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Cytokinin-Deficient Transgenic Arabidopsis Plants Show
Multiple Developmental Alterations Indicating Opposite
Functions of Cytokinins in the Regulation of Shoot and Root
Meristem Activity
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Cytokinins are hormones that regulate cell division and development. As a result of a lack of specific mutants and biochem-
ical tools, it has not been possible to study the consequences of cytokinin deficiency. Cytokinin-deficient plants are ex-
pected to yield information about processes in which cytokinins are limiting and that, therefore, they might regulate. We
have engineered transgenic Arabidopsis plants that overexpress individually six different members of the cytokinin oxi-
dase/dehydrogenase (AtCKX) gene family and have undertaken a detailed phenotypic analysis. Transgenic plants had in-
creased cytokinin breakdown (30 to 45% of wild-type cytokinin content) and reduced expression of the cytokinin reporter
gene ARR5:GUS (B-glucuronidase). Cytokinin deficiency resulted in diminished activity of the vegetative and floral shoot
apical meristems and leaf primordia, indicating an absolute requirement for the hormone. By contrast, cytokinins are nega-
tive regulators of root growth and lateral root formation. We show that the increased growth of the primary root is linked to
an enhanced meristematic cell number, suggesting that cytokinins control the exit of cells from the root meristem. Different
AtCKX-green fluorescent protein fusion proteins were localized to the vacuoles or the endoplasmic reticulum and possibly
to the extracellular space, indicating that subcellular compartmentation plays an important role in cytokinin biology. Analy-
ses of promoter:GUS fusion genes showed differential expression of AtCKX genes during plant development, the activity
being confined predominantly to zones of active growth. Our results are consistent with the hypothesis that cytokinins have
central, but opposite, regulatory functions in root and shoot meristems and indicate that a fine-tuned control of catabolism
plays an important role in ensuring the proper regulation of cytokinin functions.

INTRODUCTION (which are mainly glycosides), and the rate of export and catab-
olism (Mok and Mok, 2001).

Much of our knowledge about the biological activities of cy-
tokinins is based on experiments that studied the conse-
quences of the exogenous addition of cytokinin or the endoge-
nous enhancement of cytokinin content (Smart et al., 1991;
Faiss et al., 1997; Rupp et al., 1999). Although these gain-of-
function experiments have yielded significant information about
processes that can be influenced by cytokinins, they might not
always reflect true in vivo functions. It is possible that the addi-
tional cytokinins trigger processes that are not normally under
cytokinin control. Plants with reduced cytokinin content are ex-
pected to be more informative, because the lack of cytokinin
might cause a loss-of-function phenotype for physiological and
developmental traits in which cytokinins are limiting. In the
past, because of the lack of specific mutants and biochemical
tools, it was not possible to analyze cytokinin-deficient plants
(Faure and Howell, 1999). Experimentally enhanced cytokinin

Cytokinins are a class of plant hormones that play roles in
many aspects of plant growth and development, including api-
cal dominance, the formation and activity of shoot meristems,
leaf senescence, nutrient mobilization, seed germination, and
pathogen responses. They also appear to mediate a number of
light-regulated processes, such as deetiolation and chloroplast
differentiation (Mok, 1994). Some cytokinin functions are exe-
cuted primarily through the control of cell cycle activity. The
most prevalent naturally occurring cytokinins are N6-substi-
tuted adenine derivatives with an unsaturated isoprenoid side
chain (e.g., zeatin [Z] and isopentenyladenine [iP]). Their ho-
meostasis is regulated by the rate of de novo synthesis, the im-
port rate, the formation and breakdown of cytokinin conjugates
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catabolism in genetically engineered transgenic plants is a
novel tool with which to study the consequences of cytoki-
nin deficiency. Cytokinin oxidase/dehydrogenase (CKX; EC
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1.5.99.12) catalyzes the irreversible degradation of cytokinins
and in many plant species is responsible for the majority of
metabolic cytokinin inactivation (Mok and Mok, 2001). The en-
zyme is a flavin adenine dinucleotide—-containing oxidoreduc-
tase that selectively cleaves unsaturated N¢ side chains from Z,
iP, and their corresponding ribosides (Armstrong, 1994; Jones
and Schreiber, 1997). The reaction products of iP catabolism
are adenine and the unsaturated aldehyde 3-methyl-2-butenal
(McGaw and Horgan, 1983). By contrast, cytokinin nucleotides,
O-glucosides, and cytokinins with saturated side chains are not
CKX substrates (Armstrong, 1994).

Genes that encode enzymes that catalyze cytokinin break-
down have been isolated from maize (Houba-Hérin et al., 1999;
Morris et al., 1999), Arabidopsis (Bilyeu et al., 2001; Werner et
al., 2001), and orchids (Yang et al., 2003). The Arabidopsis
AtCKX gene family has seven members (AtCKX1 to AtCKX7)
(for review, see Schmiilling et al., 2003). The predicted proteins
are similar in size (~60 kD) and have a conserved binding site
for the cofactor flavin adenine dinucleotide and small highly
conserved domains that may play roles in substrate recognition
and electron transport. Individual N-terminal signal peptides in-
dicate different subcellular localizations of the AtCKX proteins
(Schmuilling et al., 2003).

