147–1160



Jain M., Tyagi A.K. & Khurana J.P. (2006) Molecular characteriza-
tion and differential expression of cytokinin-responsive type-A
response regulators in rice (Oryza sativa). BMC Plant Biology
6, 1.

Kakimoto T. (2001) Identification of plant cytokinin biosynthetic
enzymes as dimethylallyl diphosphate:ATP/ADP isopentenyl-
transferases. Plant & Cell Physiology 42, 677–685.

Kiba T., Taniguchi M., Imamura A., Ueguchi C., Mizuno T. &
Sugiyama T. (1999) Differential expression of genes for response
regulators in response to cytokinins and nitrate in Arabidopsis
thaliana. Plant & Cell Physiology 40, 767–771.

Kiba T., Naitou T., Koizumi N., Yamashino T., Sakakibara H. &
Mizuno T. (2005) Combinatorial microarray analysis revealing
Arabidopsis genes implicated in cytokinin responses through the
His->Asp phosphorelay circuitry. Plant & Cell Physiology 46,
339–355.

Kim H., Hirai M.Y., Hayashi H., Chino M., Naito S. & Fujiwara T.
(1999) Role of O-acetyl-L-serine in the coordinated regulation
of the expression of a soybean seed storage-protein gene by
sulfur and nitrogen nutrition. Planta 209, 282–289.

Kurakawa T., Ueda N., Maekawa M., Kobayashi K., Kojima M.,
Nagato Y., Sakakibara H. & Kyozuka J. (2007) Direct control of
shoot meristem activity by a cytokinin-activating enzyme. Nature
445, 652–655.

Lan P., Li W. & Fischer R. (2006) Arabidopsis thaliana wild type,
pho1, and pho2 mutant plants show different responses to
exogenous cytokinins. Plant Physiology and Biochemistry 44,
343–350.

Leibfried A., To J.P.C., Stehling S.K.A., Busch W., Demar M.,
Kieber J.J. & Lohmann J.U. (2005) WUSCHEL controls mer-
istem size by direct transcriptional regulation of cytokinin induc-
ible response regulators. Nature 438, 1172–1175.

Leustek T., Martin M.N., Bick J.A. & Davies J.P. (2000) Pathways
and regulation of sulfur metabolism revealed through molecular
and genetic studies. Annual Review of Plant Physiology and
Plant Molecular Biology 51, 141–165.

Lochmanova G., Zdrahal Z., Konecna H., Koukalova S., Malbeck J.,
Soucek P., Valkova M., Kiran N.S. & Brzobohaty B. (2008)
Cytokinin-induced photomorphogenesis in dark-grown Arabi-
dopsis: a proteomic analysis. Journal of Experimental Botany 59,
3705–3719.

Lohar D.P., Schaff J.E., Laskey J.G., Kieber J.J., Bilyeu K.D. & Bird
D.M. (2004) Cytokinins play opposite roles in lateral root for-
mation, and nematode and rhizobial symbioses. The Plant
Journal 38, 203–214.

Mähönen A.P., Bishopp A., Higuchi M., Nieminen K.M., Kinoshita
K., Tormakangas K., Ikeda Y., Oka A., Kakimoto T. & Helariutta
Y. (2006a) Cytokinin signaling and its inhibitor AHP6 regulate
cell fate during vascular development. Science 311, 94–98.

Mähönen A.P., Higuchi M., Tormakangas K., Miyawaki K., Pischke
M.S., Sussman M.R., Helariutta Y. & Kakimoto T. (2006b) Cyto-
kinins regulate a bidirectional phosphorelay network in Arabi-
dopsis. Current Biology 16, 1116–1122.

Maksimov I., Ganiev R. & Khairullin R. (2002) Changes in the
levels of IAA, ABA, and cytokinins in wheat seedlings infected
with Tilletia caries. Russian Journal of Plant Physiology 49, 221–
224.

Martin A.C., del Pozo J.C., Iglesias J., Rubio V., Solano R., de la
Pena A., Leyva A. & Paz-Ares J. (2000) Influence of cytokinins
on the expression of phosphate starvation responsive genes in
Arabidopsis. The Plant Journal 24, 559–567.

