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The plant hormone cytokinin realizes at least part of its signaling output through the reg-
ulation of gene expression. A great part of the early transcriptional regulation is mediated
by type-B response regulators, which are transcription factors of the MYB family. Other
transcription factors, such as the cytokinin response factors of the AP2/ERF family, have
also been shown to be involved in this process. Additional transcription factors mediate
distinct parts of the cytokinin response through tissue- and cell-specific downstream tran-
scriptional cascades. In Arabidopsis, only a single cytokinin response element, to which
type-B response regulators bind, has been clearly proven so far, which has 5′-GAT(T/C)-3′
as a core sequence.This motif has served to construct a synthetic cytokinin-sensitive two-
component system response element, which is useful for monitoring the cellular cytokinin
status. Insight into the extent of transcriptional regulation has been gained by genome-wide
gene expression analyses following cytokinin treatment and from plants having an altered
cytokinin content or signaling.This review presents a meta analysis of such microarray data
resulting in a core list of cytokinin response genes. Genes encoding type-A response regula-
tors displayed the most stable response to cytokinin, but a number of cytokinin metabolism
genes (CKX4, CKX5, CYP735A2, UGT76C2) also belong to them, indicating homeostatic
mechanisms operating at the transcriptional level. The cytokinin core response genes are
also the target of other hormones as well as biotic and abiotic stresses, documenting
crosstalk of the cytokinin system with other hormonal and environmental signaling path-
ways.The multiple links of cytokinin to diverse functions, ranging from control of meristem
activity, hormonal crosstalk, nutrient acquisition, and various stress responses, are also
corroborated by a compilation of genes that have been repeatedly found by independent
gene expression profiling studies. Such functions are, at least in part, supported by genetic
studies.
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FOREWORD
The phytohormone cytokinin regulates numerous developmen-
tal and physiological processes, including the activity of shoot
and root meristems, reproductive behavior, leaf senescence, and
responses to environmental cues, in particular light and nutrients
(Argueso et al., 2009; Werner and Schmülling, 2009). Regulation
of gene expression is a crucial part of realizing the different activ-
ities in a developmental- and tissue-specific context. The results
of early efforts to identify cytokinin-regulated genes were summa-
rized more than a decade ago (Schmülling et al., 1997). Since then,
several major steps toward a more comprehensive understanding
of the early and late events of gene regulation by cytokinin have
been made. Some important milestones have been the discovery
of type-A response regulator genes as primary cytokinin response
genes (Brandstatter and Kieber, 1998; Sakakibara et al., 1998); the
description of type-B response regulators as transcription factors
mediating the cytokinin response (Sakai et al., 2000, 2001; Hwang
and Sheen, 2001); the identification of a cis-acting cytokinin
response element (Sakai et al., 2000; Taniguchi et al., 2007); and the
genome-wide analysis of the cytokinin response of the Arabidopsis
transcriptome (Kiba et al., 2004; Brenner et al., 2005). Additional

genome-wide studies addressed more specifically the effects of
altered cytokinin signaling, the identification of targets of specific
signaling components, or organ-specific responses (Rashotte et al.,
2006; Lee et al., 2007; Taniguchi et al., 2007; Yokoyama et al., 2007;
Argyros et al., 2008; Heyl et al., 2008; Brenner and Schmülling,
submitted). More recent work has linked specific transcriptional
responses to the biological activities of cytokinin (Dello Ioio et al.,
2008a; Müller and Sheen, 2008; Argueso et al., 2010; Zhao et al.,
2010; Bishopp et al., 2011c; Köllmer et al., 2011). Taken together,
it has become clear that fine-tuned gene regulation is of utmost
importance to realize the many different biological activities of
cytokinin in diverse tissues.

In this review, we will firstly briefly describe the state-of-the-art
knowledge about the early events involved in cytokinin-dependent
gene regulation and the main players, and address the question
how this system evolved. Then we will summarize the results
of a number of genome-wide transcript profiling studies focus-
ing on cytokinin as a regulator of gene expression, present the
results of a meta analysis of microarray data and, finally, compile
some of the frequently found cytokinin-regulated genes and dis-
cuss their functional context. The vast majority of findings come
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from experiments using Arabidopsis thaliana, thus we will focus
on results from this model plant in this review. The key facts pre-
sented in this review are summarized in Table 1. For recent reviews
addressing various other aspects of the cytokinin signaling system,
see To and Kieber (2008),Argueso et al. (2009, 2010), Bishopp et al.
(2009, 2011a), Moubayidin et al. (2009), Werner and Schmülling
(2009), Hellmann et al. (2010), Kudo et al. (2010), Perilli et al.
(2010), Domagalska and Leyser (2011), Heyl et al. (2011), Kiba
et al. (2011), and Müller (2011).

THE DISCOVERY OF PRIMARY RESPONSE GENES OF
CYTOKININ
The first primary response genes rapidly induced by cytokinin
were identified using the method of differential display in Ara-
bidopsis thaliana (Brandstatter and Kieber, 1998) and maize
(Sakakibara et al., 1998). In Arabidopsis, two genes designated IBC6
and IBC7 (INDUCED BY CYTOKININ, IBC) – now known as
type-A response regulator genes ARR5 and ARR4, respectively –
were identified as being induced after 2 h of cytokinin treatment
(Brandstatter and Kieber, 1998). These genes were upregulated
within minutes after cytokinin treatment (D’Agostino et al., 2000)
and the response was insensitive to cycloheximide, both hallmarks
of primary response genes. At the same time, the maize gene
ZmCip1, also encoding a type-A response regulator, was found
to be induced 30 min after cytokinin treatment (Sakakibara et al.,
1998). A number of related Arabidopsis type-A response regulator
genes – ARR3, ARR6, ARR7, ARR8, ARR9, ARR15, and ARR16,
which were mostly identified by sequence homology to bacterial
response regulators (Imamura et al., 1998; Urao et al., 1998) – were
characterized as cytokinin-induced genes with different response
kinetics (Imamura et al., 1999; Kiba et al., 1999; D’Agostino et al.,
2000). It was shown later that type-A ARR proteins act as nega-
tive regulators of cytokinin signaling (Hwang and Sheen, 2001; To
et al., 2004). Today, by virtue of genome-wide expression analyses,
numerous other response genes of cytokinin have been discovered
(see Genome-Wide Analysis of the Cytokinin-Regulated Tran-
scriptome) but most of them lack a functional link to the hormone
at present.

TRANSCRIPTION FACTORS REGULATING THE PRIMARY
CYTOKININ RESPONSE
The discovery of type-A response regulator genes as primary
cytokinin response genes was a strong indication that cytokinin
signaling may occur through a two-component signaling system
(TCS). In fact, the cytokinin signal is perceived by sensor histi-
dine kinases (Inoue et al., 2001; Suzuki et al., 2001; Heyl et al.,
2011), named AHK2, AHK3, and CRE1/AHK4 in Arabidopsis, and
the following primary signal transduction pathway of cytokinin
is a multistep trans-phosphorylation chain similar to the bacterial
TCS. Following the transfer of the signal to the nucleus via his-
tidine phosphotransmitter proteins (named AHPs in Arabidopsis;
Hwang and Sheen, 2001; Punwani et al., 2010), ultimately a family
of transcription factors, the type-B response regulators, is acti-
vated and these mediate the transcriptional response to cytokinin
(Hwang and Sheen, 2001).

The Arabidopsis genome encodes 11 type-B ARRs. They belong
to the MYB family of transcriptions factors and all contain an

Table 1 | Key facts about cytokinin-regulated gene expression.

• Type-B response regulators mediate most, if not all, of the immediate–

early changes of gene expression induced by cytokinin.

• Other transcription factors, such as cytokinin response factors (CRF), are

necessary for co-regulation of the transcriptional cytokinin response.

• During evolution, type-B response regulators appear earlier in plants than

cytokinin receptors, which are only found in land plants.

• The core sequence of the only known cytokinin response element of Ara-

bidopsis is 5′-GAT(T/C). The extended motif 5′-AAGAT(T/C)TT-3′ has been

identified as the preferred binding site of type-B response regulator ARR1.

• Genes encoding different type-A response regulators show the most

robust response to cytokinin.

• Changes in transcript abundance indicate a feedback of cytokinin signaling

on cytokinin metabolism genes.

• Numerous specific, context-dependent transcriptional cascades operate

downstream of the two-component signaling system to realize diverse

cytokinin activities.

• A large number of genes with diverse functions in regulating developmen-

tal and physiological processes respond to cytokinin.

N-terminal response regulator domain. This domain is thought
to negatively regulate the activity of the type-B ARRs as a dele-
tion of this domain leads to a constitutively active form of the
protein (Sakai et al., 2000; Imamura et al., 2003; Tajima et al.,
2004; Taniguchi et al., 2007). This observation led to a model
in which the phosphorylation of the response regulator domain
causes a conformational change of the type-B ARRs, thereby
activating the proteins. Phosphomimics, in which the canoni-
cal Asp of the response regulator domain is exchanged with a
Glu leading to a constitutive activation, are supposed to have an
altered structure and seem to support this model (Hass et al.,
2004). However, structural information confirming the proposed
mode of action is still missing. This is in contrast to the DNA-
binding MYB-domain. NMR spectroscopy has revealed how the
DNA-binding domain of ARR10 is in direct contact with the
target DNA, 5′-(A/T)GATT-3′ (Hosoda et al., 2002). The C-
terminal part of the type-B ARRs is often enriched by P/Q-rich
acidic domains, which have been shown to be important for
their transactivation capacity (Sakai et al., 2000; Imamura et al.,
2003). The nuclear localization of the type-B ARRs is consis-
tent with their role as transcription factors (Hwang and Sheen,
2001; Lohrmann et al., 2001; Mason et al., 2004; Dortay et al.,
2006).