In a previous study, we showed that overexpression of
AtCKX genes in transgenic tobacco plants reduces the endog-
enous cytokinin content and profoundly influences root and
shoot development (Werner et al., 2001). Here, we report the
functional analysis of six gene family members in the model
plant Arabidopsis. We show that all six predicted genes form
functional products and that their individual overexpression in
transgenic plants causes similar, although quantitatively differ-
ent, cytokinin deficiency traits. We demonstrate that an impor-
tant function of cytokinins is the control of cell proliferation in
meristems, with opposite roles in root and shoot meristems.
We show that individual members of the gene family differ in
biochemical characteristics, subcellular compartmentation, and
the regulation of their expression. These results indicate a piv-
otal role of cytokinin metabolism control in coordinating the
multiple cytokinin functions in growth and development.

RESULTS

AtCKX Transgenic Arabidopsis Shows Enhanced
Cytokinin Breakdown

To explore the consequences of decreased cytokinin content,
we transformed Arabidopsis with individual AtCKX genes
(AtCKX1 to AtCKX6) under the control of the constitutive 35S
promoter of Cauliflower mosaic virus. At least 10 independent
transgenic lines that showed phenotypes similar to those de-
scribed below were obtained for each construct. The pheno-
typic changes were qualitatively similar for all genes, but over-
expression of AtCKX1, AtCKX3, and AtCKX5 resulted in
stronger changes than overexpression of AtCKX2, AtCKX4,
and AtCKX6. Most quantitative phenotypic analyses were per-
formed with homozygotic progeny of AtCKX1 (35S:AtCKX1-
11 and 35S:AtCKX1-15), AtCKX2 (35S:AtCKX2-2 and 35S:
AtCKX2-9), AtCKX3 (35S:AtCKX3-9 and 35S:AtCKX3-12), and
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AtCKX4 (35S:AtCKX4-37 and 35S:AtCKX4-41). All lines showed
strong alterations typical of the two phenotypic classes. De-
tailed analyses were performed with plants overexpressing
AtCKX1 and/or AtCKX2 as representatives of their respective
classes. Fewer quantitative data are available for 35S:AtCKX5
and 35S:AtCKX6 transgenic plants. However, they all showed
symptoms typical of cytokinin deficiency, indicating that all six
analyzed genes encode functional products.

RNA gel blot analyses showed that 35S-driven gene expres-
sion enhanced the endogenous steady state mRNA level of
each AtCKX gene (Figure 1A; data not shown for 35S:AtCKX5
and 35S:AtCKX6 transgenic lines). Callus derived from trans-
genic and wild-type root tissue was analyzed for the levels of
CKX activity using 2-3H-iP as a substrate. All transgenic lines
showed a 3- to 10-fold increase in CKX activity compared with
the wild type. The greatest increases were found in calli over-
expressing AtCKX2, AtCKX4, and AtCKX6 genes, whereas
AtCKX1, AtCKX3, and AtCKX5 overexpressers had only up
to threefold the wild-type activity (Figure 1B). Similarly, a three-
fold to fivefold enhancement of CKX activity was found in
leaves of AtCKX1-overexpressing plants compared with wild-
type plants (data not shown). The apparent K, (iP) values for
AtCKX1, AtCKX2, and AtCKX4 enzymes extracted from trans-
genic callus tissue were between 0.3 and 1.3 uM, whereas the
apparent K, (iP) of AtCKX3 was significantly greater (Figure 1C).
Interestingly, AtCKX1 showed a considerably lower maximum
velocity than the other AtCKX proteins, indicating that the en-
zyme has a lower turnover capacity, at least with iP as a sub-
strate.

Ectopic AtCKX Expression Decreases the Cytokinin
Content and ARR5:3-Glucuronidase Reporter
Gene Expression

The endogenous cytokinin content was determined for two in-
dependent 35S:AtCKX1 and 35S:AtCKX2 transgenic clones. In
shoots harvested 14 days after germination (DAG), most of the
eight different cytokinin metabolites analyzed were reduced
significantly compared with wild-type tissue (Figure 2).
Z-derived metabolites are the predominant cytokinins of Arabi-
dopsis, their concentration being approximately twofold greater
than that of iP derivatives. The more abundant Z cytokinins
were more strongly reduced (20 to 41% of wild type) than were
iP cytokinins (44 to 58% of wild type). The total content of the
measured iP and Z metabolites in individual transgenic clones
ranged between 30 and 45% of wild-type concentrations. Inter-
estingly, the overall changes in cytokinin content, as well as the
metabolic spectra, were similar for both AtCKX71 and AtCKX2
overexpressers (Figure 2C), although there are apparent differ-
ences in the expressivity of phenotypic traits between these
transgenic lines (see below). The concentration of dihydro-
zeatin-type cytokinins was either very low or below the detec-
tion limit in both wild-type and transgenic seedlings (data not
shown).

The activity of hormone reporter genes reflects both hor-
mone content and hormone sensitivity. ARR5 is a response
regulator gene of the two-component system that is transcrip-
tionally upregulated by cytokinin (D’Agostino et al., 2000). To
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The Michaelis constants and V,, values for iP were determined using the
standard assay as described in Methods. The concentration range of [2-
3H]iP in the reaction mixture was 0.3-10 uM; three repetitions were
performed for each substrate concentration.

Figure 1. AtCKX Gene Expression and Enzyme Activity in Transgenic
Arabidopsis Plants.