Martin R.C., Mok C. & Mok D.W.S. (1999a) A gene encoding the
cytokinin enzyme zeatin O-xylosyltransferase of Phaseolus vul-
garis. Plant Physiology 120, 553–557.

Martin R.C., Mok M.C. & Mok D.W.S. (1999b) Isolation of a cyto-
kinin gene, ZOG1, encoding zeatin O-glucosyltransferase from

Phaseolus lunatus. Proceedings of the National Academy of Sci-
ences of the United States of America 96, 284–289.

Martin R.C., Mok M.C., Habben J.E. & Mok D.W.S. (2001) A
maize cytokinin gene encoding an O-glucosyltransferase specific
to cis-zeatin. Proceedings of the National Academy of Sciences of
the United States of America 98, 5922–5926.

Martineau B., Houck C.M., Sheehy R.E. & Hiatt W.R. (1994) Fruit-
specific expression of the A. tumefaciens isopentenyl transferase
gene in tomato – effects and defense-related gene expression in
the leaves. The Plant Journal 5, 11–19.

Maruyama-Nakashita A., Nakamura Y., Yamaya T. & Takahashi H.
(2004) A novel regulatory pathway of sulfate uptake in Arabi-
dopsis roots: implication of CRE1/WOL/AHK4-mediated
cytokinin-dependent regulation. The Plant Journal 38, 779–789.

Mason M.G., Li J., Mathews D.E., Kieber J.J. & Schaller G.E. (2004)
Type-B response regulators display overlapping but distinct
expression patterns in Arabidopsis. Plant Physiology 135, 927–
937.

Mason M.G., Mathews D.E., Argyros D.A., Maxwell B.B., Kieber
J.J., Alonso J.M., Ecker J.R. & Schaller G.E. (2005) Multiple
type-B response regulators mediate cytokinin signal transduc-
tion in Arabidopsis. The Plant Cell 17, 3007–3018.

Mathesius U., Charon C., Rolfe B.G., Kondorosi A. & Crespi M.
(2000) Temporal and spatial order of events during the induction
of cortical cell divisions in white clover by Rhizobium legumi-
nosarum bv. trifolii inoculation or localized cytokinin addition.
Molecular Plant-Microbe Interactions 13, 617–628.

Miller C.O., Skoog F., Von Saltza M.H. & Strong F. (1955) Kinetin,
a cell division factor from deoxyribonucleic acid. Journal of the
American Chemical Society 77, 1392–1293.

Miller C.O., Skoog F., Okomura F.S., von Saltza M.H. & Strong F.M.
(1956) Isolation, structure and synthesis of kinetin, a substance
promoting cell division. Journal of the American Chemical
Society 78, 1345–1350.

Mira-Rodado V., Sweere U., Grefen C., Kunkel T., Fejes E., Nagy F.,
Schafer E. & Harter K. (2007) Functional cross-talk between
two-component and phytochrome B signal transduction in
Arabidopsis. Journal of Experimental Botany 58, 2595–2607.

Miyawaki K., Matsumoto-Kitano M. & Kakimoto T. (2004)
Expression of cytokinin biosynthetic isopentyltransferase genes
in Arabidopsis: tissue specificity and regulation by auxin, cytoki-
nin, and nitrate. The Plant Journal 37, 128–138.

Miyawaki K., Tarkowski P., Matsumoto-Kitano M., Kato T., Sato S.,
Tarkowska D., Tabata S., Sandberg G. & Kakimoto T. (2006)
Roles of Arabidopsis ATP/ADP isopentenyltransferases and
tRNA isopentenyltransferases in cytokinin biosynthesis. Pro-
ceedings of the National Academy of Sciences of the United States
of America 103, 16598–16603.

Mok D.W. & Mok M.C. (2001) Cytokinin metabolism and action.
Annual Review of Plant Physiology and Plant Molecular Biology
89, 89–118.

Muller P. & Hilgenberg W. (1986) Isomers of zeatin and zeatin
riboside in clubroot tissue – evidence for trans-zeatin biosynthe-
sis by Plasmodiophora brassicae. Physiologia Plantarum 66,
245–250.

Müller B. & Sheen J. (2007) Advances in cytokinin signaling.
Science 318, 68–69.