Phylogenetic analyses based on the receiver domains or DNA-
binding domains of type-B ARRs revealed a division into three
sub-classes (Tajima et al., 2004; To et al., 2004; Mason et al.,
2005; Heyl et al., 2008). The largest sub-class consists of seven
members (ARR1, ARR2, ARR10, ARR12, ARR11, ARR14, and
ARR18) and two other sub-classes containing two members each
(ARR13/ARR21 and ARR19/ARR20). The expression patterns of
type-B ARR genes reflect this subdivision revealed by phylogenetic
analysis. While the members of the largest sub-class are expressed
in almost all tissues, members of the other two sub-classes are
expressed specifically in reproductive organs (Mason et al., 2004;
Tajima et al., 2004; Heyl et al., 2006). The region of expression for
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ARR19 and ARR21 was narrowed down to the chalazal region of
the endosperm (Tiwari et al., 2006; Day et al., 2008).

Analyses have shown the functional redundancy of type-B
ARRs (Mason et al., 2005): for example, single knockout mutants
of arr1 and arr21 displayed no major alteration of their phenotypes
(Sakai et al., 2001; Horák et al., 2003). Only the arr2 knockout
mutant showed a slight insensitivity toward cytokinin and ethyl-
ene in a hypocotyl elongation assay (Hass et al., 2004). ARR2 has
also been implicated in the regulation of leaf senescence (Kim et al.,
2006). In contrast, analysis of multiple knockout mutant lines of
type-B ARR genes revealed that ARR1,ARR10,and ARR12 mediate
the majority of cytokinin action in different processes, such as vas-
cular development, light sensitivity, chlorophyll production, and
cell division in the root and shoot (Yokoyama et al., 2007; Argyros
et al., 2008; Ishida et al., 2008). Overexpression of full length ARR1
and ARR2 genes did not cause notable phenotypic changes (Sakai
et al., 2001; Hass et al., 2004). However, overexpression of only
the C-terminal part of the protein, including the DNA-binding
domain of ARR1, ARR11, ARR14, ARR20, and ARR21, respec-
tively, caused distinct abnormalities of plant phenotypes during
the vegetative stage (ARR1/ARR11/ARR14) or the reproductive
stage (ARR20/ARR21; Sakai et al., 2001; Imamura et al., 2003;
Tajima et al., 2004). A compilation of the known phenotypes of
single and multiple type-B ARR mutants (and other genes of the
TCS) has been published recently (Müller, 2011).

Chimeric repressor technology (Hiratsu et al., 2003) was used
in order to investigate the functions of type-B ARRs more gen-
erally. The addition of the SRDX peptide (LDLDLELRLGFA) to
the C-terminal end of ARR1 turned this transcriptional activator
into a trans-dominant transcriptional repressor. Protoplast trans-
activation assays confirmed that ARR1-SRDX represses not only
the transactivation activity of ARR1, but also of all other type-
B ARRs tested, thus demonstrating its trans-dominant function
(Heyl et al., 2008). Plants expressing the ARR1-SRDX construct
under the control of the 35S promoter displayed a strong mor-
phological phenotype, reminiscent of the cytokinin deficiency
syndrome seen in triple cytokinin receptor mutants or cytokinin
oxidase/dehydrogenase (CKX) overexpressors (Werner et al., 2003;
Riefler et al., 2006). This phenotype is most likely due to the con-
certed repression of the activities of the type-B ARR (Heyl et al.,
2008). Transcriptional profiling indicated attenuation of the early
transcriptional response to cytokinin and suggested that ARR1
and other type-B ARRs use, at least in part, the same DNA-binding
sites. Together, the results showed that most, if not all, of the tran-
scriptional response to cytokinin is mediated, at least partly, by the
type-B ARRs (Heyl et al., 2008).

Another group of transcription factors regulating the transcrip-
tional response to cytokinin are the cytokinin response factors
(CRF). Rashotte and colleagues showed that members of this sub-
family of AP2/ERF transcription factors, which is defined by the
presence of a common CRF domain, are involved in the con-
trol of gene expression of many primary cytokinin response genes
(Rashotte et al., 2006; Rashotte and Goertzen, 2010). CRF2 and
CRF5 were themselves recognized as primary response genes due
to their transcriptional regulation by cytokinin in the presence
of cycloheximide (Rashotte et al., 2006). Protoplast experiments
showed that all CRFs localize from the cytosol into the nucleus

upon cytokinin treatment. This translocation was dependent on
the presence of the cytokinin receptors and the AHPs, but not type-
A or type-B ARRs (Rashotte et al., 2006). Yeast two-hybrid and
Split-YFP experiments showed homo- and heterodimerization
among the CRFs and between the AHPs and the CRFs. Deletion
experiments indicated that the CRF domain is both necessary and
sufficient to mediate these protein interactions. It has been specu-
lated that homodimerization of the CRFs might be necessary for
DNA-binding (Cutcliffe et al., 2011). The phenotypic changes of
different multiple crf mutants occurred with low penetrance, but
point at a role in the development of embryos, cotyledons, and
leaves. The severity and the penetrance of the loss-of-function phe-
notypes increased in higher order mutants indicating functional
redundancy (Rashotte et al., 2006).

EVOLUTION OF TRANSCRIPTION FACTORS MEDIATING THE CYTOKININ
RESPONSE
In order to get an insight into the evolution of the TCS, a phy-
logenetic analysis has been carried out for all four participating
protein families (Pils and Heyl, 2009). The type-B RRs are present
in all plants species, including algae. Thus, they predate the appear-
ance of the cytokinin receptors and the type-A RRs, which are
only found in land plants (Pils and Heyl, 2009). That raises the
questions which functions the type-B RRs have in those species
missing the cytokinin receptors and whether those ancient func-
tions are still performed by type-B RRs of higher plant species.
The CRF protein family has at least eight members in Arabidopsis
(Rashotte and Goertzen, 2010). A phylogenetic study showed that
CRF genes are present in the genomes of all land plants, but are
absent from those of algae. The late-diverging land plants sepa-
rated into two clades, which coincided with the presence or the
absence of an additional domain, the so-called TEH (Thr, Glu,
His) region. However, the functional relevance of this TEH region
is not yet clear (Rashotte and Goertzen, 2010).

Taken together, these data suggest that the type-B RRs predate
the emergence of the cytokinin signaling pathway as we know it
from higher plants and were only recruited to it at a later stage
of plant evolution. Once the morphology and the developmen-
tal program of land plants became more complex, not only did
the number of type-B RRs in the genomes increase (Pils and Heyl,
2009; Schaller et al., 2011), but it was also likely that additional fac-
tors, such as the CRFs, were recruited to fine-tune the cytokinin
response.

cis-REGULATORY CYTOKININ RESPONSE ELEMENTS REQUIRED FOR
THE REGULATION OF PRIMARY RESPONSE GENES
Considering the high conservation of amino acids in the DNA-
binding MYB-domain of type-B ARRs (Heyl et al., 2008), it is not
surprising that several of them bind to the same or very similar
sequence motifs. It has been demonstrated that the DNA-binding
domains of both, ARR1 and ARR2, bind in vitro to DNA sequences
containing the 5′-AGAT(T/C)-3′ motif. The actual DNA recogni-
tion by the DNA-binding domain appeared to occur mainly at
the last four positions of this 5-bp sequence (Sakai et al., 2000).
The optimal in vitro binding for ARR10 and ARR11 was observed
for a DNA sequence containing the motifs 5′-AGATT-3′ and 5′-
GGATT-3′, respectively (Hosoda et al., 2002; Imamura et al., 2003).
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Later, it was shown that ARR1 requires 2-bp extensions on either
side of the core sequence for optimal binding in vitro (Taniguchi
et al., 2007). Comparing the bases surrounding the 5-bp long core
motif, the sequence 5′-AAGAT(T/C)TT-3′ was identified as an
extended version of the ARR1-binding motif (Taniguchi et al.,
2007).

A synthetic cytokinin reporter that was generated to visualize
the output of the TCS in vivo harbors 24 concatemerized copies
of a variant of the above-mentioned type-B ARR binding core
motif, 5′-(A/G)GATT-3′, in sense and antisense direction and a
minimal 35S promoter binding motif upstream of a reporter gene
(Müller and Sheen, 2008). The presumed advantage of this syn-
thetic cytokinin reporter compared to other marker genes, such
as the commonly used type-A response regulator genes, is that its
activity is largely independent of other signaling or tissue-specific
information, and thus shows solely the TCS output (Müller and
Sheen, 2008). Using this synthetic reporter, the local and tempo-
ral defined antagonistic interaction between auxin and cytokinin
during the establishment of the root stem cell niche was identi-
fied (Müller and Sheen, 2008). Similarly, this TCS reporter or an
improved version of it has been used to study cytokinin activity
in the shoot apical meristem (Gordon et al., 2009; Yoshida et al.,
2011).

So far, the functionality of binding motifs identified for ARR1
and other type-B ARRs have been supported mainly by in vitro
experiments (Sakai et al., 2001; Imamura et al., 2003; Taniguchi
et al., 2007) and their use for the TCS reporter (Müller and Sheen,
2008). There are only a very few loss-of-function studies confirm-
ing the functionality of these sequences in planta. One example
is the transcriptional regulation of the non-symbiotic hemoglobin
(NSHB) genes (Hunt et al., 2001; Ross et al., 2004). It was shown
by using transient bombardment assays in tobacco leaf disks that
cytokinin activates the Oryza sativa NSHB2 (OsNSHB2) promoter
and that this regulation can be mediated by ARR1 of Arabidopsis
(Ross et al., 2004). Deletion and site-directed mutational analyses
of the predicted ARR1-binding cis-element 5′-AGATT-3′ in the
OsNSHB2 promoter confirmed the functionality of this element
in the cytokinin response. Deletion led to a dramatic reduction in
cytokinin-inducibility of this promoter (Ross et al., 2004). These
experiments were not fully conclusive, as the cytokinin-dependent
activation of a rice promoter by an Arabidopsis transcription
factor was tested in tobacco cells. However, it has been shown
recently that mutation of this core motif in the ARR6 promoter
strongly reduces its response toward cytokinin in its original host
(Ramireddy, 2009).

