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Arabidopsis Cytokinin Receptor Mutants Reveal Functions in
Shoot Growth, Leaf Senescence, Seed Size, Germination,
Root Development, and Cytokinin Metabolism™

Michael Riefler,2 Ondrej Novak,P? Miroslav Strnad,® and Thomas Schmiilling®?
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b| aboratory of Growth Regulators, Palacky University and Institute of Experimental Botany, Academy of Sciences of the
Czech Republic, CZ-78371 Olomouc, Czech Republic

We used loss-of-function mutants to study three Arabidopsis thaliana sensor histidine kinases, AHK2, AHK3, and CRE1/
AHK4, known to be cytokinin receptors. Mutant seeds had more rapid germination, reduced requirement for light, and
decreased far-red light sensitivity, unraveling cytokinin functions in seed germination control. Triple mutant seeds were
more than twice as large as wild-type seeds. Genetic analysis indicated a cytokinin-dependent endospermal and/or
maternal control of embryo size. Unchanged red light sensitivity of mutant hypocotyl elongation suggests that previously
reported modulation of red light signaling by A-type response regulators may not depend on cytokinin. Combined loss of
AHK2 and AHKS led to the most prominent changes during vegetative development. Leaves of ahk2 ahk3 mutants formed
fewer cells, had reduced chlorophyll content, and lacked the cytokinin-dependent inhibition of dark-induced chlorophyll
loss, indicating a prominent role of AHK2 and, particularly, AHK3 in the control of leaf development. ahk2 ahk3 double
mutants developed a strongly enhanced root system through faster growth of the primary root and, more importantly,
increased branching. This result supports a negative regulatory role for cytokinin in root growth regulation. Increased
cytokinin content of receptor mutants indicates a homeostatic control of steady state cytokinin levels through signaling.
Together, the analyses reveal partially redundant functions of the cytokinin receptors and prominent roles for the AHK2/
AHKS receptor combination in quantitative control of organ growth in plants, with opposite regulatory functions in roots and
shoots.

INTRODUCTION In Arabidopsis thaliana, the cytokinin signal is perceived by
three sensor histidine kinases, AHK2, AHK3, and CRE1/AHK4
(Inoue et al., 2001; Suzuki et al., 2001; Ueguchi et al., 2001;
Yamada et al., 2001). These three receptors show a high degree
of sequence identity, but each has distinguishing characteristics.
All contain an N-terminal membrane-associated sensor domain.
The predicted extracellular ligand binding domain shares the so-
called CHASE domain, which is found exclusively in cytokinin
receptors of higher plants, as well as the ligand recognition
domain of other histidine kinases and guanylyl cyclases of lower
eukaryotes and bacteria (Anantharaman and Aravind, 2001;
Mougel and Zhulin, 2001). On the predicted cytoplasmic side,
all three receptor proteins contain a histidine kinase catalytic
domain and a C-terminal response regulator containing a re-
ceiver domain. The current model of cytokinin signaling predicts
that the receptors feed into the two-component signaling sys-
tem, which transfers the signal via phosphorelay to the nucleus
(reviewed in Hwang et al., 2002; Heyl and Schmdilling, 2003;
Kakimoto, 2003; Grefen and Harter, 2004; Ferreira and Kieber,

Cytokinin is a plant hormone that plays positive and negative
regulatory roles in many aspects of plant growth and develop-
ment. It stimulates the formation and activity of shoot meristems,
is able to establish sink tissues, retard leaf senescence, inhibit
root growth and branching, and plays a role in seed germination
and stress responses. Cytokinin also appears to participate in
a number of light-regulated processes, such as deetiolation and
chloroplast differentiation (Mok, 1994). Some cytokinin functions
are executed primarily through the control of cell cycle activity.
Analysis of cytokinin-deficient plants has shown that cytokinin
plays opposite roles in shoot and root meristems and has sug-
gested that the hormone has an essential function in quantitative
control of organ growth (Werner et al., 2001, 2003; Yang et al.,
20083).
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2005).

CRE1/AHK4 and AHK3 were shown to confer cytokinin-
sensing ability to yeast (Saccharomyces cerevisiae), Escherichia
coli, and tobacco (Nicotiana tabacum) protoplasts (Hwang and
Sheen, 2001; Inoue et al., 2001; Suzukiet al., 2001; Yamada et al.,
2001). CRE1/AHK4 and AHK3 prefer both the free bases
isopentenyladenine and zeatin as a ligand but differ in the
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recognition of other cytokinin compounds (Yamada et al., 2001;
Spichal et al., 2004). Less is known about AHK2, but a function in
cytokinin perception was reported (Hwang and Sheen, 2001;
Higuchi et al., 2004; Nishimura et al., 2004). mRNA of all three
receptor genes is found in all organs, although with different
abundance. CRE1/AHK4 is predominantly expressed in the root,
where its mMRNA was mainly localized to the vascular cylinder and
the pericycle of the root (M@honen et al., 2000; Higuchi et al.,
2004). Gel blot analyses and promoter—f-glucuronidase fusions
have detected CRE1/AHK4 expression also in various shoot
tissues, although in lower abundance than in the roots (Ueguchi
et al., 2001; Higuchi et al., 2004; Nishimura et al., 2004). The
AHK2 and in particular the AHK3 gene show greater expression
in the aerial parts of Arabidopsis plants (Ueguchi et al., 2001;
Higuchi et al., 2004; Nishimura et al., 2004).

Most known mutations of the CRE1/AHK4 gene do not cause
a strong morphological plant phenotype (Inoue et al., 2001;
Franco-Zorilla et al., 2002) but alter physiological parameters
such as the phosphate starvation response and regulation of
sulfate acquisition (Franco-Zorilla et al., 2002; Maruyama-Nakashita
et al., 2004). Exceptions are the wooden leg alleles, a class of
cre1/ahk4 mutations, which show a severe defect in the de-
velopment of vascular tissue (Scheres et al., 1995; Mahonen
et al., 2000; Garcia-Ponce de Ledn et al., 2004). Recently, a lack
of morphological phenotypes was also reported for single ahk2
and ahk3 mutant plants. Combination of ahk2 and ahk3 muta-
tions led to reduced shoot growth, which was further enhanced
by introgression of a mutated cre1/ahk4 allele (Nishimura et al.,
2004). A comprehensive analysis of all single, double, and triple
mutants of the cytokinin receptor genes is missing.

The primary aim of this study was to investigate the role of each
receptor and their combinations in various cytokinin-regulated
processes during plant development. It was anticipated that the
analyses of receptor mutants would be informative about pro-
cesses for which cytokinin is a limiting and therefore possibly
regulatory factor. We show that the receptor functions partially
overlap but that each receptor contributes to a different extent to
the cytokinin response in various assays. For example, the com-
bined activities of the AHK2 and AHKS receptors are particularly
relevant to control organ growth and cytokinin-dependent re-
tardation of senescence. Importantly, we discover an unex-
pected role for cytokinin in various aspects of seed biology and
find further support for a negative regulatory role of cytokinin in
controlling root growth under physiological conditions. Further-
more, a feedback control of cytokinin on its own steady state
concentration is discovered. The data contribute to a better
understanding of the in planta functions of cytokinin, which
has long been hindered owing to the lack of loss-of-function
mutants.