(A) RNA gel blots (50 pg of total RNA) of individual transformants were
probed with gene-specific probes that covered the whole genomic se-
quences. Only clones with enhanced AtCKX transcripts showed a phe-
notype. A control hybridization was performed with 25S rRNA. WT, wild
type.

(B) Increase in CKX enzymatic activity in Arabidopsis callus overex-
pressing single AtCKX genes compared with wild-type callus. The spe-
cific activity of extracts of wild-type callus was 32.1 = 6.4 pmol ade-
nine-mg~" protein-h~1. Error bars represent SE; n = 3.

(C) Apparent K,,(iP) and maximum velocity (V.. values of CKX extracts
of Arabidopsis callus overexpressing single A{CKX genes.

investigate whether the reduction in the endogenous cytokinin
content was reflected by changes in the expression of a cytoki-
nin response gene, we analyzed ARR5:GUS (B-glucuronidase)
expression in the transgenic background. ARR5:GUS activity
was reduced strongly during various developmental stages of
35S:AtCKX1 plants (Figure 3). The reduction was more severe

in the shoot than in the root. At 2 DAG, ARR5:GUS activity was
completely absent in the shoot apical meristem (SAM) of 35S:
AtCKX1 transgenic plants, whereas in the root meristem, the
signal was weaker but still detectable (Figures 3B and 3D). A
similar but somewhat weaker reduction was observed at later
stages of development (Figures 3E to 3H show plants at 9
DAG). The reporter gene assay confirms the results of the hor-
monal measurements and indicates that the reduction in cyto-
kinin content was not, or not fully, compensated for by an
increase in sensitivity, but that the plant reacted with a sus-
tained reduction of the cytokinin response system. Moreover,
the reduction in ARR5:GUS expression suggests that altered or
reduced signaling through the two-component system may be
involved causally in the phenotypic changes in the transgenic
plants.

Cytokinins frequently act in conjunction with other hormonal
signals. Interactions between cytokinin and auxin have been
described as occurring at multiple levels, including mutual reg-
ulation at the level of active hormone (Coenen and Lomax,
1997). Cytokinin-overproducing tobacco plants have been
shown to contain lower levels of free indole-3-acetic acid (IAA)
and reduced rates of IAA synthesis and turnover (EkI6f et al.,
1997, 2000). It was suggested that cytokinins act as downregu-
lators of IAA and vice versa. In contrast to this hypothesis, the
levels of IAA were reduced significantly to 53 to 66% and 73 to
76% of the wild-type content in plants expressing 35S:AtCKX1
and 35S:AtCKX2, respectively (Figure 2D). This finding does
not necessarily indicate a direct regulation of auxin metabolism
by cytokinins. For example, it is possible that the different tis-
sue composition in transgenic plants leads to a lower propor-
tion of auxin-producing tissue.

Shoot Development of 35S:AtCKX Transgenic Plants
Is Retarded

Cytokinin deficiency caused pleiotropic developmental changes
during all phases of the growth cycle. In shoots, a retardation of
development was noticeable soon after germination (Figure 4).
The formation of new rosette leaves was delayed throughout
vegetative growth in 35S:AtCKX1 and 35S:AtCKX3 transgenic
plants but not in 35S:AtCKX2 and 35S:AtCKX4 transgenic
plants (Figures 4A to 4C, Table 1). In ~30% of the seedlings of
homozygotic strong expressers of 35S:AtCKX1 and 35S:AtCKX3,
shoot growth stopped completely at the two- to four-leaf stage
(data not shown).

In tandem with these phenotypical alterations were distinct
histological differences of AtCKX transgenic shoot tissues. The
morphology of the vegetative SAM was examined in longitudi-
nal sections of wild-type and 35S:AtCKX1 transgenic plants at
7 DAG (Figures 4E and 4F). AtCKX1 overexpression resulted in
a strong reduction of the diameter and height of the meristem,
which was attributable mainly to fewer meristematic cells
(11.1 = 0.8 cells across the epidermal layer of the 35S:AtCKX1
SAM versus 17.7 = 1.1 cells for the wild-type SAM; n = 4) but
also to the significantly decreased size of the meristematic cells
(Figures 4E and 4F). Unlike the quantitative parameters, the
typical regular structure and organization of the SAM were not
altered in 35S:AtCKX1 transgenic plants.
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In addition to the slower formation of primordia, leaf expan-
sion was reduced strongly in transgenic plants (Figure 5A). Ro-
sette leaves expanded more slowly than wild-type leaves until
they reached their final size, and unlike wild-type leaves, the
leaves of 35S:AtCKX1 and 35S:AtCKX3 transgenic plants con-
tinued to expand significantly after the transition to flowering.
Figure 5B shows that at the end of the vegetative growth
phase, the surface area of leaves from the main rosette was 8
to 12% of the wild-type area for 35S:AtCKX17 and 35S:AtCKX3
transgenic plants and 30 to 38% of the wild-type area for
35S:AtCKX2 and 35S:AtCKX4 transgenic plants. To examine
whether the differences in leaf size were caused by a reduced cell
number or by changes in cell expansion, we determined the cell
density of wild-type and 35S:AtCKX1 transgenic leaves. The num-
ber of epidermal cells per square unit was counted on the abaxial
surface of the seventh fully expanded rosette leaf, in the center
between the midvein and the leaf margin. The cells of 35S:AtCKX1
leaves were slightly enlarged (cell density 82% of wild type),
showing that the reduced leaf size was primarily the result of a de-
creased cell number. Leaves of 35S:AtCKX transgenic plants
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showed no earlier onset of senescence, either in intact plants or in
detached leaves that were kept in the dark (data not shown).