The afore-mentioned work confirmed the functional relevance
of the core motif in planta. However, it should be noted that
because of its statistically frequent occurrence, this short motif
is not diagnostic for the cytokinin responsiveness of a given pro-
moter. It is not significantly enriched in the top 20 cytokinin-
responsive promoters within the 1-kb 5′ of the translational start
site (Figure 1), where it occurs at a frequency of 0.68% in compar-
ison to the promoters of the 20 genes least likely to be regulated by
cytokinin, where it has a frequency of 0.57%. The extended motif,
5′-AAGAT(T/C)TT-3′, which was identified for ARR1 (Taniguchi
et al., 2007), is enriched in the top 20 cytokinin-responsive pro-
moters, where it occurs at a frequency of 0.16% compared to

0.01% in the promoters of the 20 genes least likely to be regu-
lated by cytokinin. However, it is missing in 5 of the top 20 genes
(Figure 1). This could indicate that ARR1 is not involved in the
transcriptional regulation of all these cytokinin response genes, or
that other variants of the extended motif allow for the binding of
and transcriptional activation by type-B RRs.

Another putative cytokinin response element has been
identified in cucumber. Expression analysis showed that
cytokinin and light activate the transcription of the NADPH–
protochlorophyllide reductase (POR) gene which has a key role
in chlorophyll synthesis (Kuroda et al., 2000). Gel shift experi-
ments demonstrated that the promoter of the POR gene contains
a cis-element (5′-TATTAG-3′) which binds nuclear extracts in a
cytokinin-dependent manner (Fusada et al., 2005). Mutation of
this sequence in the POR promoter caused a reduced cytokinin-
dependent binding of nuclear proteins and caused a reduced
cytokinin responsiveness in transient expression assays (Fusada
et al., 2005). However, the protein factor(s) binding to this motif
are not known. This new element, mediating part of the cytokinin
response, is present in only 6 of the top 20 cytokinin-regulated
genes of Arabidopsis in the meta analysis, indicating that this
motif also is not absolutely required for cytokinin responsiveness
or might be species-specific (data not shown).

GENOME-WIDE ANALYSIS OF THE CYTOKININ-REGULATED
TRANSCRIPTOME
With the dawn of the transcriptomics age, enabled by the wide
availability of microarrays, several attempts have been made to
identify more cytokinin-responsive genes. Over time, the themes
of the experimental approaches have changed. The first transcrip-
tome studies were purely discovery-based approaches in order to
find as many cytokinin-regulated genes as possible for a number
of different time points. The focus then shifted toward the iden-
tification of genes being targeted directly by single or multiple
transcription factors of the type-B response regulator and CRF
families. The latest investigations have shown two trends: firstly,
the attempt to investigate the transcriptome of smaller expres-
sion domains; secondly, an enhanced focus on physiological and
developmental downstream processes influenced by cytokinin.

PUBLISHED STUDIES ON THE CYTOKININ-REGULATED
TRANSCRIPTOME
A first study investigating cytokinin effects on the transcript level
of many genes in 2002 used a microarray containing 8297 probe
sets from Arabidopsis and assessed gene expression during shoot
induction from root callus (Che et al., 2002). As the samples were
taken days after transferring the explants to cytokinin-containing
shoot induction medium, early changes in gene expression were
not identified and only the expression data of known cytokinin
and auxin responsive genes were shown. The results confirmed the
cytokinin induction of the type-A ARR genes and CRE1/AHK4.
Another early study focusing on long-term transcriptomic changes
used the method of massively parallel signature sequencing and
analyzed seedlings harboring an inducible cytokinin synthesizing
bacterial IPT gene (Hoth et al., 2003). This work also confirmed
a number of known cytokinin-regulated genes and it was noted
that subsets of genes are regulated independently of tissue type or
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FIGURE 1 | Motif mapping of type-B response regulator binding

motifs in the promoters of the top 20 cytokinin-regulated genes.

The core motif (Sakai et al., 2000) and the extended motif determined
for ARR1 (Taniguchi et al., 2007) were mapped onto the promoter
regions 1000 bp upstream of the translational start sites of the 20

highest ranking genes of the meta analysis (Table 3) using the
MotifMapper of the TOUCAN 2 workbench (Aerts et al., 2005). The
motifs were counted, and their frequency of occurrence (in percent)
calculated using the formula (number of motifs * 100)/(20 promoters *
1000 bp).

developmental stage. Both studies also identified numerous novel
genes regulated or potentially regulated by cytokinin.

The first investigation devoted to the immediate–early
cytokinin response also used the microarray with 8297 probe sets
(Rashotte et al., 2003). Samples were obtained from seedlings
treated with different cytokinins (benzyladenine, trans-zeatin)
in different concentrations (1–5 μM) and for different time
periods (15 min to 24 h). The wol and cre1 cytokinin recep-
tor mutants were analyzed, too. More than 70 novel cytokinin-
regulated genes were identified. Two cytokinin-responsive “puta-
tive AP2 genes” (AT2G46310 and AT4G23750) were discovered,
which were classified as CRFs in later research (Rashotte et al.,
2006). Homeostatic mechanisms were revealed as two of the
cytokinin-induced genes encoded cytokinin metabolic enzymes:
the cytokinin oxidase/dehydrogenase CKX4 (Werner et al., 2001)
and a cytochrome P450 enzyme (CYP735A2) with cytokinin trans-
hydroxylase activity (Takei et al., 2004). Another potential pattern

of cytokinin-regulated genes indicated an effect on the redox state
(Rashotte et al., 2003).

One year later, a first analysis using a whole-genome microar-
ray featuring 22,810 probe sets (ATH1 array) was published (Kiba
et al., 2004). Although the work focused on the type-C (by then still
classified as type-A) response regulator ARR22, it also contained
information on cytokinin-induced genes in wild-type Arabidop-
sis. There, a large number of additional genes were found to be
cytokinin-regulated, including several heat shock-related genes
and the histidine kinase gene AHK1. This study was extended to
plants overexpressing the C-terminal half of the type-B response
regulator ARR21 (ARR21-C-ox) causing a constitutive activation
of the cytokinin response, in order to contrast ARR22 overexpres-
sors (ARR22-ox) attenuating the cytokinin response (Kiba et al.,
2005). A set of 68 robustly cytokinin-responsive genes was gener-
ated by comparing transcript levels in wild type, cytokinin-treated
wild type, ARR22-ox, and ARR21-C-ox.
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Another study using the ATH1 array also appeared in 2005
comparing cytokinin-induced and cytokinin-deficient seedlings
(35S:CKX1), with the uninduced wild type as the reference
(Brenner et al., 2005). An extensive evaluation of the func-
tional context of the regulated genes identified transcriptional
regulation, signal transduction, interaction with other hormones
(particularly gibberellin), light signaling, primary metabolism,
and transport as cytokinin target processes. It was found that
transcription factor genes were largely overrepresented among
the cytokinin-regulated genes in comparison to their propor-
tion in the whole genome. Many of these genes were only tem-
porarily induced, while others were upregulated at a late time
point, suggesting that transcriptional cascades are triggered during
the course of cytokinin action. The MapMan software (Thimm
et al., 2004) was used to identify cytokinin-regulated physio-
logical processes. Among all the genes of cytokinin metabolism
and signaling, only the type-A response regulators showed a
clearly opposite regulation in cytokinin-induced and cytokinin-
deficient seedlings. In addition, two processes were identified
with an opposite regulation of their genes depending on the
cytokinin status, namely metabolism of the regulator of carbon
utilization, trehalose-6-phosphate, and valine and leucine metab-
olism. Finally, the upregulation of several plastidal transcripts
was noted. The data generated in this study spawned further
research on four cytokinin-regulated transcription factor genes,
namely GATA22 (also known as CGA1/GNL), two genes coding
for members of the homeodomain zip (HD zip) class II transcrip-
tion factor family (HAT4, HAT22), and bHLH64 (Köllmer et al.,
2011).

Transcript profiling of cytokinin-treated arr1 arr12, crf1 crf2
crf5, and crf2 crf3 crf6 mutants was conducted in order to identify
the target genes of the CRFs. The results led to the conclusion
that both, type-B ARRs and CRFs, are necessary for cytokinin
induction of many of the early cytokinin response genes, because
their regulation was attenuated in higher order mutants of either
transcription factor family. Interestingly, while the expression of
the type-A ARR genes in response to cytokinin treatment was
reduced in the arr1 arr12 mutant, it was unaffected or even slightly
upregulated in the crf mutants tested (Rashotte et al., 2006).

The reduced induction of cytokinin-regulated genes in ARR7
overexpressing plants showed clearly that ARR7 is a negative reg-
ulator of cytokinin signaling (Lee et al., 2007). However, the
regulation of only 30% to 50% of all cytokinin-regulated genes
was attenuated by ARR7 overexpression, indicating that the pro-
tein acts only on part of the cytokinin signaling pathway. The
regulation of transcription factor genes, hormone-related and
stress-related genes, as well as the finding that the responsiveness
of most cytokinin-induced expansin genes and several LATERAL
ORGAN BOUNDARIES DOMAIN (LBD) genes was attenuated
by ARR7, were specifically addressed.

Direct target genes of ARR1 were identified using plants
expressing a dexamethasone-inducible variant of ARR1 (Sakai
et al., 2001) and an AFLP-based expression profiling method called
“high-coverage expression profiling” (HiCEP; Fukumura et al.,
2003) as the analytical tool (Taniguchi et al., 2007). An improved
sequence motif for ARR1-binding was characterized in the pro-
moters of the 23 ARR1 target genes identified (see cis-Regulatory

Cytokinin Response Elements Required for the Regulation Of
Primary Response Genes).