RESULTS

Isolation of Novel T-DNA Insertion Alleles in the AHK2
and AHK3 Genes

The initial isolation and characterization of cytokinin receptor
mutants is illustrated in Supplemental Figures 1 and 2 online.
Arabidopsis lines carrying T-DNA insertions in the AHK2
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(At5g35750) and AHK3 (At1g27320) genes were identified in
different mutant collections. Two independent mutant alleles
were isolated for each gene (see Supplemental Figure 1A online).
All mutations are in the Arabidopsis Columbia (Col-0) back-
ground. The exact T-DNA insertion sites were determined by
sequencing (see Supplemental Figure 1B online). One insertion in
the AHK2 gene was found to be in the fourth exon. This is a novel
allele, which was named ahk2-5, as four other ahk2 insertion
mutants were described previously (Higuchi et al., 2004; Nishimura
et al., 2004). The second ahk2 mutant allele is identical to ahk2-2
(Nishimura et al., 2004); it carries an insertion 19 bp upstream of
the predicted translational start. ahk3-7 is a novel insertion allele
of the AHK3 gene and carries an insertion at the 5’ end of intron 1.
The second isolated ahk3 mutant allele is identical to ahk3-3
(Higuchi et al., 2004); it has an insertion in the sixth intron (see
Supplemental Figures 1A and 1B online). Supplemental Figure
1C online shows that using RT-PCR with primers spanning the
insertion site, gene-specific transcripts were detected in the wild
type but no gene-specific transcripts were detected in the ahk2-5
and ahk3-7 single mutants or in the ahk2-5 ahk3-7 double
mutant. We conclude therefore that both mutations present
novel null or strong hypomorphic alleles.

ahk2-5, ahk3-7, and cre1-2, which carries an insertion in the
first exon (Inoue et al., 2001), were used for experiments with
single knockouts and all reported receptor mutant combinations.
In the figures, we use the designations ahk2, ahk3, and cre1 for
these alleles. Experiments with the ahk2 ahk3 double mutants
were performed using both the ahk2-5 ahk3-7 and ahk2-2 ahk3-3
allele combinations. In all cases, similar results were obtained
with both combinations, but only those for ahk2-5 ahk3-7 are
shown.

We used several assays to test the cytokinin sensitivity of ahk
mutants, in particular that of the novel ahk2-5 and ahk3-7 alleles
and their combination. Hypocotyl explants of 10-d-old seedlings
were placed on media with different concentrations of auxin and
cytokinin. Callus and organ formation was scored after 4 weeks.
Supplemental Figure 2A online shows that ahk2-5 mutant ex-
plants displayed growth comparable to the wild type. By con-
trast, explants of ahk3-7 mutants had a significantly reduced
ability to respond to cytokinin by callus or shoot formation.
Explants of the double mutant ahk2-5 ahk3-7 showed further
enhancement of this phenotype. Threefold to tenfold higher
cytokinin concentrations than in the wild type were required to
induce callus formation and growth, and shoot formation was
observed only very rarely in ahk2-5 ahk3-7 explants. A similar
result was obtained when the ability of the whole plant to respond
to cytokinin was tested in vitro. In the wild type, elevated levels of
cytokinin in the medium inhibit shoot growth, reduce the accu-
mulation of leaf chlorophyll, and delay flower induction. ahk2-5
mutants showed a similar inhibition. ahk3-7 mutant seedlings
grew better and formed darker green leaves, and ahk2-5 ahk3-7
double mutants showed further enhanced cytokinin resistance in
this assay (see Supplemental Figure 2B online).

Cytokinin sensitivity of roots was tested in vitro on medium
with increasing cytokinin concentrations. All single mutants and
mutant combinations were included in this test to study the
relative contribution of all three receptors. Root growth of cre1-2
and combinations of cre7-2 with other ahk mutants showed
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Figure 1. Shoot Development of ahk Mutant Plants.

increased cytokinin resistance (see Supplemental Figure 2C
online). This confirms a major role for CRE1/AHK4 in sensing of
exogenous cytokinin in the primary root, with some contribution
from AHK2 and AHKS3 (Inoue et al., 2001; Higuchi et al., 2004;
Nishimura et al., 2004). Functioning of AHK2 and AHK® in the root
independent of CRE1/AHK4 became apparent after prolonged
exposure to cytokinin. Supplemental Figure 2D online shows that
roots of ahk2-5 ahk3-7 double mutants were able to continue to
grow slowly on medium containing 0.1 mg/L benzyladenine (BA),
while wild-type roots ceased growing.

Shoot Phenotype of Cytokinin Receptor Mutants

We compared the development of single, double, and triple
mutant shoots. Shoot development of ahk2-5 and cre1-2 single
mutants was indistinguishable from the wild type (Figure 1; data
not shown). By contrast, the rosette diameter of ahk3-7 mutants
was reduced ~15% compared with the wild type (Figure 1A).
Introgression of an ahk2-5 mutant allele reduced rosette di-
ameter further to about half the size of the wild-type rosette
(Figures 1A and 1B). The rate of leaf formation was not altered in
ahk2-5 ahk3-7 double mutants, and flowering was induced at the
same time as in the wild type. The final height of these mutant
plants was about two-thirds of the wild type.

Triple mutant plants showed an even stronger reduction of
shoot development, resulting in miniature plants (Figure 1C) and
revealing the CRE1/AHK4 function in the shoot. Cotyledons of
ahk2-5 ahk3-7 and ftriple mutant seedlings bent downwards,
indicating differential growth in the adaxial and abaxial sides
(Figure 1D). Twenty-five days after germination (DAG), wild-type
plants had developed 14 to 16 leaves and started to flower. At 25
DAG, triple mutant plants had only seven to eight leaves, in-
dicating alonger plastochrone. Flower induction was variable; on
average, triple mutant plants flowered 2 to 3 weeks later than the
wild type. Triple mutant plants were almost completely infertile.
However, in contrast with complete sterility reported by others
(Higuchi et al., 2004; Nishimura et al., 2004), they self-fertilized
and formed a few seeds under favorable temperature and
light conditions. This suggests that infertility of triple mutants

(A) Rosette sizes of wild-type and cytokinin receptor mutants 25 d after
germination (DAG). The mutant alleles were ahk2-5, ahk3-7, and cre1-2.
Error bars represent SE (n = 30).

(B) Rosettes of plants grown on soil 25 DAG. Bar = 10 mm for the close-
up of the ahk2-5 ahk3-7 cre1-2 triple mutant shown in the bottom right.
(C) A triple ahk2-5 ahk3-7 cre1-2 mutant plant (right) 70 DAG compared
with the wild type.

(D) Downward bending of cotyledons of ahk2-5 ahk3-7 (middle) and
ahk2-5 ahk3-7 cre1-2 (bottom) seedlings compared with the wild type
(top) (3 DAG).

(E) Number of epidermal cells per mm? on the adaxial (white bars) and
abaxial sides (black bars) of the seventh leaf of the wild type and ahk2-5
ahk3-7 (21 DAG) and of the full expanded seventh leaf of ahk2-5 ahk3-7
cre1-2 (28 DAG). Cell size was measured at three different positions on
the seventh leaf in the middle of the leaf blade. Error bars represent
SE (n = 5).

(F) Number of epidermal cells on the adaxial side on the seventh leaf.
Error bars represent SE (n = 5).
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Figure 2. AHK2 and AHK3 Are Required to Mediate Cytokinin-
Dependent Chlorophyll Retention in the Dark.
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is a conditional phenotype or is associated with specific mutant
alleles.

Leaves of ahk2-5 ahk3-7 double mutants had a reduced length
and width, but the overall form and heteroblasty were not altered.
Leaves of triple mutants were even smaller but had an unaltered
length-to-width ratio as well. Microscopic inspection of epider-
mal cells at different sites of the fifth leaf at maturity revealed that
the average cell size on the upper and lower epidermis of ahk2-5
ahk3-7 mutant leaves was about double the size of wild-type
cells. Interestingly, cell size became similar to the wild type in
leaves that were formed at later stages (Figure 1E; see also
Nishimura et al., 2004). Leaf cell size of triple mutants was in-
creased approximately threefold in young and older leaves as
well (Figure 1E), and in total, only ~5% of cells per leaf were
formed compared with the wild type (Figure 1F). The increase in
cell size to compensate for the reduced number of cells has been
reported for different cell cycle mutants (reviewed in Tsukaya,
2003) and appears to be transient in the ahk2 ahk3 double mutant
but persistent in the triple mutant.