Transverse sections through the central part of the fully de-
veloped seventh leaf showed that fewer cells were formed in
the dorsoventral direction and that the extent of intercellular air
spaces between blade mesophyll cells was greater than that in
wild-type leaves (Figures 5C and 5D). In addition, a lower num-
ber of xylem and phloem cells resulted in a decrease in the di-
ameter of vascular bundles in 35S:AtCKX1 transgenic plants
(Figures 5E and 5F). A comparison of the vascular pattern, as
visualized in whole-mount preparations of cleared leaves,
showed that the leaf vasculature in 35S:AtCKX1 leaves was re-
duced greatly compared with that in wild-type leaves. The
number and spatial density of veins of higher order (tertiary and
quaternary veins and freely ending veinlets) was decreased
(Figures 5G and 5H).

The reduced size of the SAM together with the retarded leaf
formation and reduced cell production in the leaves provides
evidence that cytokinins are required as a positive regulator of
cell division activity in the Arabidopsis shoot.
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Figure 2. 35S:AtCKX Transgenic Seedlings Have Lower Concentrations of Cytokinins and IAA.

(A) Endogenous concentrations of Z-type cytokinin metabolites.
(B) Endogenous concentrations of iP-type cytokinin metabolites.

(C) Total content of all measured Z-type cytokinin metabolites and iP-type cytokinin metabolites, and the sum of all measured Z- and iP-type cytoki-

nin metabolites.
(D) Endogenous concentration of IAA.

Seedlings for hormone analysis were grown on soil under long-day conditions. Aerial tissue was collected at the same developmental stage of the
plant (i.e., when six leaves were formed). Wild-type and 35S:AtCKX2 plants reached the six-leaf stage at 13 DAG, and 35S:AtCKX1 transgenic plants
reached the six-leaf stage at 15 DAG. Three independently pooled samples of ~150 mg were analyzed for each clone. Error bars represent Sg; n = 3.
CK, cytokinin; IAA, indole-3-acetic acid; iP, N8-(A2isopentenyl)adenine; iPG, Né-(AZisopentenyl)adenine glucoside; iPR, N8-(A2isopentenyl)adenosine;
iPRP, N6-(A2isopentenyl)adenosine 5’ -monophosphate; WT, wild type; Z, zeatin; Z9G, zeatin 9-glucoside; ZR, zeatin riboside; ZRP, zeatin riboside 5'-

monophosphate.
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Figure 3. Reduced ARR5:GUS Expression in the 35S:AtCKX1 Trans-
genic Background.

(A) to (D) ARR5:GUS expression in wild-type plants ([A] and [C]) and
35S:AtCKX1 transgenic plants ([B] and [D]) at 2 DAG.

(E) to (H) ARR5:GUS expression in wild-type plants ([E] and [G]) and
35S:AtCKX1 transgenic plants ([F] and [H]) at 9 DAG.

The duration of staining was 14 h for (A) to (F) and 80 min for (G)
and (H). Bars = 200 um for (A) and (B), 50 um for (C), (D), (G), and (H),
and 1 mm for (E) and (F).

The Reproductive Development of Cytokinin-Deficient
Plants Is Altered

Under long-day conditions, the onset of flowering in 35S:
AtCKX1 and 35S:AtCKX3 transgenic plants was delayed by up
to 5 weeks compared with that in the wild type, but it was unaf-
fected in AtCKX2 and AtCKX4 overexpressers (Table 1). How-
ever, the developmental timing of the floral transition was af-
fected minimally, or not at all, because both wild-type and
transgenic plants initiated flowering after producing approxi-
mately the same number of rosette leaves (Table 1). Occasion-
ally, 35S:AtCKX1 and 35S:AtCKX3 transgenic plants did not
flower but either remained in the vegetative stage or eventually
died. During the prolonged reproductive phase and after the
initiation of flowering, AtCKX7- and AtCKX3-overexpressing
plants formed more axillary branches than did wild-type plants,
indicating decreased apical dominance. This is the opposite ef-
fect of what was expected from decreased cytokinin content.

This phenotypic trait may be the result of the decreased activity
of the shoot apex, which leads to decreased auxin production.
The axillary rosettes acquired the size of the main rosette, giv-
ing the plant a somewhat bushy appearance. The plants
formed thin inflorescence stems that bent downward (Figure
4D). AtCKX1 and AtCKX3 transgenic plants formed very few
flowers on each single inflorescence stem, indicating that the
capability of apical inflorescence meristems to form new flower
primordia was reduced (Figure 6A).

The structure, morphology, and size of the flowers were sim-
ilar to those of the wild type (Figure 6B). We examined the cell
size and cell number in the distal portion of the petal epidermis.
These cells have been shown to be diploid and uniform in size
and shape (Mizukami and Ma, 1992). We found that fully ma-
ture petals of 35S:AtCKX1 had fewer cells per square unit than
wild-type petals and that the cells were 80% larger than normal
(Figures 6C and 6D). This finding suggests that fewer cells were

Figure 4. Shoots of 35S:AtCKX-Expressing Arabidopsis Plants Show
Retarded Development.