The roots of an arr10 arr12 mutant were studied using the
ATH1 microarray (Yokoyama et al., 2007). This mutant combi-
nation was selected because it causes a strong root phenotype,
suggesting that ARR10 and ARR12 (together with ARR1) trans-
duce most of the cytokinin signal in the root. It was found that the
transcriptional response to cytokinin in this mutant was attenu-
ated for most of the known cytokinin response genes, as well as
for several genes newly discovered in this study. The induction
of the type-A response regulator genes ARR15 and ARR16 was
particularly strongly diminished, leading the authors to suggest a
functional link between ARR10 and ARR12, on the one hand, and
ARR15 and ARR16, on the other hand.

Following a similar approach, a transcription profiling of the
shoots of seedlings was part of the characterization of an arr1
arr10 arr12 triple mutant (Argyros et al., 2008). In these plants,
the cytokinin-induced increase in transcript levels of 71 genes,
including many of the then well-known primary response genes,
was severely attenuated. In addition, the basal transcript levels
of almost 90% of these genes were reduced more than twofold,
indicating a reduced response to endogenous cytokinin. The
cytokinin-induced repression of the transcript levels of a number
of genes was also diminished in the mutant plants. These results
added convincing evidence that most of the general cytokinin
response during the seedling stage is signaled through the three
type-B response regulators ARR1, ARR10, and ARR12 (Argyros
et al., 2008).

A study looking more broadly into the action of type-B response
regulators was carried out using transgenic plants overexpressing
a trans-dominant chimeric repressor of type-B response regula-
tor action, ARR1-SRDX (see Transcription Factors Regulating the
Primary Cytokinin Response; Heyl et al., 2008). Transcriptome
comparison between ARR1-SRDX transgenic seedlings and wild-
type seedlings identified transcripts regulated by type-B response
regulators. About three-quarters of the genes induced by cytokinin
in the wild type were not induced in ARR1-SRDX plants, and a
total of 658 genes were found whose transcripts were less abundant
in the ARR1-SRDX overexpressing plants. The functional context
of these genes indicated that type-B ARRs regulate a number of
processes, such as nitrate transport and metabolism, red light sig-
naling, and crosstalk with other hormones (auxin, ethylene, and
gibberellin). A possible negative feedback on ARR1 expression, as
well as on cytokinin metabolism, was also detected. It was pro-
posed that type-B ARRs are possible nodes for the integration of
different signaling pathways (Heyl et al., 2008).

The latest cytokinin-related microarray study so far investi-
gated similarities and differences of the transcriptomic response to
cytokinin induction and cytokinin deficiency in roots and shoots
using the CATMA microarray (Brenner and Schmülling, submit-
ted). The rationale for this study were the marked differences of
the cytokinin effects on roots and shoots which could be reflected
by differences in the set of responsive genes. It was found by
principal component analysis that the early pattern of the tran-
scriptomic cytokinin response was largely similar in roots and
shoots while the later response showed some notable differences:
Cytokinin-induced roots had a more shoot-like global transcript
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profile and, similarly, cytokinin-deficient shoots had a global tran-
script profile shifted toward a more root-like fashion. Interestingly,
nuclear genes encoding plastid-localized proteins were strongly
overrepresented among these differentially regulated genes. These
observations suggest that cytokinin promotes shoot identity on the
transcript level at least partially independently of morphological
organ identity. Several genes with organ-specific responses were
identified, including root-specificity for the cytokinin hydroxylase
gene CYP735A2 and shoot specificity for the cell cycle regula-
tor gene CDKA;1. However, contrasting with the fundamental
difference of the growth response of roots and shoots to the hor-
mone, the vast majority of the cytokinin-regulated transcriptome
showed similar response patterns in roots and shoots (Brenner
and Schmülling, submitted).

In summary, the microarray studies have shown that the multi-
tude of processes influenced by cytokinin (Werner and Schmülling,
2009) are reflected by changes of the abundance of transcripts
encoding proteins of diverse function. There is, in part, little over-
lap between the genes identified by different studies, indicating
their context-dependent regulation. The transcriptomic results
can serve as a springboard to the investigation of downstream
cytokinin signaling events, as will be discussed further below.

A META ANALYSIS OF PUBLICLY AVAILABLE MICROARRAY DATA SETS
In addition to the published and commented microarray results
described in Section “Published Studies on the Cytokinin-
Regulated Transcriptome,” a number of unpublished datasets are
available in the microarray databases. As of July 2011, there were
28 sets of cytokinin-related microarray-derived data stored in
the ArrayExpress database (www.ebi.ac.uk/arrayexpress), and a
lot more are probably archived in individual labs inaccessible
to the community. Arabidopsis thaliana is the experimental sys-
tem of 25 of the publicly available datasets; one dataset comes
from Medicago truncatula, one dataset from Solanum tuberosum
and one from hybrid poplar (Populus tremula × Populus alba;
Table 2). Despite great efforts to get the data into a uniform for-
mat and high-quality annotation, such as the MIAME standard
for the description of a microarray experiment (Brazma et al.,
2001), the data are not readily comparable for several reasons.
Firstly, different array platforms were used; data from single-color
microarrays are not directly comparable with data from two-color
arrays. Secondly, the annotation standards are different because
data originally submitted to different databases were combined.
Thirdly, the experiments submitted had been designed for distinct
research purposes and different growth conditions or develop-
mental stages were used. Last but not least, each laboratory has its
individual plant growth system resulting in differences in global
gene expression (Massonnet et al., 2010) and, presumably, also
the cytokinin response. For these reasons, we have chosen eight
microarray experiments which have used the same array plat-
form, the same organism (i.e., Arabidopsis thaliana), a roughly
comparable experimental layout and a sufficient number of repli-
cates, included wild-type data, and had a good overall quality of
the data and traceable sample annotations for the meta analysis
(Table 2).

The meta analysis based on these selected microarray datasets
summarizes the genes most robustly regulated by cytokinin

(Table 3). At the top of the list, there are 6 of the 10 type-A response
regulator genes and 2 more are found among the top 20 cytokinin
response genes. ARR3 ranked in position 66 of the list, while
ARR17 did not have a significant meta-P-value and thus does not
appear to be regulated by cytokinin. Some other genes of cytokinin
metabolism and signaling are also part of this list, including CKX4
and CKX5, which encode cytokinin oxidases/dehydrogenases
(Werner et al., 2001), the UDP-glucosyltransferase gene UGT76C2
encoding a cytokinin-O-glycosyltransferase (Hou et al., 2004), the
cytochrome P450 gene CYP735A2 encoding a cytokinin trans-
hydroxylase involved in trans-zeatin synthesis (Takei et al., 2004),
and the cytokinin receptor gene CRE1/AHK4 (Inoue et al., 2001;
Suzuki et al., 2001). The other histidine kinase gene in the list,
AHK1, encodes a sensor of osmotic stress (Urao et al., 1999;
Tran et al., 2007; Wohlbach et al., 2008). Other well-characterized
genes are also part of this list, such as the cytokinin response
factors CRF2 and CRF5 (Rashotte et al., 2006). Interestingly, in
a co-expression analysis, almost all the genes of the top 25 list
that have a known function in cytokinin metabolism and sig-
naling clustered together (Figure 2A). Expression of CYP735A2
clustered separately with ASL9 (Figure 2A). ASL9 encodes a LOB-
domain transcription factor whose overexpression results in a
dwarf phenotype and alters the cytokinin response of seedlings,
but a loss-of-function phenotype is not known (Kiba et al., 2005;
Naito et al., 2007). One other gene that has not yet been function-
ally linked to cytokinin, FAF3, which is a member of the newly
established FANTASTIC FOUR (FAF) gene family (Wahl et al.,
2010), is part of the central cluster (Figure 2A). FAF3 is most
strongly expressed in the vasculature, where it might have a func-
tion in differentiation, which is regulated by cytokinin (Mähönen
et al., 2006; Bishopp et al., 2011b). No functional information
exists for the genes encoding the ubiquitin-conjugating enzyme
16 (UBC16), the metallo-hydroxylase/oxidoreductase superfam-
ily protein (MHO), and cytochrome P450 CYP82F1. These three
genes show, together with ARR16, the less related (most distinct)
expression profile compared to the known cytokinin-related genes
(Figure 2B).

We were interested whether the top 20 cytokinin-responsive
genes were also targets of other signaling pathways. We, therefore,
analyzed their response to different hormones and environmen-
tal cues using the data sets available from Genevestigator (Hruz
et al., 2008). We selected hormone experiments that employed
conditions similar to those of the cytokinin experiments (Goda
et al., 2008). The heatmap, shown in Figure 3, reveals that sev-
eral of the top 20 cytokinin response genes are the subject of
rapid regulation by other hormones. In most cases, this regulation
appears to cause a reduction of the transcript levels rather than an
induction, and most genes respond at a later time point to these
other hormones than to cytokinin. Treatment with auxin, and
partly also with ABA, for example, causes reduced transcript levels
of numerous cytokinin-responsive genes after 1–3 h (Figure 3).
Surprisingly, the strongest and earliest reactions were seen with
brassinolide (BL) and methyl jasmonate. Expression of CKX4 is
upregulated and expression of CRE1/AHK4, CRF2, and ARR9
is downregulated only 30 min after BL treatment. Stronger and
broader effects of the different hormones on the transcript levels
of cytokinin-regulated genes are seen at later time points (data not
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Table 2 | Cytokinin-related microarray datasets in the ArrayExpress database.