Chlorophyll Retention by Cytokinin in the Receptor Mutants

The influence of cytokinin on the chlorophyll content of leaves
and their ability to retard leaf senescence was described soon
after their discovery (Richmond and Lang, 1957; Mothes and
Baudisch, 1958). Figure 2A shows that mutations in specific
cytokinin receptors cause a reduction of the leaf chlorophyll
content. ahk3-7 reduced the chlorophyll content to ~75% of the
wild type, ahk2-5 had a weak effect, and cre7-2 had no effect.
The combination of ahk3-7 with ahk2-5 further reduced the chlo-
rophyll content. A role for CRE1/AHK4 in assuring chlorophyll
formation only became apparent in the triple mutant, which has
~35% of the chlorophyll of the wild type (Figure 2A).

(A) Chlorophyll content of in vitro-grown plants 24 DAG. Wild type
(1.92 = 0.01 pg/g leaf fresh weight) was set at 100%. For each of
five independent samples per clone, five seventh leaves from different
plants were pooled and analyzed. Error bars represent SE (n = 5). The
mutant alleles used were ahk2-5, ahk3-7, and cre1-2.

(B) Dark-induced senescence in a detached leaf assay and its inhibition
by cytokinin. The leaf chlorophyll content before the start of dark
incubation was set at 100% for each genotype tested. Bars: white,
water plus DMSO; gray, 0.1 uM BA; black, 1 uM BA. Chlorophyll content
at the beginning of the assay was for the wild type, 1.92 + 0.01; ahk2-5,
1.64 = 0.11; ahk3-7, 1.46 = 0.11; cre1-2, 1.95 + 0.14; ahk2-5 ahk3-7,
1.23 * 0.03; ahk2-5 crel-2, 2.23 + 0.17; ahk3-7 cre1-2, 1.44 + 0.09;
ahk2-5 ahk3-7 cre1-2, 0.61 = 0.31 pg/g leaf fresh weight. Asterisks
represent significant changes to wild-type control at respective hormone
concentrations. Error bars represent SE (n = 5).

(C) Leaves of different genotypes at the end of the chlorophyll retention
assay described in (B).

(D) Time course of dark-induced leaf senescence in wild-type leaves.
The chlorophyll content at the beginning of the experiment was set at
100%. Three independent plates with five leaves per plate were
examined at each time point and concentration. The graph shows
pooled results from three independent experiments +SE (n = 3).

(E) Time course of dark-induced leaf senescence in leaves of the ahk2-5
ahk3-7 mutant. Conditions are as described in (D).
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We investigated the participation of the different receptors in
mediating chlorophyll retention by exogenous cytokinin using
dark treatment of detached leaves. Dark treatment of leaves
causes so-called dark-induced senescence, which mimics par-
tially natural senescence, including chlorophyll degradation
(Buchanan-Wollaston et al., 2005). Figure 2B shows that loss
of a single receptor did not strongly alter the cytokinin respon-
siveness. A functional AHKS receptor alone was sufficient to fully
respond to exogenous cytokinin. However, the ahk2-5 ahk3-7
and ahk3-7 cre1-2 double mutants as well as the triple mutant
had completely or largely lost the ability to retain chlorophyll in
response to cytokinin (Figures 2B and 2C). Analysis of the
kinetics of chlorophyll loss revealed that cytokinin slowed the
loss of chlorophyll in the wild type, where its content was
stabilized after 6 d at ~60% of the original content (Figure 2D).
By contrast, the kinetics of chlorophyll loss was similar in ahk2-5
ahk3-7 mutants in the absence and in the presence of cytokinin
(Figure 2E). These data reveal a major contribution of AHK3 in
mediating cytokinin-dependent chlorophyll retention in leaves.

Seed Phenotype of Cytokinin Receptor Mutants

Seed size of single and double mutants was unchanged and
microscopic inspection of embryos did not indicate gross de-
velopmental differences between mutant and wild-type em-
bryos. However, seeds of the triple mutant were significantly
increased in size (Figure 3A). The increase of seed size was
mainly due to increased size of the embryos (Figure 3B).
Microscopic inspection of embryonic root epidermis revealed
that both the cell number and the cell size were increased ~15
and 30%, respectively.

Because of the low number of seeds, we did not measure seed
mass but determined seed volume instead. The average seed
length and width of triple mutant seeds was ~30% greater thanthe
wild type (Figure 3C). Calculation of the seed volume by a spheroid
formula revealed that the volume of triple mutant seeds was
increased up to ~250% of the wild-type seed volume (Figure 3D).

It could be that the increase in seed size is (1) an autonomous
function of the embryo proper, (2) a function linked to the geno-
type of the triploid endosperm, which results from fertilization of
the central cells of the ovule, and/or (3) of the maternal tissue,
which includes the seed coat. In order to investigate this further,
we analyzed progeny seeds of reciprocal crosses between the
wild type and the triple mutant. Seeds formed by cross-pollinated
triple mutants were as large as triple mutant seeds or even larger,
while seeds formed on cross-pollinated wild-type plants were
only slightly larger than wild-type seeds obtained by self-
fertilization. This indicated that the genotype of the embryo
proper, which is heterozygote for all receptor mutant alleles in
both progenies, is not the most important parameter in deter-
mining seed size but that the endospermal and/or maternal
genotypes have a major influence.

Germination Phenotype of Cytokinin Receptor
Mutant Seeds

The timing of germination was different in the receptor mutants.
After sowing, all seeds were pretreated for 2 d at 4°C in the dark.
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Figure 3. Seeds and Embryos of the Triple Mutant Are Increased in Size.

(A) ahk2-5 ahk3-7 cre1-2 triple mutant seeds (top two seeds) compared
with the wild type (bottom two seeds).

(B) Embryos of the ahk2-5 ahk3-7 cre1-2 triple mutant (top) and the wild
type (bottom). Bar = 3 mm.

(C) Width (white bars) and length (black bars) of seeds from the wild type
and the triple mutant. Error bars represent SE (n = 60).

(D) Calculated volume of wild-type and ahk2-5 ahk3-7 cre1-2 triple
mutant seeds. Error bars represent SE (n = 60).

Wild-type seeds started to germinate ~24 h after transfer to light
and ambient temperature. By contrast, a higher portion of single
receptor mutant seeds had started to germinate, a trait which
was further enhanced in multiple mutants (Figure 4A). For
example, 24 h after transfer to the light, 50% of ahk2-5 ahk3-7
seeds and almost all triple mutant seeds were germinated,
indicating the redundant function of all three receptors in
mediating cytokinin control of germination (Figure 4A). This
notion was further supported by early germination of cytokinin-
deficient seeds overexpressing AtCKX2 or AtCKX4 (data not
shown).

Wild-type Arabidopsis seeds of most ecotypes require light for
efficient germination, and action of phytochrome is considered
the primary event in seed germination (Koornneef and Karssen,
1994). Seven days after transfer to dark conditions at room
temperature, only ~25% of wild-type seeds had germinated
(Figure 4B). By contrast, 42% of the cre1-2 seeds, >60% of the
ahk2-5 ahk3-7 and ahk3-7 cre1-2 double mutant seeds, ~80%
of the ahk2-5 cre1-2 double mutant seeds, and all triple mutant
seeds were germinated at this time point (Figure 4B). This
indicates a combined activity of all receptors to suppress
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Figure 4. Seeds of Cytokinin Receptor Mutants Show Early Germination
and Resistance to Far-Red Light.

(A) Percentage of germinated seeds after transfer to white light (WL) and
incubation under long-day conditions on sugar-free Murashige and
Skoog (MS) medium.

(B) Percentage of seeds germinated after 7 d of incubation in the dark on
sugar-free MS medium.