Müller B. & Sheen J. (2008) Cytokinin and auxin interaction in root
stem-cell specification during early embryogenesis. Nature 453,
1094–1097.

Murray J.D., Karas B.J., Sato S., Tabata S., Amyot L. & Szczy-
glowski K. (2007) A cytokinin perception mutant colonized by
Rhizobium in the absence of nodule organogenesis. Science 315,
101–104.

Nishimura C., Ohashi Y., Sato S., Kato T., Tabata S. & Ueguchi C.
(2004) Histidine kinase homologs that act as cytokinin receptors

1158 C. T. Argueso et al.

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 1147–1160



possess overlapping functions in the regulation of shoot and root
growth in Arabidopsis. The Plant Cell 16, 1365–1377.

Ohkama N., Takei K., Sakakibara H., Hayashi H., Yoneyama T. &
Fujiwara T. (2002) Regulation of sulfur-responsive gene expres-
sion by exogenously applied cytokinins in Arabidopsis thaliana.
Plant & Cell Physiology 43, 1493–1501.

Oldroyd G.E.D. & Long S.R. (2003) Identification and character-
ization of nodulation-signaling pathway 2, a gene of Medicago
truncatula involved in Nod factor signaling. Plant Physiology
131, 1027–1032.

Phillips D.A. & Torrey J.H. (1972) Studies on cytokinin production
by Rhizobium. Plant Physiology 49, 11–15.

Pineda Rodo A., Brugiere N., Vankova R., Malbeck J., Olson J.M.,
Haines S.C., Martin R.C., Habben J.E., Mok D.W.S. & Mok M.C.
(2008) Over-expression of a zeatin O-glucosylation gene in
maize leads to growth retardation and tasselseed formation.
Journal of Experimental Botany 59, 2673–2686.

Raghothama K.G. (1999) Phosphate acquisition. Annual Review of
Plant Physiology and Plant Molecular Biology 50, 665–693.

Rashotte A.M., Carson S.D., To J.P. & Kieber J.J. (2003) Expression
profiling of cytokinin action in Arabidopsis. Plant Physiology
132, 1998–2011.

Rashotte A.M., Mason M.G., Hutchison C.E., Ferreira F.J., Schaller
G.E. & Kieber J.J. (2006) A subset of Arabidopsis AP2 transcrip-
tion factors mediates cytokinin responses in concert with a two-
component pathway. Proceedings of the National Academy of
Sciences of the United States of America 103, 11081–11085.

Riefler M., Novak O., Strnad M. & Schmülling T. (2006) Arabidop-
sis cytokinin receptor mutants reveal functions in shoot growth,
leaf senescence, seed size, germination, root development, and
cytokinin metabolism. The Plant Cell 18, 40–54.

Rivero R.M., Kojima M., Gepstein A., Sakakibara H., Mittler R.,
Gepstein S. & Blumwald E. (2007) Delayed leaf senescence
induces extreme drought tolerance in a flowering plant. Proceed-
ings of the National Academy of Sciences of the United States of
America 104, 19631–19636.

Rouached H., Wirtz M., Alary R., Hell R., Arpat A.B., Davidian
J.C., Fourcroy P. & Berthomieu P. (2008) Differential regulation
of the expression of two high-affinity sulfate transporters,
SULTR1.1 and SULTR1.2, in Arabidopsis. Plant Physiology 147,
897–911.

Sakai H., Aoyama T. & Oka A. (2000) Arabidopsis ARR1 and
ARR2 response regulators operate as transcriptional activators.
The Plant Journal 24, 703–711.

Sakai H., Honma T., Aoyama T., Sato S., Kato T., Tabata S. & Oka
A. (2001) Arabidopsis ARR1 is a transcription factor for genes
immediately responsive to cytokinins. Science 294, 1519–1521.

Sakakibara H. (2006) Cytokinins: activity, biosynthesis, and trans-
location. Annual Review of Plant Biology 57, 431–449.

Sakakibara H., Suzuki M., Takei K., Deji A., Taniguchi M. &
Sugiyama T. (1998) A response-regulator homologue possibly
involved in nitrogen signal transduction mediated by cytokinin
in maize. The Plant Journal 14, 337–344.