ID Title No. of

arrays

Species Array

platform

Lab Used for

meta

analysis

E-ATMX-3 Transcription profiling of Arabidopsis thaliana

wild type and ARR7 plants to identify

cytokinin response genes at two different

time points

16 Arabidopsis

thaliana

Affymetrix ATH1 J. Kim, Chonnam National

University, South Korea

�

E-ATMX-11 Transcription profiling of Arabidopsis Col-0

wild-type and 35S:ARR1-SRDX transgenic

seedlings either induced with

6-Benzyladenine or mock-treated

36 A. thaliana CATMA v2.4 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-49 Transcription profiling of Arabidopsis plants

(tup3 mutant and Col-0gl ) in cotyledon stage

after treatmeant with cytokinin or auxin for

different times

56 A. thaliana CATMA v2.3 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-111 Cytokinin induction of roots and shoots 40 A. thaliana CATMA v2.3 T. Schmülling, Freie

Universität Berlin,

Germany

E-CAGE-169 Transcription profiling of Arabidopsis roots in

response to cytokinin treatment and

phosphate deprivation

16 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-CAGE-170 Transcription profiling of Arabidopsis roots of

mutant in response to cytokinin treatment

12 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-CAGE-191 Transcription profiling of Arabidopsis roots in

response to cytokinin treatment and

phosphate deprivation

16 A. thaliana CATMA v2.3 R. Solano, Centro Nacional

de Biotechnología, Spain

E-GEOD-1766 Transcription profiling of Arabidopsis

seedlings treated with 6-Benzyl

adenine – time series

13 A. thaliana Affymetrix ATH1 T. Schmülling, Freie

Universität Berlin,

Germany

�

E-GEOD-5698 Transcription profiling of Arabidopsis

cytokinin treatment of

seedlings – AtGenExpress

12 A. thaliana Affymetrix ATH1 T. Mizuno, Nagoya

University, Japan

�

E-GEOD-5725 Transcription profiling of Arabidopsis

Agrobacterium tumefaciens-induced tumor

development

4 A. thaliana Affymetrix ATH1 R. Deeken, Universität

Würzburg, Germany

E-GEOD-6148 Transcription profiling of Arabidopsis cells

cultures undergoing transdifferentiation

6 A. thaliana Affymetrix ATH1 D. Brown, Nottingham

Arabidopsis Stock Centre,

United Kingdom

E-GEOD-6832 Transcription profiling of Arabidopsis aerial

parts of seedlings after cytokinin

12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

�

E-GEOD-15049 The cytokinin type-B response regulator

PtRR13 is a negative regulator of

adventitious root development in Populus

39 Populus trem-

ula × Populus

alba

Nimblegen

Populus

trichocarpa array

J. M. Davis, University of

Florida, USA

E-GEOD-20231 Transcript profiling of auxin/cytokinin

crosstalk in the Arabidopsis primary root

apex

14 A. thaliana Affymetrix ATH1 K. Ljung, Umeå Plant

Science Centre, Sweden

�

E-GEOD-20232 Cytokinin treatment on roots of seedlings 12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

�

E-MEXP-125 Transcription profiling of Arabidopsis ARR2

mutants vs wild type

5 A. thaliana Syngenta Virtual

Array

K. Harter, Universität zu

Köln, Germany

E-MEXP-254 Transcription profiling of Plasmodiophora

brassicae infection of Arabidopsis thaliana

12 A. thaliana Affymetrix AG J. Siemens, Technische

Universität Dresden,

Germany

(Continued)
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Table 2 | Continued

ID Title No. of

arrays

Species Array

platform

Lab Used for

meta

analysis

E-MEXP-344 Transcription profiling of 5 to 7 days old

Arabidopsis thaliana seedlings of wild type

(Col-0) and the cytokinin-deficient transgenic

line 35S:CKX1

10 A. thaliana Affymetrix ATH1 T. Schmülling, Freie

Universität Berlin,

Germany

E-MEXP-432 Transcription profiling of inducible

overexpression of Arabidopsis meristem

regulators by AlcR/AlcA system in

continuous light

10 A. thaliana Affymetrix ATH1 J. U. Lohmann, Max Planck

Institute for

Developmental Biology,

Germany

E-MEXP-749 Transcription profiling time series of

Arabidopsis seedlings treated with the

cytokinin benzyladenine or DMSO

13 A. thaliana Affymetrix AG J. J. Kieber, University of

North Carolina, USA

E-MEXP-1154 Transcription profiling of wild type and athk1

knock-down Arabidopsis plants under

dehydration stress conditions

4 A. thaliana Agilent

Arabidopsis 2

K. Yamaguchi-Shinozaki,

University of Tokyo, Japan

E-MEXP-1155 Transcription profiling of wild type, athk1

knock-down and athk2/athk3 knockout

Arabidopsis plants under non-stress

conditions

4 A. thaliana Agilent

Arabidopsis 2

K. Yamaguchi-Shinozaki,

University of Tokyo, Japan

E-MEXP-1442 Transcription profiling of Medicago truncatula

with benzylaminopurine treatment to the

root tips and untreated control plants

4 Medicago

truncatula

UNIBI-

Mt16kOLI1Plus

F. Frugier, Institut des

Sciences du Végétal,

France

E-MEXP-1573 Transcription profiling of wild type and

arr1,10,12 mutant Arabidopsis seedlings

treated with the cytokinin benzyladenine

8 A. thaliana Affymetrix ATH1 E. G. Schaller, Dartmouth

College, USA

�

E-MEXP-2270 Transcription profiling of Arabidopsis wild

type, 35S-ARR7, arr7, and 35S-ARR15

treated with cytokinin, auxin, or both

32 A. thaliana Affymetrix ATH1 J. U. Lohmann, Max Planck

Institute for

Developmental Biology,

Germany

�

E-MEXP-2350 Transcription profiling of Arabidopsis thaliana

AP1::AtIPT4 transformants vs wild-type

plants to identify the candidate genes

responsive to cytokinin

6 A. thaliana Affymetrix ATH1 X. S. Zhang, Shandong

Agricultural University,

China

E-MEXP-2921 Transcription profiling by array of potato tuber

buds from wild type and AtCKX1 expressing

tubers treated with gibberellic acid

12 Solanum

tuberosum

POCI S

tuberosum 44K

v2

S. Sonnewald, Friedrich-

Alexander-Universität

Erlangen-Nürnberg,

Germany

E-NASC-75 Transcription profiling of aerial parts of

Arabidopsis seedlings treated with the

cytokinin trans-zeatin

12 A. thaliana Affymetrix ATH1 H. Sakakibara, RIKEN Plant

Science Center, Yokohama

Microarray datasets available in July 2011 are listed here. The datasets used for the meta analysis (Table 3) are indicated in the last column.

shown). Taken together, this supports the idea that the antagonis-
tic and agonistic action of cytokinin and different hormones are,
at least partly, realized through transcriptional regulation of the
same target genes.

A second analysis for the changes in transcript abundance
of the top 20 cytokinin response genes was made in a similar
fashion for their responses to different stresses or environmental
cues. An arbitrary selection of the resulting heatmaps is shown
in Figure 4. Most stress conditions (heat, drought, osmotic and
biotic stress, high light irradiation) caused a reduced expression

of cytokinin response genes. An exception is cold stress, which
induced an increase of transcript levels in most cases. Short treat-
ments (45 min) with blue or red light did not cause changes of the
transcript abundance of the genes analyzed, while UV-B light was
repressive, at least after 6 h treatment. As most stress treatments
inhibit growth, it could be that the downregulation of cytokinin-
responsive genes is an early indication of such growth inhibitory
activity. We hypothesize that modulation (i.e., mostly a reduction)
of the cytokinin status is a common part of the general stress
response, and that this modulation is required to redirect the use

www.frontiersin.org January 2012 | Volume 3 | Article 8 | 9

http://www.frontiersin.org
http://www.frontiersin.org/Plant_Physiology/archive


Brenner et al. Gene regulation by cytokinin

Table 3 |Top 25 genes of a meta analysis across selected transcript

profiling experiments of Arabidopsis thaliana performed with

Affymetrix ATH1 arrays.

AGI Meta P Average ratio Encoded protein

AT1G74890 214.45 6.90 ARR15

AT3G48100 206.35 7.56 ARR5

AT2G40670 189.62 5.37 ARR16

AT1G19050 169.59 4.96 ARR7

AT1G10470 164.68 2.74 ARR4

AT5G62920 163.05 5.34 ARR6

AT1G16530 157.32 3.11 ASL9

AT5G05860 154.99 2.47 UGT76C2

AT3G57040 144.94 2.55 ARR9

AT5G19260 136.46 2.72 Protein of unknown function

(DUF3049)

AT4G29740 133.59 3.48 CKX4

AT4G03610 131.02 2.92 Metallo-hydrolase/oxidoreductase

superfamily protein

AT4G23750 130.50 2.22 CRF2

AT2G01830 128.24 2.35 CRE1/AHK4

AT2G17820 125.80 2.98 AHK1

AT1G75440 124.56 2.35 UBC16

AT2G46310 124.16 2.64 CRF5

AT1G67110 124.03 6.45 CYP735A2

AT2G41310 122.30 2.72 ARR8

AT2G25160 120.28 5.16 CYP82F1

AT2G40230 119.64 2.26 HXXXD-type acyltransferase

family protein

AT1G13420 117.93 8.20 ST4B

AT1G75450 115.82 2.24 CKX5

AT2G30540 114.84 1.99 Thioredoxin superfamily protein

AT3G62930 114.26 2.19 Thioredoxin superfamily protein

Raw data of eight datasets with the accessions E-ATMX-3, E-GEOD-

1766, E-GEOD-5698, E-GEOD-6832, E-GEOD-20231, E-GEOD-20232, E-MEXP-

1573, and E-MEXP-2270 were downloaded from the ArrayExpress database

(www.ebi.ac.uk/arrayexpress).The experiments were re-evaluated using an RMA-

based analysis pipeline written in R using the limma (Smyth, 2005) and affy

(Irizarry et al., 2005) packages. P-values for cytokinin-induced wild-type samples

vs untreated wild-type samples were calculated. A meta-P-value was calculated

for each gene by adding the negative log2 of the P-values of the individual experi-

ments.The genes were then ranked by the meta-P-value. A gene having a P-value

of 0.01 in all 11 experiments would have a meta-P-value of 53.15. According to this

cut off, 1606 genes would be significantly regulated by cytokinin in the selected

experiments. The meta-P-value of the last gene in this table corresponds to a

P-value of 0.00005 in all eight experiments.

of plant resources for the stress response and no longer to maintain
growth. Consistently, there is a tendency that stress responses are
accompanied by a reduction of the cytokinin content (Hare et al.,
1997).