(A) and (B) Phenotypes of a wild-type seedling (A) and a homozygote
35S:AtCKX3 transgenic seedling (B) at 10 DAG.

(C) Six-week-old plants. From left to right: wild-type, 35S:AtCKX1, 35S:
AtCKX2, 35S:AtCKX3, and 35S:AtCKX4 transgenic plants.

(D) A 35S:AtCKX1-expressing Arabidopsis plant grown for 4 months
under long-day conditions in the greenhouse. Pot diameter is 6 cm.

(E) and (F) Median longitudinal sections of the SAMs of wild-type (E)
and 35S:AtCKX1-expressing (F) plants.

Bars = 2 mm for (A) and (B) and 25 pum for (E) and (F).
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Table 1. Leaf Formation and Flowering in 35S:AtCKX Transgenic Plants

Rosette Rosette Leaf

Leaf No. Leaf No. No. at the

at at Bolting Time of
Line 17 DAG 27 DAG Time? Bolting
Wild type 6.1+01 121*02 326+04 155*+04

35S:AtCKX1-11 5.1 = 0.1
35S:AtCKX1-15 5.0 = 0.2

89+03 544x38 13.1x07
87*03 572x27 146=*=0.6

35S:AtCKX2-2 65*01 116*x02 309*x03 148=*0.3
35S:AtCKX2-9 6.4 +0.1 11103 323*x02 143=*=04
35S:AtCKX3-9 4.1 = 0.1 6.4*+02 712*x26 158=*=0.38

35S:AtCKX3-12 4.3 £ 0.1 81+03 601*36 158=*1.1
35S:AtCKX4-37 6.4 +02 11.8+x03 335*x04 159=*=0.2
35S:AtCKX4-41 71 +x01 12302 31103 159=*=03

For each transgenic clone, two independent homozygous lines were an-
alyzed. Data shown are mean values *SE; n = 10.
a2Time when an inflorescence of ~0.5 cm was apparent.

produced per organ. However, the transgenic flowers reached
the wild-type size, because the larger 35S:AtCKX1 cells com-
pensated for the decrease in cell numbers. The fertility of flow-
ers was diminished strongly. The first flowers did not form any
pollen. Flowers formed later produced a small amount of pollen
and were able to self-fertilize. Approximately 8 to 20 viable
seeds were in the siliques of 35S:AtCKX1 and 35S:CKX3 trans-
genic plants, whereas wild-type siliques harbor up to 60 seeds.
35S:AtCKX1 and 35S:AtCKX3 siliques were not filled com-
pletely: seeds in one silique matured unequally, and some
aborted during development (Figure 6E). Interestingly, the ma-
ture viable seeds of 35S:AtCKX1 and 35S:AtCKX3 transgenic
clones were enlarged. Their weight was approximately two
times the wild-type weight (Figures 6F and 6G). A similar en-
largement was observed for transgenic embryos, which was at-
tributable to increases in both cell number and cell size (Figures
6H and 6l and data not shown). It is not clear whether this find-
ing suggests a role for cytokinins during embryogenesis or
whether other factors, such as the reduced seed set, are in-
volved in producing the increased seed biomass. To summa-
rize, the reproductive development of cytokinin-deficient plants
indicates that cytokinins regulate meristem activity and also
limit cell formation in developing organs during the reproduc-
tive phase of development.

Root Formation and Growth of 35S:AtCKX Transgenic
Plants Are Enhanced

In contrast to the retarded shoot development, the root growth
of 35S:AtCKX transgenic Arabidopsis plants was enhanced
(Figure 7A). 35S:AtCKX1- and 35S:AtCKX3-expressing seed-
lings grown for 8 days under in vitro conditions had primary
roots whose rates of elongation were 20 to 70% and 50 to 90%
greater than that of wild-type seedlings, respectively (Figure
7C). The increase in primary root length for AtCKX2- and
AtCKX4-overexpressing seedlings was less pronounced (i.e.,
10 to 30% increase compared with that in the wild type). Addi-
tionally, the formation of lateral and adventitious roots was
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Figure 5. Leaf Development of 35S:AtCKX-Expressing Arabidopsis
Plants.

(A) Leaf size comparison. The seventh rosette leaves detached from
6-week-old plants are shown. From left to right: leaves from wild-type,
35S:AtCKX1, 35S:AtCKX2, 35S:AtCKX3, and 35S:AtCKX4 transgenic
plants.

(B) Leaf surface area of the wild type (WT) and two independent ho-
mozygous lines of plants overexpressing AtCKX1, AtCKX2, AtCKX3,
and AtCKX4. The surface area of leaves from the main rosette was de-
termined at the time of bolting.

(C) and (D) Transverse sections through the central part of a fully de-
veloped wild-type leaf (C) and a leaf from a 35S:AtCKX1-expressing
plant (D).

(E) and (F) Magnifications of (C) and (D) showing details of the leaf vas-
cular systems of wild-type (E) and 35S:AtCKX1-expressing (F) plants.
(G) and (H) Vascular pattern in the fully expanded seventh rosette
leaves of wild-type (G) and 35S:AtCKX1 transgenic (H) plants.

ph, phloem; x, xylem. Bars = 50 um for (E) and (F) and 1 mm for (G)
and (H).
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Figure 6. Changes in Reproductive Development of Plants Overex-
pressing AtCKX Genes.