Sakakibara H., Kasahara H., Ueda N., et al. (2005) Agrobacterium
tumefaciens increases cytokinin production in plastids by modi-
fying the biosynthetic pathway in the host plant. Proceedings of
the National Academy of Sciences of the United States of America
102, 9972–9977.

Sakakibara H., Takei K. & Hirose N. (2006) Interactions between
nitrogen and cytokinin in the regulation of metabolism and
development. Trends in Plant Science 11, 440–448.

Salama A. & Waering P.F. (1979) Effects of mineral nutrition on
endogenous cytokinin in plants of sunflower (Helianthus annuus
L.). Journal of Experimental Botany 30, 971–981.

Salomé P.A., To J.P.C., Kieber J.J. & McClung C.R. (2005)
Arabidopsis response regulators ARR3 and ARR4 play

cytokinin-independent roles in the control of circadian period.
The Plant Cell 18, 55–69.

Samuelson M.E. & Larsson C.M. (1993) Nitrate regulation of
zeatin riboside levels in barley roots – effects of inhibitors of
N-assimilation and comparison with ammonium. Plant Science
93, 77–84.

Schäfer S., Krolzik S., Romanov G. & Schmülling T. (2000)
Cytokinin-regulated transcripts in tobacco cell culture. Plant
Growth Regulation 32, 307–313.

Schauser L., Roussis A., Stiller J. & Stougaard J. (1999) A plant
regulator controlling development of symbiotic root nodules.
Nature 402, 191–195.

Séguéla M., Briat J.F., Vert G. & Curie C. (2008) Cytokinins nega-
tively regulate the root iron uptake machinery in Arabidopsis
through a growth-dependent pathway. The Plant Journal 55,
289–300.

Shashidhar V.R., Prasad T.G. & Sudharshan L. (1996) Hormone
signals from roots to shoots of sunflower (Helianthus annuus L.)
moderate soil drying increases delivery of abscisic acid and
depresses delivery of cytokinins in xylem sap. Annals of Botany
78, 151–155.

Siemens J., Keller I., Sarx J., Kunz S., Schuller A., Nagel W.,
Schmülling T., Parniske M. & Ludwig-Muller J. (2006) Transcrip-
tome analysis of Arabidopsis clubroots indicate a key role for
cytokinins in disease development. Molecular Plant-Microbe
Interactions 19, 480–494.

Stitt M. (1999) Nitrate regulation of metabolism and growth.
Current Opinion in Plant Biology 2, 178–186.

Sturtevant D.B. & Taller B.J. (1989) Cytokinin production by
Bradyrhizobium japonicum. Plant Physiology 89, 1247–1252.

Suzuki T., Miwa K., Ishikawa K., Yamada H., Aiba H. & Mizuno T.
(2001a) The Arabidopsis sensor His-kinase, AHK4, can respond
to cytokinins. Plant & Cell Physiology 42, 107–113.

Suzuki T., Sakurai K., Ueguchi C. & Mizuno T. (2001b) Two types
of putative nuclear factors that physically interact with histidine-
containing phosphotransfer (Hpt) domains, signaling mediators
in His-to-Asp phosphorelay, in Arabidopsis thaliana. Plant &
Cell Physiology 42, 37–45.

Swartzberg D., Kirshner B., Rav-David D., Elad Y. & Granot D.
(2008) Botrytis cinerea induces senescence and is inhibited by
autoregulated expression of the IPT gene. European Journal of
Plant Pathology 120, 289–297.

Sweere U., Eichenberg K., Lohrmann J., Mira-Rodado V., Bäurle I.,
Kudla J., Nagy F., Schäfer E. & Harter K. (2001) Interaction of
the response regulator ARR4 with the photoreceptor phyto-
chrome B in modulating red light signaling. Science 294, 1108–
1111.

Takei K., Sakakibara H. & Sugiyama T. (2001a) Identification of
genes encoding adenylate isopentenyltransferase, a cytokinin
biosynthesis enzyme, in Arabidopsis thaliana. Journal of Biologi-
cal Chemistry 276, 26405–26410.