THE FUNCTIONAL CONTEXT OF CYTOKININ-REGULATED GENES
Regulation of the transcript abundance of a given gene can be
an indication for its functional relevance in a cytokinin-regulated
process. The gene expression profiling studies described a plethora

of candidate genes. More than 3000 Arabidopsis genes in total have
been described as being regulated by cytokinin. We were interested
to know which genes related to which processes would be found
independently by different laboratories. We have screened, there-
fore, the existing publications and show in Table 4 an arbitrary
and non-exhaustive compilation of genes that were identified at
least three times in the 13 existing studies (see Published Stud-
ies on the Cytokinin-Regulated Transcriptome; Table 2). Some
of the genes were identified up to 10 times, indicating that they
are highly sensitive to a change in the cytokinin status (Table 4).
Interestingly, the same cytokinin metabolism genes as in the meta
analysis (Table 3), namely CKX4, CYP735A2, and UGT76C2 (see
previous chapter), were found most often by different laboratories.
This overlap indicates that similar relevant genes might be found
by both approaches supporting the validity of the meta analysis
(Table 3).

A closer inspection of the functional context of the cytokinin-
regulated genes has revealed a number of common themes which
provide insights into the great variety of cytokinin actions. The
processes that were identified range from crosstalk with other hor-
mones, to different events related to growth (e.g., cell expansion,
meristem activity), the redox state, and various biotic and abi-
otic stresses (Table 4). In the following sections, we discuss several
of these genes. Detailed discussions of the functional context of
some other cytokinin-regulated genes can also be found in several
of the transcriptomic studies (Rashotte et al., 2003; Kiba et al.,
2004, 2005; Brenner et al., 2005; Brenner and Schmülling, submit-
ted). Importantly, genetic studies have provided evidence in some
cases that the indications of a putative functional relevance con-
cluded from cytokinin-sensitive changes of transcript abundance
are indeed reflected by a role of the hormone in the respective
process.

Crosstalk between cytokinin and other phytohormones
Among the more than 20 auxin-related genes that were found
to be regulated by cytokinin are many that are also regulated by
auxin, indicating that the auxin–cytokinin crosstalk may often
be realized through transcriptional regulation. The list com-
prises five AUX/IAA genes and eight SAUR-like genes, including
SAUR-AC1 (Table 4). However, only two of these, SHY2/IAA3
and AXR3/IAA17, were found in four independent studies. The
AUX/IAA genes encode negative regulators of auxin signaling
rapidly degraded upon an auxin stimulus through the ubiquitin–
proteasome pathway (Dharmasiri et al., 2005; Kepinski and Leyser,
2005). Transcription of SHY2/IAA3 is directly activated by the
type-B response regulator ARR1 in the root meristem (Dello Ioio
et al., 2008b). Its activation leads to cell differentiation by auxin
redistribution caused by its negative effect on genes encoding PIN
auxin efflux carriers. Regulation of PIN genes by cytokinin has
also been reported by others (Laplaze et al., 2007; Růžicka et al.,
2009; Bishopp et al., 2011b,c; Yoshida et al., 2011). The function of
AXR3 in auxin signaling is of a more general type. It was reported
to have functions in leaf development, apical dominance, several
aspects of root development, and crosstalk with brassinosteroids
(Leyser et al., 1996; Pérez-Pérez et al., 2010). The role of the SAUR-
like genes has remained unclear thus far (Jain et al., 2006), apart
from reports about one rice SAUR gene, which acts as a negative
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A

FIGURE 2 | Co-expression and clustering analysis of cytokinin response

genes. (A) The relationships among the top 20 cytokinin response genes
(seeTable 2) is visualized by co-expression analysis. For this analysis,
expression profiles of the top 20 gene were obtained from 1388 array
experiments from the ATTED-II database (Obayashi et al., 2011). Among
these were 236 tissue-specific arrays, 534 abiotic stress arrays, 200 biotic
stress arrays, 200 hormone arrays, and 48 light arrays. The expression
profiles were analyzed using the ATTED-II database Mutual Rank (MR)

calculations were used to quantify the similarity of the gene expression
profiles (Obayashi et al., 2009). The co-expression network was drawn with
the Network Drawer (http://atted.jp/top_draw.shtml#NetworkDrawer) and
modified. (B) Hierarchical clustering of cytokinin response genes. The
clustering was performed by using the single linkage method (ATTED-II
database; Obayashi et al., 2011). For each query gene, the Mutual Rank was
averaged from its co-expressed gene list and their distances were plotted as
log10 of the Mutual Rank value.
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FIGURE 3 | Regulation of cytokinin response genes by different

hormones. The hormonal meta-profile analysis of the top 20 cytokinin
response genes (seeTable 2) was established using the Genevestigator
database (http://www.genevestigator.com/gv/index.jsp; Hruz et al., 2008) and
modified. Only the hormone experiments described by Goda et al. (2008)
were considered as tissues (i.e., seedlings); time points and other
experimental conditions were most similar to those used for the cytokinin
treatments. The gene expression responses are calculated as ratios between

hormone-treated and mock-treated samples. The resulting heatmap is color
coded as indicated and thus reflects the up- (red color) or downregulation
(green color) of genes. Each experiment can be retrieved from the
NASCArrays database (Craigon et al., 2004) by using their unique ID.
Abbreviations used in the figure: d, days; h, hours; min, minutes; μM,
micromolar; CK, cytokinin; IAA, indole-3-acetic acid; ACC,
1-aminocyclopropane-1-carboxylic acid; ABA, abscisic acid; GA, gibberellic
acid; BL, brassinolide; MeJa, methyl jasmonate.

regulator of auxin synthesis and transport (Kant and Rothstein,
2009; Kant et al., 2009). No specific role related to cytokinin has
been revealed for these genes.

Auxin–cytokinin interaction also plays a role in shoot apical
meristem control (Zhao et al., 2010). The absence of meristem
control genes, which are known to be regulated by cytokinin, such
as CLV1 (Lindsay et al., 2006; Gordon et al., 2009; Bartrina et al.,
2011), from the microarray data is probably due to the fact that
either their regulation was not detected, or that the transcripts were
too low in abundance, both due to the small size of their respective
expression domains in comparison to the tissues which were sam-
pled for the transcriptome studies. Similarly, cytokinin-regulated
auxin genes involved in the patterning of the root vasculature,
where auxin and cytokinin act in a signaling loop causing the
mutual restriction of the active domains of the respective other
hormone (Bishopp et al., 2011b,c), were missed, probably for the

same reasons. A possible exception is FAF3, a novel gene which
was discussed in Section “A Meta Analysis of Publicly Available
Microarray Data Sets.”

Cytokinin also interacts with ethylene. It causes the upregu-
lation of four aminocyclopropane-1-carboxylate synthase (ACS)
genes involved in ethylene biosynthesis, as well as six ethylene-
sensitive transcription factor genes of the ERF/AP2 family. How-
ever, none of these genes has been identified in more than two
different studies. Whether the upregulation of the transcription
factors is directly caused by cytokinin, or whether it is indirectly
mediated by increased ethylene levels due to the induction of ACS
genes, cannot be decided based on the array experiments sum-
marized here. It is known that part of the cytokinin response is
mediated through ethylene as a second messenger, such as the reg-
ulation of root architecture (Cary et al., 1995; Laplaze et al., 2007;
Růžicka et al., 2009).
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FIGURE 4 | Regulation of cytokinin response genes by different

environmental cues. The meta-profile analysis for the changes in transcript
abundance of the top 20 cytokinin response genes (Table 2) in response to
different stresses or environmental cues was established with the
Genevestigator database (http://www.genevestigator.com/gv/index.jsp; Hruz
et al., 2008) and modified. The figure shows an arbitrary selection of
experiments which was selected based on one of the following criteria: (i)
Stress (abiotic and biotic) treatment of wild-type plants; (ii) nutrient changes
deprivation) and other treatments of wild-type plants; and (iii) only
experiments using Col-0 were considered unless otherwise specified. If data
for several time points after the treatments were available, data showing early

time points were preferred. The gene expression responses are calculated as
log2-ratios between the signal intensities from different stress or nutritional
treatments compared to control or mock-treated samples. The resulting
heatmap is color coded as indicated, and thus reflects the up- (red color) or
downregulation (green color) of genes. A gray color indicates that gene
expression was not detectable in both treatment and control conditions. The
individual experiments are available from various repositories, such as gene
expression omnibus (GEO; Edgar et al., 2002), ArrayExpress (Rocca-Serra
et al., 2003), and TAIR (Swarbreck et al., 2008), and can be retrieved by using
their unique ID. Abbreviations used in the figure: d, days; vs., versus; Ws,
Wassileskija; Col-4, Columbia-4; NA, not available.
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Table 4 | Selection of developmental and physiological processes in which cytokinin-regulated genes participate.