(C) Percentage of seeds germinated under constant red light (R; 660 nm/
3.4 pE).

(D) Percentage of germinated seeds after 3 d of incubation under
constant far-red light (FR; 724 nm/3.4 pE). Germination rate was de-
termined after an additional 3 d in the dark. Data are means of four to six
replicates of two independent seed batches.

The mutant alleles used in all assays were ahk2-5, ahk3-7, and cre1-2.
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germination of Arabidopsis seeds in the dark, the largest contri-
bution coming probably from CRE1/AHK4.

Germination is inhibited by far-red light, and the active red
light-induced Pfr form of phytochrome is required to trigger the
germination pathway (Koornneef and Karssen, 1994). Therefore,
we compared the germination under red and far-red light. Figure
4C shows that mutant seeds germinated earlier than the wild
type, and a comparable portion of wild-type and mutant seeds
had germinated after 48 h in red light, similar to what was seen in
white light (Figure 4A). By contrast, far-red light was inhibitory for
seed germination in wild-type and single mutants but not for
double and triple mutants (t test, P < 0.01) (Figure 4D; data not
shown).

Red Light Sensitivity of Hypocotyl Elongation

Altered red light sensitivity was previously noted for the hypo-
cotyl of A-type arr mutants (Sweere et al., 2001; To et al., 2004),
indicating a possible crosstalk between cytokinin and red light
signaling in control of hypocotyl elongation. However, a definite
role for cytokinin in this process was not shown. Hypocotyl
elongation of receptor mutants was analyzed in the dark and
under different light regimes. Triple mutants had slightly shorter
hypocotyls than the wild type when grown in white light but
showed an ~25% increase in length when grown in darkness
(Figure 5A). In red light, hypocotyls grew shorter compared with
darkness (Figure 5B), but the relative growth reduction was
similar in the wild type and the triple mutant (Figure 5C). Likewise,
growth in far-red light led to a shorter hypocotyl, and also under
these light conditions, the relative reduction in length was similar
in the triple mutant and in the wild type. As a control, phyA and
phyB mutants showed resistance to far-red and red light, re-
spectively (Figure 5). Together, these results argue against a role
of cytokinin in regulating A-type ARR-dependent modulation of
active phytochrome levels in this process.

Cytokinin-Induced Photomorphogenesis

High concentrations of cytokinin induce some characteristics of
light-grown plants in dark-grown wild-type seedlings, such as
inhibition of hypocotyl elongation and development of leaves
(Chory et al., 1994). To explore which receptors participate in
mediating this response, wild-type and mutant seeds were
grown in the dark on media supplemented with different con-
centrations of cytokinin. Figure 6A shows that hypocotyls of
ahk2-5 ahk3-7 and ahk3-7 cre1-2 mutants were most resistant to
cytokinin-induced hypocotyl shortening. The same genotypes
also showed reduced formation of leaves in the dark, compared
with the wild type, single mutants, and the ahk2-5 cre1-2 double
mutant (Figure 6B). We conclude that AHK3 in combination with
either AHK2 or CRE1/AHK4 is important to mediate cytokinin-
dependent deetiolation.

Root Phenotype of Cytokinin Receptor Mutants

At 14 DAG, the primary roots of cre7-2 and the ahk2-5 ahk3-7
double mutant were longer than in the wild type (Figure 7A). A
similar difference in root elongation was detected when the
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Figure 5. Hypocotyl Elongation of Cytokinin Receptor Mutants Shows
No Altered Red Light Sensitivity.

(A) Hypocotyl elongation in the light and in the dark 7 DAG. Error bars
represent SE (n = 15).

(B) Hypocotyl elongation of Arabidopsis plants grown in continuous red
light (R; 660 nm/3.4 nE, 4 DAG) or far-red light (FR; 724 nm/3.4 pnE,
4 DAG). Error bars represent S (n > 30).

(C) Reduction of hypocotyl elongation in red light or far-red light shown in
(B) compared with the elongation in the dark.

The ahk2-5 ahk3-7 cre1-2 triple mutant was used in all assays.

growth was measured in the interval between 4 and 7 DAG (see
Supplemental Figure 2 online). Two weeks after germination, all
three double mutants had formed a larger number of lateral roots,
while no significant difference was found for single mutant plants
(Figure 7B; data not shown). The strongest increase was found
for ahk2-5 ahk3-7 mutants that had more than twice the number
of side roots compared with the wild type. Furthermore, all
double mutant plants, and in particular ahk2-5 ahk3-7 plants, had
formed secondary lateral branches, which were completely
absent in the wild type (Figures 7B and 7C). As a consequence,
ahk2-5 ahk3-7 mutant plants formed a dense and highly
branched root system (Figure 7D). Three weeks after germina-

tion, the dry weight of the root system of ahk2-5 ahk3-7 mutants
had increased to ~250% of the wild type, while the enhance-
ment in the other double mutant combinations was in the range
of 20% (Figure 7E).

Multiple Cytokinin Receptor Mutants Have an Increased
Cytokinin Content

To explore whether reduced cytokinin signaling has an influence
on the endogenous cytokinin content, we measured the con-
centrations of different cytokinins in shoots of 22-d-old plants.
Table 1 shows that the cytokinin concentrations of single re-
ceptor mutant plants were similar to the wild type, with the
exception of ahk3-7 mutants, which showed a twofold to three-
fold increase of the concentrations of all zeatin metabolites.
Double mutants containing the ahk3-7 allele (ahk2-5 ahk3-7 and
ahk3-7 cre1-2) showed a similar increase, while ahk2-5 cre1-2
mutants showed no increase or only an up to twofold increase for
some zeatin compounds (Table 1). Triple mutant plants showed
much stronger increases: the concentrations of the biologi-
cally most active trans-zeatin and its riboside were increased
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Figure 6. Cytokinin-Dependent Deetiolation of Dark-Grown Seedlings Is
Altered in Receptor Mutants.

(A) Hypocotyl elongation in the dark 7 DAG on MS medium containing no
BA or 3 uM BA. Error bars represent SE (n = 15).

(B) Deetiolation of wild-type and mutants seedlings 14 DAG on MS
medium containing 60 .M BA. Bar = 10 mm.

The mutant alleles used in all assays were ahk2-5, ahk3-7, and cre1-2.
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Figure 7. ahk2 ahk3 Double Mutants Form an Enhanced Root System.

(A) Elongation of primary roots 14 DAG on standard MS medium. Error
bars represent SE (n = 10).

(B) Number of lateral roots of first and second order 14 DAG on standard
MS medium. Error bars represent SE (n = 15).

(C) Root system of in vitro-grown wild-type (left) and ahk2-5 ahk3-7
mutant plants 14 DAG.

Functions of Cytokinin Receptors 47

16-fold and 9-fold, respectively. The concentrations of N- and
O-conjugates were increased as well, up to >50-fold for zeatin
O-glucoside. The concentrations of isopentenyladenine-type
cytokinins, dihydrozeatin-type cytokinins, and aromatic cytoki-
nins were unchanged in most mutant lines. Only in the triple
mutant was a small increase found for these cytokinin com-
pounds (Table 1; data not shown).

DISCUSSION

We have undertaken a detailed loss-of-function mutant analysis
to study the roles of three cytokinin receptors in development
and their participation in a variety of cytokinin-dependent pro-
cesses. The results of this study are summarized in Figure 8. The
general outcome is that the signal perception system is re-
dundant, with all three receptors participating in most of the
analyzed reactions. However, the three receptors and their
combinations contribute to a different extent to different pro-
cesses. One example is root branching, which was enhanced in
all double mutants but particularly strong in the ahk2 ahk3
combination (Figure 8). This and other examples will be dis-
cussed below. The results will be, whenever possible, compared
with the consequences of cytokinin deficiency in Arabidopsis
and tobacco (Werner et al., 2001, 2003; Yang et al., 2003).
Comparisons will also be made with previous reports on cyto-
kinin receptor mutants, which analyzed some aspects of single
mutants and specific combinations of multiple mutants (Inoue
et al., 2001; Higuchi et al., 2004; Nishimura et al., 2004).