(A) Apical part of an inflorescence of a 35S:AtCKX1 transgenic plant. A
wild-type inflorescence is shown in the inset.

(B) Comparison of fully developed flowers from wild-type (top) and 35S:
AtCKX1 (bottom) plants.

(C) and (D) Epidermal cells from the abaxial, distal portion of fully ma-
ture wild-type (C) and 35S:AtCKX1 (D) petals.

(E) Comparison of siligue development in wild type (top) and 35S:
AtCKX1 (middle and bottom) plants. 35S:AtCKX1 siliques of two differ-
ent developmental stages are shown. Both young fruits (middle) and
older fruits (bottom) show nonsynchronous ripening and occasionally
fail to develop.

(F) Comparison of mature seeds of wild-type (left) and AtCKX7-overex-
pressing (right) plants.

(G) Increased biomass of seeds from plants expressing AtCKX genes.
The weight of one seed was calculated from the weight of pools of 200
seeds. Error bars represent Sg; n = 10. WT, wild type.

(H) and (I) Whole-mount preparations of the mature embryos of wild-
type (H) and AtCKX7-overproducing (I) plants.

Bars = 20 um for (C) and (D), 1 mm for (F), and 200 pm for (H) and (I).

enhanced strongly (Figures 7D and 7E). The number of initi-
ated lateral and adventitious roots in 35S:AtCKX7- and 35S:
AtCKX3-expressing plants was up to seven times greater than
that of the wild type. Moreover, the lateral root primordia in
these transgenic clones often were initiated in much closer
proximity than those in wild-type plants (Figure 7B). A signifi-
cant increase of adventitious root formation, but not of lateral
roots, was observed in 35S:AtCKX2 and 35S:AtCKX4 trans-
genic seedlings (Figures 7D and 7E). As a result, the length of
the total root system increased up to three times in 35S:
AtCKX1 and 35S:AtCKX3 transgenic plants and ~1.4 times in
plants expressing 35S:AtCKX2 or 35S:AtCKX4 (Figure 7F).
These results suggest that cytokinins are involved in controlling
both root growth rate and the generation of new root mer-
istems.

Wild-type lateral root growth showed an acropetal develop-
mental gradient. Longer lateral roots were positioned closer to
the root-hypocotyl junction, leading to a cone-like structure of
the root system. This developmental pattern was altered in
35S:AtCKX1- and 35S:AtCKX3-expressing plants, in which lat-
eral roots of different lengths were distributed randomly (data
not shown). This finding suggests that in the transgenic plants,
the lateral root primordia were not initiated sequentially in the
acropetal direction or that the growth rate of individual lateral
roots differed from one to the other.

To address the question of whether the altered root growth
was associated with changes in morphology and/or tissue
pattern, we analyzed root sections of 35S:AtCKX1 transgenic
plants and compared them with those of wild-type plants. Lon-
gitudinal sections revealed that the 35S:AtCKX1 primary root
apical meristem (RAM) was enlarged in both the longitudinal
and lateral directions and that the number of cells in the RAM
was increased. However, the overall regular structure of the
root meristem was maintained in 35S:AtCKX1 transgenic plants
(Figures 8A to 8D). Transverse sections through the mature root
revealed an increased number or size of cells in some cell files
(Figures 8E and 8F). Whereas the wild-type epidermis was
composed of 19 to 21 cell files, the 35S:AtCKX1 transgenic
root contained between 24 and 27 epidermal cell files. Simi-
larly, the 35S:AtCKX1 root contained 10 to 13 endodermal files,
unlike the wild-type endodermis, which was composed invari-
ably of 8 cell files. By contrast, the number of cortex cells was
identical in wild-type and transgenic roots. Because both cor-
tex and endodermis cell files originate from the same initials,
this finding suggests that the extra endodermal cell files were
formed after the basic radial pattern was established. Indeed,
extra divisions of endodermal cells were visible within the mer-
istematic region of transgenic roots (Figure 8D), supporting the
notion that additional cell files did not originate from an in-
creased number of the corresponding initial cells. Moreover, an
increased radial expansion of all cell types, including xylem and
phloem cells, resulted in an increased root diameter in 35S:
AtCKX1 plants. In contrast to the changes in the radial root or-
ganization, cell numbers and cell sizes were not altered in most
outer tissues of the hypocotyl (Figures 8G and 8H). It is note-
worthy that the lower number of vascular cells in 35S:AtCKX1
transgenic hypocotyls is reminiscent of the reduced vascula-
ture in the shoot part.
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Figure 7. Root Phenotypes of AtCKX-Expressing Transgenic Arabidop-
sis Plants.

(A) Seedlings grown in vitro for 8 days. From left to right: wild-type, 35S:
AtCKX1, 35S:AtCKX2, 35S:AtCKX3, and 35S:AtCKX4 transgenic seed-
lings.

(B) Lateral root primordia initiated in close proximity frequently were ob-
served in 35S:AtCKX1 and 35S:AtCKX3 roots but never in wild-type
roots.

(C) to (F) Morphometric analysis of root growth and development at 8
DAG. Error bars represent Sg; n = 18. WT, wild type.

(C) Length of the primary root.

(D) Number of emerged lateral roots (LR).