Annotated function Examples of

regulated genes

AGI Reference codes*

Abiotic stress:

70 genes, including 10 HSP, 7 peroxidase, 6 thioredoxin,

2 glutaredoxin genes

AHK1 AT2G17820 1, 2, 4, 6, 7, 8, 10
ANNAT4 AT2G38750 3, 4, 6, 7, 8

GSTU26 AT1G17190 4, 6, 7, 8, 11, 12

Thioredoxin AT2G30540 3, 6, 8, 9, 10

Thioredoxin AT3G62930 4, 6, 8, 9

Auxin action:

30 genes, including 9 SAUR-like and 4 Aux/IAA genes

AXR3 AT1G04250 1, 3, 8, 12
IAA3 AT1G04240 3, 5, 7, 9

Biotic stress:

61 genes, including 4 dirigent-like and 6WRKY genes

Dirigent-like AT4G11190 3, 4, 6, 8, 9, 11
Dirigent-like AT4G11210 3, 6, 8, 9

NLM1 AT4G19030 3, 6, 7, 8, 9, 11

YLS9 AT2G35980 3, 7, 8, 11

Cell wall:

42 genes, including 13 expansin, 4 laccase, 6 pectin-modifying, and

5 xyloglucan-modifying genes

EXP1 AT1G69530 1, 2, 3, 5, 6, 8, 9

Cytokinin homeostasis:

10 genes, including 5 cytokinin oxidase/dehydrogenase and 2 purine

permease genes

CKX4 AT4G29740 2, 3, 4, 6, 8, 9, 10, 11, 12
CYP735A2 AT1G67110 3, 6, 8, 9, 10, 11

UGT76C2 AT5G05860 4, 6, 8, 12

Primary metabolism (including regulation):

35 genes, including 10 trehalose-6-phosphate metabolism genes

Cell wall invertase 1 AT3G13790 1, 7, 8, 12

Root apical meristem:

12 genes, including 3 thalianol metabolism genes

THAD AT5G47990 4, 6, 7, 8
THAH AT5G48000 6, 7, 8, 12

THAS AT5G48010 6, 7, 8

Transcription:

98 genes, including 4 bHLH, 3 CRF, 5 other ERF/AP2, 3 HAT, 9 MYB,

4WRKY genes

ASL9 AT1G16530 3, 6, 8, 10, 11
ATR1 AT5G60890 1, 2, 6, 8, 12

CRF2 AT4G23750 1, 3, 4, 6, 7, 8, 9, 12

CRF5 AT2G46310 3, 4, 6, 7, 8, 9

Ethylene action: 18 genes, including 4 ACC synthase, 6 ethylene-sensitive ERF/AP2 transcription factor genes

Gibberellin action: 12 genes, including GA4, GNL, GNC

Light signalling/response: 20 genes, including 4 NPH3 family genes

Nutrient uptake: 17 genes, including 3 AMT, 4 NRT, 2 PHT, 3 SULTR family genes

Photosynthesis: 12 genes, including 4 LHCB2 genes

All genes listed in 12 medium- and large-scale transcriptomic studies related to cytokinin were collected and functionally annotated to generate this non-exhaustive

list of developmental and physiological processes in which cytokinin-regulated genes participate. Functional categories harboring either a particularly large number

of genes or genes found in three or more publications were included in this table. Single genes listed in four or more studies, or genes belonging to an operon-like

structure were considered. The genes encoding proteins of the cytokinin signaling system have not been listed. Compilations of their roles in various biological

processes can be found elsewhere (Heyl et al., 2011; Müller, 2011). *Reference codes: 1, Che et al. (2002); 2, Hoth et al. (2003); 3, Rashotte et al. (2003); 4, Kiba et al.

(2004); 5, Brenner et al. (2005); 6, Kiba et al. (2005); 7, Rashotte et al. (2006); 8, Lee et al. (2007); 9, Taniguchi et al. (2007); 10, Yokoyama et al. (2007); 11, Argyros

et al. (2008); 12, Heyl et al. (2008).

The interaction of cytokinin with gibberellins (GA) is reflected
on the molecular level by the regulation of two GATA transcrip-
tion factor genes, GNL/CGA1/GATA22 and GNC/GATA21. It was
shown in a recent genetic study that both GNL and GNC are direct
targets of the GA signaling pathway, and that both negatively reg-
ulate germination, greening, leaf expansion, and flowering time
(Richter et al., 2010). Additionally, GNL seems to have a role
in chloroplast development, as GNL overexpressors developed
chloroplasts in illuminated roots, while a gnl mutant formed fewer
chloroplasts in the hypocotyl of seedlings. It has been proposed

that GNL integrates signaling pathways of light, GA, and cytokinin
(Köllmer et al., 2011). Cytokinin also appears to interfere with
GA activity by regulating the GA synthesis gene GA4 and the GA
signaling genes RGA and GAI, both encoding DELLA repressor
proteins. Together, cytokinin action caused a reduction of GA
activity (Brenner et al., 2005).

Cytokinin affects different parts of the plant cell
One of the most frequently listed genes in the present microar-
ray studies encodes the expansin EXP1. Twelve other expansin
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genes were found in at least two microarray studies, along with
18 other cell wall-related genes (Table 4). Expansins are thought
to be involved in weakening the structure of the cell wall, which
is required for cell expansion, and thus growth. Links between
cytokinin and cell wall-related genes have been found previously
(Downes and Crowell, 1998). A cytokinin-induced change of wall
extensibility has also been directly measured (Thomas et al., 1981),
and a negative influence of cytokinin signaling on cell wall thick-
ness has been reported (Jung et al., 2008). However, detailed
investigations on the role of EXP1 and other cell wall-related genes
in growth regulation by cytokinin have not yet been published.

Cytokinin has been known to have a positive effect on
chloroplast development, performance, and longevity for a long
time (Staetler and Laetsch, 1965; Parthier, 1979; Chory et al.,
1994; Yaronskaya et al., 2006; Okazaki et al., 2009; Brenner and
Schmülling, submitted), and may thus influence photosynthesis.
It affects the transcript abundance of genes encoding plastid-
localized proteins (Zubo et al., 2008), and a proteomic study
identified about 50% of the cytokinin-regulated proteins to be
localized in the chloroplast (Cerný et al., 2011). Furthermore,
cytokinin appears to exert a protective activity on biochemical
processes associated with photosynthesis (Rivero et al., 2009). Four
of the six genes found to be induced by cytokinin in at least two
publications belong to the LHCB2 family, encoding components
of the light harvesting complexes. This is in accordance with the
influence of cytokinin on the relative amount of light harvest-
ing complexes (Šiffel et al., 1992; Catský et al., 1993) and on the
accumulation of light harvesting complex mRNAs and proteins
(Marziani Longo et al., 1990).

Cytokinin as a regulator of metabolism genes
Several genes annotated as linked to root growth but rarely con-
sidered in cytokinin-related studies were identified. The THAD,
THAH, and THAS genes are required for the synthesis of thalianol,
which is a triterpene of unknown function (Field and Osbourn,
2008). The genes are organized in an operon-like fashion (Field
and Osbourn, 2008). The operon includes another gene encoding
an acyltransferase of unknown function (At5g47980) which has
also been found in numerous microarray studies to be regulated
by cytokinin (Kiba et al., 2004, 2005; Rashotte et al., 2006; Lee
et al., 2007; Argyros et al., 2008; Heyl et al., 2008). Interestingly,
plants with a higher thalianol content show a stunted shoot growth
but have longer roots (Field and Osbourn, 2008), both pheno-
typic features reminiscent of cytokinin-deficient plants (Werner
et al., 2003). However, the exact role of thalianol in regulating
root and shoot growth and its possible interplay with cytokinin is
unknown.

A function of cytokinin in regulating uptake and metabolism
of different nutrients – nitrogen, sulfate, phosphate, and iron – has
been known for some time (Sakakibara et al., 2006; Ribot et al.,
2008; Argueso et al., 2009; Igarashi et al., 2009; Rubio et al.,
2009). This is supported by the regulation of nitrogen (AMT,
NRT ), sulfate (SULTR), and phosphate (PHT ) transporter genes
by the hormone (Table 4). In the case of nitrate, genes encod-
ing both high-affinity (NRT1) and low-affinity (NRT2) trans-
porters (Crawford and Glass, 1998) are regulated by cytokinin.
NRT1.1 – also cytokinin-regulated – functions as a nitrate sensor

(Ho et al., 2009), suggesting an influence of cytokinin on nitrate
sensing. The reciprocal signaling relations between nitrogen and
cytokinin were reviewed recently (Kiba et al., 2011). One of
the three ammonium transporters, AMT1;3, has a major role in
ammonium-triggered lateral root branching (Lima et al., 2010).
The sulfate transporter SULTR1;2 is responsible for sulfate uptake
into the roots, while the exact role of the other two sulfate trans-
porters, SULTR3;1 and SULTR3;4, is not yet clear. SULTR1;2 and
SULTR1;1 were shown to be negatively regulated by cytokinin
in a partially CRE1/AHK4-dependent manner, associated by a
decrease in sulfate uptake (Maruyama-Nakashita et al., 2004).
The functions of the phosphate transporters PHT1;2 and PHT1;4
are not restricted to phosphate uptake from the soil into the
root, but extend to broader roles in phosphate remobilization
and distribution throughout the whole plant (Mudge et al.,
2002).

Nineteen genes involved in primary metabolism and its reg-
ulation were identified, however, only the one encoding cell wall
invertase 1 was found repeatedly (Table 4). Cell wall invertases pro-
vide hexose sugars to cells by cleavage of sucrose in the cell wall.
The provision of either hexoses or sucrose has a regulatory poten-
tial for source–sink relationships and carbon utilization, as well
as for development (Sherson et al., 2003). Total cell wall invertase
activity was shown to be reduced in the source leaves of cytokinin-
deficient plants (Werner et al., 2008), and cell wall invertase 1
expression was consistently found to be increased by cytokinin
in the transcriptomics studies summarized here. Ten of the 19
genes assigned to the category primary metabolism are involved
in trehalose-6-phosphate metabolism. Trehalose-6-phosphate is
also regulated by source–sink relationships and carbon utilization,
and plants with a disturbed trehalose-6-phosphate homeostasis
show severe developmental and metabolic defects (Schluepmann
et al., 2003, 2004; Dijken et al., 2004). It was shown that trehalose
synthesis genes are regulated by cytokinin in an opposite fash-
ion than genes encoding trehalose-degrading enzymes, supporting
the idea that trehalose-6-phosphate levels are regulated, at least
partly, by cytokinin (Brenner et al., 2005). In summary, the gene
regulatory data indicate that cytokinin action on source–sink rela-
tionships and carbon utilization could be accomplished through
the regulation of cell wall invertase and trehalose-6-phosphate
metabolism genes.