Takei K., Sakakibara H., Taniguchi M. & Sugiyama T. (2001b)
Nitrogen-dependant accumulation of cytokinins in root and
the translocation to leaf: implication of cytokinin species that
induces gene expression of maize response regulator. Plant &
Cell Physiology 42, 85–93.

Takei K., Takahashi H., Sugiyama T., Yamaya T. & Sakakibara H.
(2002) Multiple routes communicating nitrogen availability from
roots to shoots: a signal transduction pathway mediated by cyto-
kinin. Journal of Experimental Botany 53, 971–977.

Takei K., Ueda N., Aoki K., Kuromori T., Hirayama T., Shinozaki
K., Yamaya T. & Sakakibara H. (2004a) AtIPT3 is a key deter-
minant of nitrate-dependent cytokinin biosynthesis in Arabidop-
sis. Plant & Cell Physiology 45, 1053–1062.

Takei K., Yamaya T. & Sakakibara H. (2004b) Arabidopsis
CYP735A1 and CYP735A2 encode cytokinin hydroxylases that

Cytokinin 1159

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 1147–1160



catalyze the biosynthesis of trans-zeatin. Journal of Biological
Chemistry 279, 41866–41872.

Tanaka Y., Suzuki T., Yamashino T. & Mizuno T. (2004) Compara-
tive studies of the AHP histidine-containing phosphotransmit-
ters implicated in His-to-Asp phosphorelay in Arabidopsis
thaliana. Bioscience, Biotechnology, and Biochemistry 68, 462–
465.

Taniguchi M., Kiba T., Sakakibara H., Ueguchi C., Mizuno T. &
Sugiyama T. (1998) Expression of Arabidopsis response regula-
tor homologs is induced by cytokinins and nitrate. FEBS Letters
429, 259–262.

Tirichine L., Sandal N., Madsen L.H., Radutoiu S., Albrektsen A.S.,
Sato S., Asamizu E., Tabata S. & Stougaard J. (2007) A gain-of-
function mutation in a cytokinin receptor triggers spontaneous
root nodule organogenesis. Science 315, 104–107.

To J.P.C. & Kieber J.J. (2007) Cytokinin signaling: two-components
and more. Trends in Plant Science 13, 85–92.

To J.P.C., Haberer G., Ferreira F.J., Deruère J., Mason M.G.,
Schaller G.E., Alonso J.M., Ecker J.R. & Kieber J.J. (2004)
Type-A ARRs are partially redundant negative regulators of
cytokinin signaling in Arabidopsis. The Plant Cell 16, 658–671.

To J.P., Deruère J., Maxwell B.B., Morris V.F., Hutchison C.E., Fer-
reira F.J., Schaller G.E. & Kieber J.J. (2007) Cytokinin regulates
type-A Arabidopsis response regulator activity and protein
stability via two-component phosphorelay. The Plant Cell 19,
3901–3914.

Torrey J.G. (1961) Kinetin as a trigger for mitosis in mature
endomitotic plant cells. Experimental Cell Research 23, 281–299.

Toufighi K., Brady S.M., Austin R., Ly E. & Provart N.J. (2005) The
botany array resource: e-northerns, expression angling, and pro-
moter analyses. The Plant Journal 43, 153–163.

Tran L.-S.P., Urao T., Qin F., Maruyama K., Kakimoto T., Shinozaki
K. & Yamaguchi-Shinozaki K. (2007) Functional analysis of
AHK1/ATHK1 and cytokinin receptor histidine kinases in
response to abscisic acid, drought, and salt stress in Arabidopsis.
Proceedings of the National Academy of Sciences of the United
States of America 104, 20623–20628.

Ueguchi C., Sato S., Kato T. & Tabata S. (2001) The AHK4 gene
involved in the cytokinin-signaling pathway as a direct receptor
molecule in Arabidopsis thaliana. Plant & Cell Physiology 42,
751–755.

Urao T., Miyata S., Yamaguchi-Shinozaki K. & Shinozaki K. (2000)
Possible His to Asp phosphorelay signaling in an Arabidopsis
two-component system. FEBS Letters 478, 227–232.