All Three Receptors Participate in Regulating
Shoot Development

Mutations in single receptors did not cause strong changes of
shoot growth, indicating a high degree of redundancy of receptor
functions in shoot growth regulation. The only phenotype we
noted was a slight reduction of rosette size in ahk3 mutant plants.
Redundancy was not complete as combined loss of AHK2 and
AHKS restricted shoot growth; in particular, chlorophyll and leaf
cell formation was reduced. This shows that CRE1/AHK4 alone
does not support all cytokinin functions in the shoot, while these
functions were maintained by either AHK2 or AHK3 alone. By
contrast, the rate of leaf initiation and the timing of flower
induction in ahk2 ahk3 mutants were similar to the wild type,
indicating that CRE1/AHK4 is sufficient to transmit the cytokinin
signal for these processes. Consistently, introgression of the
cre1-2 mutation in the ahk2-5 ahk3-7 mutant slowed leaf forma-
tion and caused retarded flowering. Interestingly, changed leaf
size did not alter overall leaf shape and heteroblasty, indicating
that these traits are regulated independent of cytokinin.

(D) Enhanced root system of ahk2-5 ahk3-7 mutant plants grown in vitro
for 28 d on vertical plates (bottom) compared with the wild type (top).
(E) Dry weight of the root system 21 DAG. The root system was
harvested 3 weeks after germination, the roots of eight plants were
pooled, and the dry weight of three independent pools per genotype was
determined. Error bars represent Se (n = 3).

The mutant alleles used in all assays were ahk2-5, ahk3-7, and cre1-2.
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Table 1. Cytokinin Content of Receptor Mutant Arabidopsis Plants

Line tz tZR tZRMP tZ29G tZOG

Wild type 1.0+ 0.1 15.8 £4.1 36.5+3.8 11.9x0.4 5.8+0.8
ahk2-5 1.0+0.1 21.7*+6.2 48.7 3.6 16.3+0.7 71x03
ahk3-7 20=x0.2 54.0 = 16.2 108.4 +12.4 19.6 1.1 16.0+1.8
crel-2 0.8+0.0 17.9x5.9 49.9+14.2 9.5+0.8 51+04
ahk2-5 ahk3-7 3.7*x0.5 55.2+14.4 115.8 8.2 33.9+2.0 59.9+4.4
ahk2-5 cre1-2 1.2x0.1 35.1+10.4 66.5+5.1 11.8x1.2 6.7+0.8
ahk3-7 crel-2 21=x02 57.2+20.0 114.5+3.3 23.9*+23 18.6 £ 0.9
ahk2-5 ahk3-7 crel-2 15.9+4.7 145.9 + 55.8 2127 £35.3 88.2+£6.0 394.1 = 32.6
Line tZROG iP iPR iPRMP iP9G

Wild type 57x21 1.8+0.6 46+1.0 11711 1.1+01
ahk2-5 55x1.4 0.8+0.2 53%1.2 143%1.5 1.0+ 0.1
ahk3-7 18577 1.2+01 76+1.8 17119 1.2+01
crel-2 59+2.0 0.6 0.1 53%1.7 14.0£1.0 0.9+0.1
ahk2-5 ahk3-7 21184 0.9+0.0 58+1.5 156.6+2.0 1.8+0.2
ahk2-5 crel-2 13.2+5.6 1.2+0.1 6.7+£1.7 16.2 1.1 0.9+0.1
ahk3-7 crel-2 15.6 £ 4.9 0.9+0.0 73x25 18.6 1.2 1.4+01
ahk2-5 ahk3-7 cre1-2 90.9 = 25.5 22*04 13.2x5.1 19.1£1.9 121 1.5

One gram of Arabidopsis seedlings (22 DAG) per sample was pooled, and three independent biological samples were taken for each genotype. Data
shown are pmol/g fresh weight + SE; n = 3. Increases =2.5-fold are in bold. tZ, trans-zeatin; tZR; trans-zeatin riboside; tZRMP, trans-zeatin riboside
5’-monophosphate; tZ9G, trans-zeatin 9-glucoside; tZROG, trans-zeatin riboside O-glucoside; iP, N°-(A%isopentenyl)adenine; iPR, N®-(A2isopente-
isopentenyl)adenosine; iPRMP, N®-(A2isopentenyl)adenosine 5’-monophospate; iP9G, N°-(A2isopentenyl)adenine 9-glucoside.

These alterations are generally in accordance with the shoot
phenotype of cytokinin-deficient Arabidopsis plants (Werner
etal., 2003; Yang et al., 2003). However, an important difference
is that a strong reduction of the cytokinin content led to complete
growth arrest of the apical shoot meristem (Werner et al., 2003),
while triple receptor mutants are still able to establish and
maintain a functional shoot meristem (Higuchi et al., 2004;

Nishimura et al., 2004; this article). It could be that the receptor
mutant alleles were not null alleles, but three different allele
combinations caused a similar phenotype, which makes this ex-
planation less likely. In order to explain this discrepancy, we
propose that two separate cytokinin response systems exist. A
second system that operates independently from the receptors
should maintain cell cycling, ensuring the formation of a sufficient

Cytokinin
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Figure 8. Contributions of Different Cytokinin Receptors and Receptor Combinations to Cytokinin-Regulated Processes.

Cytokinin receptors that make a major contribution to a given process are printed in bold letters. The figure is based on data from this article. Effects of
receptor loss-of-function mutations on fertility, plastochrone, leaf cell formation, primary root elongation, the root response to exogenous cytokinin, and
in vitro shoot regeneration were also reported by others (Inoue et al., 2001; Higuchi et al., 2004; Nishimura et al., 2004).
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number of cells for a basic plant body. This system may operate
in an autocrine (i.e., cell-autonomous) fashion. Each cell’s
cytokinin may act on the cell cycle machinery in the producing
cell and thus make it independent from an extracellular cytokinin
signal. Lack of cytokinin signaling via membrane-located recep-
tors would not affect the basic maintenance function. Consis-
tently, growth arrest of shoots was only obtained when a CKX
enzyme localized in the vacuole was overexpressed, while
overproduction of CKX enzymes localized in the endoplasmic
reticulum and/or extracellularly caused only weak shoot pheno-
types and did not lead to growth arrest (Werner et al., 2003).
Thus, the proposed receptor-independent maintenance function
of cytokinin appears to depend on an intracellular hormone pool.
A molecular mechanism to realize cytokinin functions in the cell
cycle independent of membrane-located receptors could be
a direct regulation of enzymatic activity. In accordance with this
proposal is the fact that cytokinin compounds and structural
derivatives inhibit directly the activity of cell cycle-regulating
kinases (Vesely et al., 1994; Binarova et al., 1998). In our model,
the main function of cytokinin perception and signaling via the
two-component system would be to mediate information arriving
from elsewhere in the plant or from the plant’s environment in
order to modulate growth and physiological processes in re-
sponse to these cues.

AHK2 and AHK3 Mediate Cytokinin-Dependent
Chlorophyll Retention

The chlorophyll content of several cytokinin receptor mutant
combinations was reduced compared with the wild type, similar
to cytokinin-deficient plants (Figure 2; T. Werner, personal com-
munication). This clearly shows that the full cytokinin level or the
full signaling competence is required to achieve wild-type levels
of chlorophyll. However, a basic level of chlorophyll is formed
independent of cytokinin, indicating that cytokinin is not neces-
sary per se for chlorophyll formation but may function to
modulate the chlorophyll content above a threshold level in
response to environmental cues.