Cytokinin and light
Cytokinin regulates the transcript levels of four NPH3-like genes,
which have an annotated function in light signaling. How-
ever, NPH3 proteins are involved in various signaling path-
ways. Its founding member interacts with the blue light receptor
NPH1/PHOT1 and with the E3 ubiquitin ligase component CUL3;
the resulting degradation contributes to photomorphogenesis and
leaf positioning (Motchoulski and Liscum, 1999; Pedmale and Lis-
cum, 2007; Inoue et al., 2008). Five other NPH3-like genes have
been linked with auxin-regulated organogenesis acting through
influencing the polar localization of PIN proteins (Treml et al.,
2005; Cheng et al., 2007; Furutani et al., 2007, 2011). The four
NPH3-like genes found repeatedly to be regulated by cytokinin,
two of which are closely related phylogenetically, have not yet been
functionally described.
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The transcript level of three genes encoding members of
the phytochrome signaling pathway is regulated by cytokinin
in the combined microarray dataset: PHYA, the phytochrome
kinase substrate PKS1, and the GRAS transcription factor gene
PAT1. PHYA has functions in far-red-dependent de-etiolation,
day-length sensing, internode and leaf growth, and shade avoid-
ance (Schepens et al., 2004). PKS1 is a negative regulator of
phytochrome signaling (Fankhauser et al., 1999; Lariguet et al.,
2003) and is also necessary for blue light-induced phototropism
in a phyA-dependent manner (Lariguet et al., 2006; Boccalan-
dro et al., 2008). PAT1 is a member of the transcription fac-
tor GRAS family and specifically involved in an early stage of
phyA signaling (Bolle et al., 2000). The transcriptional regulation
of genes involved in phytochrome signaling pathways is consis-
tent with known links between cytokinin and light responses
(Argueso et al., 2009; Werner and Schmülling, 2009; Yoshida et al.,
2011).

Cytokinin regulation of transcription factor genes
Gene expression studies have revealed very early that cytokinin
acts downstream of the TCS through activating transcriptional
cascades (Rashotte et al., 2003; Brenner et al., 2005), and several
studies have identified functionally relevant cytokinin-regulated
transcription factor genes (Argueso et al., 2010). Other cytokinin-
regulated transcription factor genes are still looking for a func-
tion (CRF2, CRF5; see above), or have, so far, only be studied
by overexpression, such as ASL9 (Naito et al., 2007), bHLH64,
HAT4, HAT22, and GATA22/CGA1/GNL (Köllmer et al., 2011).
Cytokinin regulates the transcript levels of many other tran-
scription factor genes, and seven of them have been detected
in at least four publications describing transcriptomic studies
(Table 4). No function is yet known for most of them, such as
the zinc finger transcription factor At1g68360, which was found
to be also regulated by auxin (Pufky et al., 2003) and cold stress
(Vergnolle et al., 2005), or the B-box zinc finger transcription fac-
tor STH7 (Datta et al., 2008), which responded to molecules in
wildfire smoke that stimulate seed germination (Nelson et al.,
2010). The bZIP transcription factor BZIP11 (formerly known
as ATB2) is interesting because it has been proposed to be a pow-
erful regulator of carbohydrate metabolism that functions in a
growth regulatory network including trehalose-6-phosphate (see
Cytokinin as a Regulator of Metabolism Genes; Ma et al., 2011).
BZIP11 controls the sink strength by regulating the expression
of genes in young sink tissue (Delatte et al., 2011). In addi-
tion, it has been shown to control two genes encoding enzymes
in amino acid metabolism, ASN1 and ProDH2. ATR1 encodes a
transcription factor of the MYB family, which is the key regu-
lator of genes involved in the biosynthesis of glucosinolates and
auxin from tryptophane (Celenza et al., 2005). Its regulation by
cytokinin provides another facet to the cytokinin–auxin crosstalk.
TZF1 encodes a zinc finger protein which has been identified
as a regulated gene in studies on the carbon status (Contento
et al., 2004; Lin et al., 2011), disease and insect defense (Car-
tieaux et al., 2003; Ascencio-Ibáñez et al., 2008), stress tolerance
(Kasukabe et al., 2004; Lin et al., 2011), development of male and
female reproductive organs (Alves-Ferreira et al., 2007; Skinner
and Gasser, 2009), and ABA and GA signaling (Lin et al., 2011). Its

mode of action is currently under investigation (Pomeranz et al.,
2011)

A role for cytokinin in the stress response
Many cytokinin-responsive genes are also regulated by different
abiotic and biotic stresses (Figure 4). One important type of abi-
otic stress influenced by cytokinin appears to be oxidative stress,
as many genes encoding enzymes involved in relieving oxida-
tive stress – peroxidases, thioredoxins, and glutaredoxins – were
found to be regulated by the hormone in different microar-
ray studies (Table 4). A beneficial effect of cytokinin in coping
with oxidative stress has been described (Zavaleta-Mancera et al.,
2007). Two thioredoxin genes, At2g30540 and At3g62930, were
particularly often named in the publications listed in Table 4.
They were consistently found among the most strongly cytokinin-
regulated genes in the meta analysis, namely at position 24 and 25,
respectively (Table 3). No precise function has yet been assigned
to these genes. Generally, thioredoxins regulate the redox sta-
tus of disulfide bonds of their target proteins, thereby supplying
reducing power for reductases, which detoxify lipid hydroperox-
ides or repair damaged proteins. In addition to these functions,
they may have roles in oxidative stress signaling or as regulators
of scavenging mechanisms (Vieira Dos Santos and Rey, 2006).
Three other genes related to abiotic stress, AHK1, ANNAT4, and
GSTU26, were listed in 6 or 7 of the 13 cytokinin-related tran-
scriptomics studies, suggesting a relevant influence of cytokinin
on their related field of action. AHK1 encodes a histidine kinase
receptor structurally related to the cytokinin receptors and func-
tions as a positive regulator of drought and salt stress responses
and ABA signaling (Tran et al., 2007). ANNAT4 encodes an
annexin, a calcium-dependent membrane-binding protein that
mediates osmotic stress and abscisic acid signal transduction in
Arabidopsis (Lee et al., 2004). The glutathione S-transferase gene
GSTU26 is also induced by low temperature (Nutricati et al.,
2006).

A link between cytokinin and biotic stress has been suggested
because altered cytokinin levels have been observed after pathogen
infection (Clarke et al., 1999; Maksimov et al., 2002) and an altered
susceptibility to pathogens due to an altered cytokinin status has
been observed (Clarke et al., 1998; Pertry et al., 2009). Therefore,
it was not surprising that several defense-related genes were found
to be regulated by cytokinin in multiple transcriptomic studies,
among them three dirigent-like proteins. They are known to be
transcriptionally induced by biotic stress (Fristensky et al., 1985;
Görlach et al., 1996; Lee et al., 1996; Ralph et al., 2006) and
participate as mediators of stereospecificity in the formation
of lignans (Davin et al., 1997; Burlat et al., 2001), which pos-
sess antiviral, antimicrobial, and cytotoxic properties (MacRae
and Towers, 1984; Mendonça Pauletti et al., 2000; Rahman and
Gray, 2002). NLM1, also known as NIP1;1, encodes an aqua-
porin homolog that determines antimonite and arsenite sensi-
tivity (Kamiya and Fujiwara, 2009; Kamiya et al., 2009) and also
responds to auxin and osmotic stress (Kreps et al., 2002; Goda
et al., 2004). YLS9 is induced in response to various biotic triggers,
including flagellin and the oviposition of butterfly eggs (Navarro
et al., 2004; Michel et al., 2006; Little et al., 2007; Zhao et al.,
2007).
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FUTURE PROSPECTS
A wealth of information has been generated by transcriptomic
studies creating new hypotheses about the functions of cytokinin
and functional mechanisms of its action. Numerous interest-
ing areas deserve further investigation, such as the regulation of
ribosomal genes by cytokinin suggesting translational control of
cytokinin-induced changes (Brenner et al., 2005; Kiba et al., 2005;
Rashotte and Goertzen, 2010; Brenner and Schmülling, submit-
ted). Several developmental processes are affected by mutations
in ribosomal genes, including embryogenesis, root growth, and
leaf development. This points out the functional relevance of
the specific assembly of ribosomal proteins in addition to their
fundamental role in translation, presumably because they have an
effect on the translation of specific proteins (Weijers et al., 2001;
Byrne, 2009; Horiguchi et al., 2011). With the dawn of the era of
next-generation sequencing-based transcriptomics, more data can
be expected from species whose genomes have not been sequenced
thus far. Data from crop species will be of special interest for
applied research given the potential of manipulating the cytokinin

status to achieve yield increase (Ashikari et al., 2005; Bartrina
et al., 2011) or to ameliorate other plant traits relevant for agri-
cultural performance (Werner et al., 2010; Zalewski et al., 2010).
In addition, experimental limitations of the hybridization-based
microarray platform, especially regarding annotation dependency,
sensitivity, dynamic range, and reproducibility, will be overcome.
With the new technologies, the transcriptome of smaller sam-
ples can be evaluated, detecting smaller changes in gene expres-
sion with higher confidence. Therefore, we are looking forward
to an exciting expansion of high-fidelity transcriptomic knowl-
edge across many species. New tools to master the challenge of
making proper use of the huge body of data generated will cer-
tainly facilitate an understanding of the functions of the networks
discovered.
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