(E) Number of adventitious roots (AR).

(F) Length of the entire root system, summarizing the length of the pri-
mary root, lateral roots, and adventitious roots.

To investigate the mechanism by which decreased cytokinin
content increases the root elongation rate, we examined the
roots of 35S:AtCKX1 transgenic plants in detail. To examine the
pattern of mitotic activity in the root meristems, we analyzed
the activity of a CycB7:GUS fusion gene in the transgenic
background. Owing to a mitotic degradation signal in the pro-
tein, reporter gene activity marks only actively dividing cells

Cytokinin-Deficient Arabidopsis Plants 2539

(Colon-Carmona et al., 1999) (Figures 9A and 9B). At 4 DAG,
the primary root length of 35S:AtCKX1 seedlings was 44%
greater than that of the wild type (Figure 9C). The number of di-
viding meristematic cells, as visualized by CycB1:GUS expres-
sion, was increased from 33.4 * 8.6 in wild-type roots to
49.7 += 7.7 in 35S:AtCKX1 transgenic roots (Figure 8C). The
length of the cell division zone, defined here by the most dis-
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Figure 8. Tissue Organization in Roots and Hypocotyls of 35S:AtCKX-
Expressing Arabidopsis Plants.

(A) and (B) Longitudinal sections through the root meristems of a wild-
type plant (A) and a 35S:AtCKX1 transgenic plant (B).

(C) and (D) Periclinal cell divisions in the endodermal tissue of a 35S:
AtCKX1 root meristem ([D], arrowheads) were not observed in the wild
type (C).

(E) and (F) Cross-sections of roots of wild-type (E) and 35S:AtCKX1
transgenic (F) plants.

(G) and (H) Cross-sections of hypocotyls of wild-type (G) and 35S:
AtCKX1 transgenic (H) plants. Note the decreased diameter of the vas-
cular cylinder.

C, cortex; E, endodermis; Ep, epidermis. Bars = 50 pm.
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Figure 9. Increased Root Meristem Activity in 35S:AtCKX1 Transgenic Plants.

(A) and (B) CycB1:GUS expression in mitotic cells of the wild-type root meristem (A) and in the 35S:AtCKX1 transgenic background (B) at 4 DAG. The
arrows indicate the zone of dividing cells, defined by the stained meristematic cells. Bars = 100 pm.

(C) Statistical evaluation of root length, number of dividing cells per root meristem, relative volume of the RAM (wild-type value of 1.13 X 10 + 0.06 X
10% um3 was set as 100%), and average final length of root cortical cells. Error bars represent Sg; n = 15. WT, wild type.

tally stained mitotic cells, was increased from 174.4 = 8.6 pm
(n = 16) in the wild type t0 215.9 * 7.7 um in 35S:AtCKX1 (n =
16). The volume of the RAM and the number of mitotic cells
was estimated to be proportionally larger (Figure 8C). Thus, the
number of dividing cells per RAM volume unit was not changed
significantly in 35S:AtCKX1 plants. The length of mature corti-
cal cells was increased slightly in 35S:AtCKX1 plants (Figure
8C). However, this increase was small compared with the in-
crease in root elongation rate. Therefore, the enhanced root
growth in 35S:AtCKX1 plants was attributed largely to the in-
creased number of dividing cells in the RAM. This result sug-
gests that cytokinins regulate the root growth rate by determin-
ing the number of dividing cells in the RAM by controlling the
exit of cells from the RAM.

AtCKX Proteins Have Different Subcellular Localizations

The precise sites of cytokinin metabolism are unknown at the
cellular and subcellular levels. It has been shown that specific
spectra of cytokinin metabolites occur extracellularly as well as
in subcellular compartments such as chloroplasts (Faiss et al.,
1997; Benkova et al., 1999). Sequence analyses of AtCKX pro-
teins predict different subcellular localizations (see below), and
the analyses described above of AtCKX overexpressers indi-
cated that the site of enhanced cytokinin degradation might be
relevant to the expression of the cytokinin deficiency syn-
drome. To contribute to a better understanding of the subcellu-
lar compartmentation of cytokinin catabolism, we attempted to
analyze the subcellular localizations of several AtCKX proteins.

Although different AtCKX proteins share low sequence iden-
tity in their N-terminal regions, hydropathy plots revealed a
highly hydrophobic N-terminal domain as a common feature of
all AtCKX proteins, suggesting the presence of N-terminal tar-
get sequences (data not shown). The only exception is AtCKX7,
which was not analyzed in this work. For most of the AtCKX
proteins (AtCKX2, AtCKX4, AtCKX5, and AtCKX®6), the cellular
localization programs TargetP (Emanuelsson et al., 2000) and