Cytokinin delays senescence in detached leaves (Richmond
and Lang, 1957) and in planta (Mothes and Baudisch, 1958; Gan
and Amasino, 1995). Loss of chlorophyll is one of the most
obvious signs of leaf senescence, and it was used here to de-
termine that AHK3 plays the most important role in mediating
cytokinin-dependent chlorophyll retention in dark-treated leaves
(Figure 2). AHK3 alone was sufficient to mediate the full re-
sponse, while AHK2 or CRE1/AHK4 alone did not or only weakly
transmitted the cytokinin signal. However, the latter two recep-
tors together also provided full cytokinin responsiveness at
higher cytokinin concentrations (Figure 2). Interestingly, we
have not noted earlier leaf senescence in cytokinin receptor
mutants or cytokinin-deficient plants, and the loss of chlorophyll
in detached leaves was in the absence of exogenous cytokinin
not faster in ahk2-5 ahk3-7 mutants than in the wild type (Fig-
ures 2D and 2E). This is consistent with the idea that a low
cytokinin content or reduced cytokinin signaling are not trigger-
ing factors for the onset of the senescence process but that a low
cytokinin status is a license for senescence to occur (Werner
et al., 2003).

Functions of Cytokinin Receptors 49

Cytokinin Controls Seed Size

Despite its agronomic importance, not much is known about the
factors regulating seed size and a possible role for cytokinin has
only been reported recently (Werner et al., 2003). Control of seed
size involves control of growth in the embryo, the surrounding
triploid endosperm, and the seed coat. In Arabidopsis, the seed
coat and endosperm growth precedes embryo growth, and the
seed reaches almost its final size before the enlargement of the
embryo, which happens during the later phase of embryogenesis
(Mansfield and Bowman, 1993). Genetic studies have shown that
maternal and nonmaternal factors are involved in seed size
regulation and that crosstalk occurs between maternal and
zygotic tissue to coordinate seed size (Alonso-Blanco et al.,
1999; Garcia et al., 2005). Genetic analysis of cytokinin receptor
mutants has indicated that the increase of triple mutant seed
size does not depend on the genotype of the embryo but rather
is governed by the maternal and/or endospermal genotypes.
Recently, it was shown that mutations in the transcription
factor gene APETALA2 act as well maternally and/or in the
endosperm to increase seed size (Jofuku et al., 2005; Ohto et al.,
2005).

It is an important question whether the increased seed size is
causally linked to the reduced number of seeds. It is conceivable
that reduced availability of sink organs for fixed carbon may lead
to an enhanced deposition in the available sink tissues (i.e.,
embryos), and it is known that the seed mass is generally
negatively correlated with the total seed yield in Arabidopsis
(Alonso-Blanco et al., 1999). However, it was shown by hand-
pollination of a few flowers of male sterile mutant plants or
removal of all flowers on wild-type plants with the exception of
three flowers that were left for self-pollination that in Arabidopsis
a reduction of seed number causes a mass increase in the
individual seed of 22 to 33% (Jofuku et al., 2005; Ohto et al.,
2005). This is far lower than the 150% increase in size reported
here. We conclude therefore that the increase of seed size in the
triple cytokinin receptor mutant is a direct consequence of loss of
receptor functions and their role in growth control.

Cytokinin Controls Seed Germination

Arabidopsis seeds develop dormancy during the late stages of
maturation, a process that depends on abscisic acid (Koornneef
and Karssen, 1994). Breakage of dormancy and seed germina-
tion is primarily controlled by a reversible red light-dependent
equilibrium of the photoreceptors phyA and phyB (Borthwick
et al., 1952; Shinomura et al., 1994; Bentsink and Koornneef,
2002). One additional important factor to overcome abscisic
acid-induced dormancy and germinate is gibberellin (GA), which
is formed as a consequence of light action (Yamaguchi et al.,
1998). Miller et al. (1956) found that cytokinin in the dark could
replace red light to induce seed germination in lettuce (Lactuca
sativa), but it was believed that cytokinin at physiological levels
hardly affects seed germination and probably plays no role
(Koornneef and Karssen, 1994). Now the more rapid germination,
increased dark germination, and reduced far-red light sensitivity
of cytokinin receptor mutant seeds proves the relevance of
cytokinin in regulating this process.
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Both dark germination and far-red light sensitivity are altered in
receptor mutants, which are controlled in different ways. Is it
plausible that cytokinin acts on the balance of active phyto-
chromes, but because of the complexity of the phytochrome
system, detailed action spectra are required to gain further
insight. An alternative possibility to explain the dark germination
of receptor mutants is an enhanced GA signaling as a conse-
quence of reduced cytokinin signaling because seed treatment
with GA overcomes partially the inhibition of dark germination
(Koornneef et al., 1985). Consistent with this idea is the more
rapid germination of the receptor mutant seeds and the fact that
GA and cytokinin signaling pathways interact (Brenner et al.,
2005; Greenboim-Wainberg et al., 2005). Currently, our experi-
ments do not distinguish between a phytochrome- and a GA-
dependent effect.

It is noteworthy that different receptors contribute differently
to mediate cytokinin control of seed germination. Mutation of
CRE1/AHK4 caused the greatest enhancement of germination
in the dark (Figure 4B), while mutation of AHK3 alone was
sufficient for partial resistance to far-red light (our unpublished
results). Together, the data show that cytokinin is, under phys-
iological conditions, a negative regulator of seed germination
and that different pathways are controlled through different
receptors.

Reduced Cytokinin Signaling Does Not Alter Red Light
Sensitivity of Hypocotyl Elongation

Hypocotyl elongation is another red light-controlled process
(Borthwick et al., 1952) that was tested in the cytokinin signaling
mutants. phyB is more important than phyA in control of
hypocotyl elongation in white light and red light, while phyA is
required to respond to far-red light (Reed et al., 1994; Neff and
Chory, 1998). Previously, it was shown that overexpression of the
A-type ARR4 gene (Sweere et al., 2001) and insertional mutation
of A-type ARR genes (To et al., 2004) alters red light but not far-
red light sensitivity of the hypocotyl. The slightly increased red
light sensitivity of ARR4 overexpressers was explained by adirect
physical interaction of ARR4 and phyB, stabilizing the active form
of the latter (Sweere et al., 2001). Paradoxically and inconsistent
with this proposal, arr mutants showed increased red light
sensitivity (To et al., 2004). Neither study showed whether
A-type ARR proteins play arole in red light signaling independent
of their function in cytokinin signaling or whether cytokinin and
red light signaling are functionally linked. In the hypocotyl
elongation assay, the receptor triple mutant reacted under all
light conditions similar to the wild type (Figure 5). Thus, light
signaling seemed not to be affected, at least under the exper-
imental conditions used by us, indicating that regulation of phyB
by ARR4 may not be cytokinin dependent.

Cytokinin Regulates Root Architecture

The enhanced root system of ahk2 ahk3 mutants is achieved in
two ways. The primary root grows faster than in wild-type plants,
which is comparable to the consequences of a reduced endog-
enous cytokinin content (Werner et al., 2003). More importantly,
the ahk2 ahk3 mutants form more lateral roots than the wild type

(Figure 7), which led to a significantly stronger root enhancement
than did the reduction of the cytokinin content. The prominent
roles of AHK2 and AHKS in regulating root growth is a bit
surprising as the analysis of cytokinin resistance of mutant roots
and elongation of the primary root had shown a major role for
CRE1/AHK4 in roots (Inoue et al., 2001; Higuchi et al., 2004;
Nishimura et al., 2004; this article). This indicates that the
resistance to exogenous cytokinin, the regulation of primary
root elongation, and root branching are separate functions and
that separate cytokinin receptors are involved in regulating these
functions (Figure 8).