Vandenbussche F., Habricot Y., Condiff A.S., Maldiney R., Van Der
Straeten D. & Ahmad M. (2007) HY5 is a point of convergence
between cryptochrome and cytokinin signalling pathways in
Arabidopsis thaliana. The Plant Journal 49, 428–441.

Vogel J.P., Woeste K.W., Theologis A. & Kieber J.J. (1998) Reces-
sive and dominant mutations in the ethylene biosynthetic
gene ACS5 of Arabidopsis confer cytokinin insensitivity and
ethylene overproduction, respectively. Proceedings of the
National Academy of Sciences of the United States of America 95,
4766–4771.

Wagner B.M. & Beck E. (1993) Cytokinins in the perennial herb
Urtica dioica L. as influenced by its nitrogen status. Planta 190,
511–518.

Walters D.R. & McRoberts N. (2006) Plants and biotrophs: a
pivotal role for cytokinins? Trends in Plant Science 11, 581–
586.

Walters D.R., McRoberts N. & Fitt B.D.L. (2008) Are green islands
red herrings? Significance of green islands in plant interactions
with pathogens and pests. Biological Reviews 83, 79–102.

Wang R.C., Guegler K., LaBrie S.T. & Crawford N.M. (2000)
Genomic analysis of a nutrient response in Arabidopsis reveals
diverse expression patterns and novel metabolic and potential
regulatory genes induced by nitrate. The Plant Cell 12, 1491–
1509.

Wang R.C., Okamoto M., Xing X.J. & Crawford N.M. (2003)
Microarray analysis of the nitrate response in Arabidopsis roots
and shoots reveals over 1000 rapidly responding genes and new
linkages to glucose, trehalose-6-phosphate, iron, and sulfate
metabolism. Plant Physiology 132, 556–567.

Wang R.C., Tischner R., Gutierrez R.A., Hoffman M., Xing X.J.,
Chen M.S., Coruzzi G. & Crawford N.M. (2004) Genomic analy-
sis of the nitrate response using a nitrate reductase-null mutant
of Arabidopsis. Plant Physiology 136, 2512–2522.

Wang X.M., Yi K.K., Tao Y., Wang F., Wu Z.C., Jiang D., Chen X.,
Zhu L.H. & Wu P. (2006) Cytokinin represses phosphate-
starvation response through increasing of intracellular phos-
phate level. Plant, Cell & Environment 29, 1924–1935.

Weiler E.W. & Ziegler H. (1981) Determination of phytohormones
in phloem exudate from tree species by radioimmunoassay.
Planta 152, 168–170.

Werner T., Motyka V., Laucou V., Smets R., Van Onckelen H. &
Schmülling T. (2003) Cytokinin-deficient transgenic Arabidopsis
plants show multiple developmental alterations indicating oppo-
site functions of cytokinins in the regulation of shoot and root
meristem activity. The Plant Cell 15, 2532–2550.

Werner T., Kollmer I., Bartrina I., Holst K. & Schmülling T. (2006)
New insights into the biology of cytokinin degradation. Plant
Biology (Stuttgart, Germany) 8, 371–381.

Wu P., Ma L.G., Hou X.L., Wang M.Y., Wu Y.R., Liu F.Y. & Deng
X.W. (2003) Phosphate starvation triggers distinct alterations of
genome expression in Arabidopsis roots and leaves. Plant Physi-
ology 132, 1260–1271.

Yamada H., Suzuki T., Terada K., Takei K., Ishikawa K., Miwa K.,
Yamashino T. & Mizuno T. (2001) The Arabidopsis AHK4 his-
tidine kinase is a cytokinin-binding receptor that transduces
cytokinin signals across the membrane. Plant & Cell Physiology
41, 1017–1023.

Zheng B., Deng Y., Mu J., Ji Z., Xiang T., Niu Q.-W., Chua N.-H.
& Zuo J. (2006) Cytokinin affects circadian-clock oscillation
in a phytochrome B- and Arabidopsis response regulator
4-dependent manner. Physiologia Plantarum 127, 277–292.

Received 25 November 2008; received in revised form 7 January
2009; accepted for publication 7 January 2009

1160 C. T. Argueso et al.

© 2009 Blackwell Publishing Ltd, Plant, Cell and Environment, 32, 1147–1160