Lateral roots in Arabidopsis originate from pericycle cells
(Casimiro et al., 2003). Various hormones, mainly auxin (Casimiro
et al., 2003), but also ethylene (Lynch and Brown, 1997),
brassinosteroids (Bao et al., 2004), abscisic acid (De Smet
et al., 2003), as well as different nutrients, such as nitrate,
phosphate, sulfate, and iron (reviewed in Lépez-Bucio et al.,
2003), regulate lateral root formation. A critical event in lateral
root formation is reentry of differentiated pericycle cells into the
cell cycle and initiation of the root developmental program. From
this result, it appears that cytokinin at physiological levels
suppresses induction of cell division in the root pericycle and
that this function is redundantly regulated by AHK2 and AHKS.
Paradoxically, cytokinin would normally prevent reentry of cells
into the cell cycle, although the hormone is usually considered to
be a positive regulator of the cell cycle. Consistent with a function
of cytokinins in precursor cells of lateral roots is the observation
that initiation of lateral roots is associated with a localized
repression of a cytokinin-responsive reporter gene, indicating
spatial and temporal regulation of the cytokinin status during
lateral root formation (Lohar et al., 2004).

Together, these data corroborate the relevance of the cytoki-
nin status in regulating root architecture. We hypothesize that
physiological levels of cytokinins are superoptimal for maximal
root elongation and initiation of the lateral root formation pro-
gram. Optimal conditions may be achieved by decreasing the
endogenous cytokinin content or by decreasing cytokinin sig-
naling.

Crosstalk between Cytokinin Signaling and
Cytokinin Metabolism

An important observation is that reduced cytokinin signaling led
to an increase of the cytokinin content, in particular when AHK3
was mutated (Table 1). Our data do not distinguish between
increased cytokinin synthesis, decreased cytokinin breakdown,
or both as the reason(s) for the increased steady state concen-
tration. Although the increase in cytokinin content is apparently
not sufficient to compensate for the loss of receptor activity, it
indicates the existence of homeostatic control mechanisms.
Previous work has shown that transcript levels of type-A re-
sponse regulator genes and of the CRE1/AHK4 gene react
sensitively to changes in cytokinin concentration, while other
cytokinin signaling genes do not respond (D’Agostino et al.,
2000; Franco-Zorilla et al., 2002; Rashotte et al., 2003; Werner
et al., 2003; Brenner et al., 2005), indicating that the cellular
cytokinin level modulates signaling. Thus, apparently mutual
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control mechanisms exist between metabolism and signaling,
which may contribute to fine-tuning of the cytokinin response.

Implications for Cytokinin Biology

The mutant analyses have yielded novel information about the
involvement of different receptors and their combinations in
various cytokinin-regulated processes. In addition, this loss-of-
function analysis has revealed hitherto unknown functions of
cytokinin, for example in seed biology. Many of the responses
are driven by multiple cytokinin receptors in an additive manner.
In other cases, the contribution of a given receptor could only be
identified in the absence of others. Noteworthy, mutation of
AHK2 alone did not cause a significant change of cytokinin
sensitivity in any of the tests. However, in several assays, the
ahk2 mutation enhanced the cytokinin resistance of ahk3 (leaf
cell formation, senescence retardation, root branching) or cre1/
ahk4 (seed germination) mutants. This indicates that AHK2 may
function primarily in combination with AHK3 or CRE1/AHKA4.
Cooperation between AHK3 and CRE1/AHK4 exists as well, as
seen in the arrest of chlorophyll loss in the dark (Figure 4B). This
raises the question of whether in some instances the formation of
receptor heterodimers is relevant for cytokinin signaling. Indeed,
recent results of protein—protein interaction studies indicate that
interactions between different cytokinin receptors do occur
(H. Dortay, A. Heyl, and T. Schmiilling, unpublished results).

ahk2 ahk3 receptor mutants phenocopy to a large extent
cytokinin-deficient plants, providing substantial support for the
concept of a function of cytokinin in positive control of shoot
development and negative control of root growth. Further work
has to show how the cytokinin receptors are linked downstream
to different signaling pathways in order to achieve positive or
negative regulatory control on the cell cycle and/or exit of cells
from the meristems. It will be interesting to study how far dif-
ferences between the receptor functions depend on gene
dosage, level or specificity of expression, coupling efficiency to
downstream signaling elements, and/or availability of cytokinin
molecules that act preferentially on a subset of receptors
(Spichal et al., 2004).

Last but not least, it is noteworthy that several of the cytokinin-
regulated traits are of agronomic importance. Water and nutrient
availability limit yield in most agricultural ecosystems (Lynch,
1995). Improved root systems are therefore of considerable
interest in agriculture. Control of senescence is relevant for yield
and shelf life. Seed size profoundly influences total harvest. It is
therefore relevant to study the underlying regulatory molecular
mechanisms in greater detail.

METHODS

Plant Material and Growth Conditions

The Columbia (Col-0) ecotype of Arabidopsis thaliana was used as the
wild type (obtained from Lehle Seeds). ahk2-2 and ahk3-3 were from the
SALK Institute (SALK_052531 and SALK_069269, respectively; Alonso
et al., 2003). ahk2-5 was obtained from the SAIL collection
(SAIL_575_E05; Sessions et al., 2002) and ahk3-7 from GABI-KAT
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(105E02; Rosso et al., 2003). cre1-2 was kindly provided by Tatsuo
Kakimoto. Plants were grown in the greenhouse on soil at 22°C under
long-day conditions (16 h light/8 h dark). For seedling assays in vitro,
seeds were surface-sterilized and cold treated at 4°C for 3 d in the dark
and then exposed to white light (~75 w.E). Seedlings were grown at 22°C
on horizontal or vertical plates containing MS medium as modified by
Kemper et al. (1992), 3% sucrose, and 0.9% agarose (Merck) unless
otherwise specified. For germination and red light/darkness experiments,
sucrose was omitted from the medium.

Genotyping of Plant Material

Wild-type AHK2 and ahk2-2 and ahk2-5 alleles were identified using the
following primers in PCR: AHK2-2-F (5'-GTGTGAAGATTCGGCCTTGT-
3’) and AHK2-2-R (5'-TGCGAAGCAGATGGACTATG-3’) or AHK2-5-F
(5'-GCAAGAGGCTTTAGCTCCAA-3') and AHK2-5-R (5'-TTGCCCGT-
AAGATGTTTTCA-3'), respectively, for detection of the AHK2 wild-type
allele. AHK2-2-F in combination with SALK LBail (5'-TGGTTCACG-
TAGTGGGCCATCG-3') for detection of the ahk2-2 allele and AHK2-5-F
and SAIL IT-1 (5'-GCCTTTTCAGAAATGGATAAATAGCCTTGCTTCC-3')
were used for detection of the ahk2-5 allele. Wild-type AHK3 and ahk3-3
and ahk3-7 alleles were identified using the following primers in PCR:
AHK3-3-F (5'-CACCATGGCCAGTGCTATC-3’) and AHK3-3-R (5’-CTC-
AAATCAAACCGCACCTC-3') or AHK3-7-F (5'-CCTTGTTGCCTCTCG-
AACTC-3’) and AHK3-7-R (5'-CGCAAGCTATGGAGAAGAGG-3’),
respectively, for detection of the AHK3 wild-type alleles. AHK3-3-R and
SALK LBa1 were used for detection of the ahk3-3 allele and AHK3-7-R
and GABI-KAT IG-1 (5'-CCCATTTGGACGTGTAGACAC-3’) for detection
of the ahk3-7 allele. Wild-type AHK4/CRE1 and cre1-2 alleles were
detected using PCR as described by Inoue et al. (2001).

Analysis of Gene Expression

Total RNA was extracted from seedlings with the TRIzol method. TRIzol
reagent (38% phenol, 0.8 M guanidinium thiocyanate, 0.4 M ammonium
thiocyanate, 0.1 M sodium acetate, pH 5, and 5% glycerol) was made as
described in the GIBCO TRIzol manual of Invitrogen. One microgram of
total RNA was treated with RNase-free Dnasel at 37°C for 30 min. One
microliter of 25 mM EDTA was added at 65°C for 10 min. RNA (0.5 p.g) was
used for an RT-PCR reaction. The primers AHK2-5-RT-F (5'-TGAAC-
CATGTTCATGCCTTG-3') and AHK2-5-RT-R (5'-TTGCCCGTAAGAT-
GTTTTCA-3') were used to identify AHK2 transcripts and AHK3-7-RT-F
(5'-ATCAAAGCCTCCCCATTCTT-3') and AHK3-7-RT-R (5'-AACCATT-
GAGGGCGAGTATG-3') to identify AHK3 transcripts. Both primer pairs
span the respective T-DNA insertion site. In all RT-PCR reactions, the
Actin2 primers ACTIN2-F (5'-TACAACGAGCTTCGTGTTGC-3’) and AC-
TIN2-R (5'-GATTGATCCTCCGATCCAGA-3’) were used as controls. RT-
PCR was performed with the One-Step RT-PCR kit (Qiagen) according to
the manufacturer’s instructions. The PCR comprised 30 cycles of 30 s at
94°C, 1 min at 58°C, and 2 min at 72°C.

Shoot Induction Assay

Seedlings were grown under low-light conditions (~5 pE) for 3 d. Ten
hypocotyls of ~10 mm length were excised and placed on plates
containing MS medium supplemented with 36 different combinations of
isopentenyladenine and naphthylacetic acid. Each of the hormones was
combined with the other hormone at concentrations of 0, 30, 100, 300,
1000, and 3000 ng/mL. Hypocotyls were cultured for 28 d on these media
and scored for organ formation. Typical representatives were arranged
together for an overview picture of each genotype. Experiments were
done in triplicate with 20 seedlings for each experiment.
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Seed Germination Assay

Only seed batches that had been harvested and stored at the same time
and under the same conditions were used, except for the triple mutant,
due to its delayed shoot growth. Seeds were sown on MS medium,
vernalized at 4°C and then transferred to either white light (~75 nE), red
light (660 nm, 3.4 nE), dark red light (724 nm, 3.4 LE), or darkness at 22°C.
The germination rate was counted at different time points. Experi-
ments were done in triplicate with 50 seeds for each experiment and
genotype.

Hypocotyl Elongation Assay

Seedlings were grown on vertical plates under different light conditions.
After 4 d of growth in either white light (~75 wE), red light (660 nm,
~3.5 nE), dark red light (724 nm, ~3.5 E), or darkness, seedlings were
photographed with a digital camera (Nikon Coolpix 8800). Hypocotyl
length was measured using the Scion Image program version beta 4.02
(National Institute of Health; www.scioncorp.com). Experiments were
done in triplicate with 20 seeds for each experiment and genotype.

Photomorphogenesis

Seedlings were grown in vitro on MS medium with addition of 3 to 60 uM
BA. After sterilization, vernalization, and 8 h of light, Petri dishes were
transferred to darkness for 1 to 2 weeks and then pictures were taken for
phenotypic evaluation. The experiment was repeated twice.

Chlorophyll Retention Assay

Seedlings were grown in vitro on horizontal plates for 24 d. Approximately
the seventh leaf was detached and floated on distilled water supple-
mented with 0, 0.001, 0.01, 0.1, or 1 wM BA in small Petri dishes for 10d in
the dark. Three samples were measured for each genotype, each sample
consisting of five leaves. Chlorophyll was extracted with methanol for 24 h
in the dark. Light absorption at 647 and 664 nm was determined with
a spectrophotometer, normalized to fresh weight, and the chlorophyll
content was calculated as described by Porra et al. (1989). The chloro-
phyll content at the start of the experiments was taken as a reference and
set at 100%.

Root Growth Assays

Seedlings were grown on vertical plates, and the length of the primary
root was marked on the Petri dish at 14 DAG. Photographs were taken
and the root length determined with the Scion Image program. In
independent experiments, the root length was determined 7 or 10 DAG,
yielding similar relative differences between the genotypes. Emerging
lateral roots that had been grown through the root exodermis were
counted using a microscope 14 DAG on 10 different roots for each
genotype. Twenty-one-day-old in vitro-grown plants were harvested,
and the root system was detached, dried for 24 h at 60°C, and then
weighed with a fine balance LE244S (Sartorius).

Determination of Seed Size and Rosette Diameter

Seed size of wild-type and ahk mutant lines was determined measuring
length and width of 60 seeds of two independent wild-type and ahk2 ahk3
cre1 mutant lines. The volume was estimated by calculating with the
formula for a spheroid (volume = 4/3 - « - length - width - depth). For this
calculation, the measured width was also taken as depth. Rosette
diameter of plants grown on soil in the greenhouse was determined 25
DAG using a ruler, taking the mean value of two measurements on the
same rosette.

Microscopic Analysis

Seeds were fixed with ethanol:acetic acid (6:1, v/v) for 4 h and cleared
with chloral hydrate solution (100 g chloral hydrate, 2.5 g gum arabicum,
and 30 mL water). Epidermal cells of embryos were visualized by imprints
in 3% Gelrite. Leaves were cleared following the protocol of M&hdnen
etal. (2000). All microscopic observations were accomplished with a Zeiss
Axioskop microscope.

Identification and Quantification of Endogenous Cytokinins

Plants were grown on soil until 22 DAG. At this stage, all plants had formed
approximately eight leaves. Triple mutants were harvested between 8 and
14 d later at a similar developmental stage. Each sample was made up of
~1 g of pooled shoots. Three independent biological samples were taken
for each genotype. The procedure used for cytokinin analysis was
a modification of the method described by Novak et al. (2003). Freeze-
dried samples were extracted in ice-cold 70% ethanol (v/v) and deuterium-
labeled cytokinin standards added (Olchemim), each at 5 pmol per sample
to check recovery during purification and to validate determination. After
3 h extraction, the homogenate was centrifuged (15,000g, 4°C) and the
pellets reextracted the same way. The combined supernatants were
concentrated to ~1.0 mL under vacuum at 35°C, diluted to 20 mL with
ammonium acetate buffer (40 mM, pH 6.5), and purified using a combined
DEAE-Sephadex (1.0 X 5.0 cm) octadecyilsilica (0.5 X 1.5 cm) column and
immunoaffinity chromatography based on generic cytokinin monoclonal
antibody (Faiss et al., 1997). This resulted in three fractions containing (1)
the free bases, ribosides, and N-glucosides, (2) a nucleotide fraction, and
(3) an O-glucoside fraction. Fraction 2 containing ribotides was obtained
after alkaline phosphatase treatment and the fraction 3 after hydrolysis by
B-glucosidase; both fractions were also immunopurified. The samples
were subjected to HPLC (Waters Alliance 2690) linked to a Micromass ZMD
2000 single quadrupole mass spectrometer equipped with an electrospray
interface [LC(+)ES-MS] and photodiode array detector (Waters PDA 996).
Using a post-column split of 1:1, the effluent was introduced into an
electrospray source (source block temperature 100°C, desolvation tem-
perature 250°C, capillary voltage +3.0 V, and cone voltage 20 V) and
photodiode array detector (scanning range 210 to 300 nm, with 1.2-nm
resolution), and quantitative analysis of the different cytokinins was
performed in selective ion recording mode using a standard isotope
dilution method (Novék et al., 2003).

Accession Numbers

Sequence data from this article can be found in The Arabidopsis
Information Resource database (see http://www.arabidopsis.org) with
Arabidopsis Genome Initiative locus identifiers At5935750 (AHK2),
At1g27320 (AHK3), and At2g01830 (AHK4/CRET).
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Supplemental Figure 2. The Cytokinin Sensitivity of Cytokinin
Receptor Mutants Is Decreased in Shoots and Roots.
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