iPSORT (Bannai et al., 2002) predicted a short N-terminal signal
peptide for targeting to the endoplasmic reticulum (ER) and
subsequent transport through the secretory pathway. The re-
sults for AtCKX4, AtCKX5, and AtCKX6 were classified as
highly reliable, whereas the AtCKX2 signal peptide prediction
belonged to the lowest reliability class (RC5). However, the
AtCKX2 protein has been excreted in heterologous yeast ex-
pression systems (Bilyeu et al., 2001; Werner et al., 2001).
TargetP predicted that both AtCKX1 and AtCKX3 proteins
contain mitochondria-targeting peptides with RC2 and RC5, re-
spectively. Consistently, iPSORT predicted AtCKX1 to be a mi-
tochondrial protein, but AtCKX3 was classified as an excreted
protein. Moreover, cleavage of the AtCKX3 N-terminal targeting
signal as predicted by TargetP would partially delete the con-
served flavin adenine dinucleotide cofactor binding site of
AtCKX3, which makes the TargetP prediction unlikely. These
partially ambiguous predictions and the fact that computer al-
gorithms occasionally fail to predict subcellular localizations
correctly (Emanuelsson and von Heijne, 2001; Schwacke et al.,
2003) emphasized the need for in vivo targeting experiments.
We fused the green fluorescent protein (GFP) to the C termini
of AtCKX1, AtCKX2, and AtCKX3 and expressed these fusion
proteins under the control of the 35S promoter in stably trans-
formed Arabidopsis plants. Transgenic lines expressing individ-
ual AtCKX-GFP fusion genes phenocopied the corresponding
AtCKX overexpressing lines, indicating that the fusion proteins
were functional. As controls, we used plants expressing either
GFP alone or GFP with an N-terminal mitochondrial target se-
quence (B-ATPase-GFP) (Logan and Leaver, 2000). The GFP dis-
tribution was monitored in abaxial epidermal leaf cells and in root
cells using confocal microscopy. In control plants expressing un-
targeted GFP, the fluorescence signal showed the typical distri-
bution in nuclei, in cytoplasm displaced to the cell periphery by
the large central vacuole, and in transvacuolar cytoplasmic
strands in young leaf epidermal cells (Figures 10A and 10B). The
GFP protein targeted to mitochondria accumulated in discrete
fluorescent particles distributed in the cytoplasm (Figure 10C).
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In comparison, optical sections through the center of cells
revealed AtCKX2-GFP fluorescence to be distributed as a thin,
more or less discontinuous line at the cell periphery and around
nuclei (Figure 10D). In an optical section at the level of the cor-
tex cytoplasm, the fluorescence appeared as a reticulate po-
lygonal network often linked with punctuated structures (Fig-
ure 10E). Based on published data, this distinct pattern can
be identified as indicating localization to the ER (Boevink et
al.,, 1996, 1998; Batoko et al., 2000). The ER localization of
AtCKX2-GFP was supported further by the visualization of mo-
tile, spindle-shaped fluorescent bodies in the epidermis of peti-
oles (Figure 10F). These structures were shown previously to
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reside within the lumen of the ER and are typically seen in Ara-
bidopsis plants expressing both ER-retained and secreted
forms of GFP (Hawes et al., 2001). Considering that AtCKX2
does not contain a consensus H/KDEL ER-retrieval motif, it is
conceivable that the protein was finally secreted. However, we
have no experimental proof for this assumption, besides the
accumulation of extracellular AtCKX2 enzymatic activity in
yeast (Werner et al., 2001).

In contrast to the AtCKX2-GFP staining pattern, epidermal
leaf cells of plants expressing high levels of AtCKX3-GFP accu-
mulated fluorescence in the large central vacuole (Figure 10G).
The uniformly stained vacuole was surrounded at the periphery

AtCKX1-GFP

Figure 10. AtCKX1-GFP, AtCKX2-GFP, and AtCKX3-GFP Fusion Proteins Show Different Subcellular Localizations in Stably Transformed Arabidop-
sis Plants.

(A) and (B) Control plants, expressing 35S:GFP, typically had nuclear GFP fluorescence along with cytoplasmic signals. Optical sections through the
centers of leaf epidermal cells (A) and root cells (B) are shown.

(C) Mitochondrial localization of B-ATPase-GFP in the lower leaf epidermis. Two optical sections through the middle of cells and the cell cortex were
merged with the transmission image.

(D) to (F) AtCKX2-GFP is associated with the ER in lower epidermal cells of the leaf blade ([D] and [E]) and the petiole (F). The same cell is presented
in different confocal sections through the center of the cell (D) and at the level of the cortical ER (E). The inset in (D) shows perinuclear fluorescence
in stomatal guard cells.

(G) and (H) AtCKX3-GFP is localized in the central vacuole (G) (optical section through the center of the cell) and to ER-like structures in the cortical
cytoplasm (H) (section close to the surface of the same cell as in [G]).

(1) and (J) Localization of AtCKX3-GFP in vacuoles of different root cell types () and higher magnification of epidermal root cells (J) (cf. control shown
in [B]).

(K) AtCKX1-GFP accumulated in vacuoles of root cells in the central cylinder.

Cells were visualized with a confocal laser scanning microscope. Images in (E), (F), and (H) represent projections of three 1-um sections close to the
cell surface. Bars = 10 pm.
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by small, highly fluorescent particles that may represent inter-
mediate transport compartments. Additionally, the ER-like fluo-
rescent network was observed in peripheral confocal sections
(Figure 10H), indicating that AtCKX3-GFP entered the ER lumen
and was directed subsequently from the default secretory path-
way to the vacuole. The ER-associated fluorescence was de-
tected in most of the leaf epidermal cells, but strong vacuolar
staining was confined to only a small number of cells. This
might be the result of the large volume of vacuoles requiring
high levels of AtCKX3-GFP expression for visualization or of the
fusion protein being rapidly turned over by vacuolar proteases.
Vacuolar targeting of AtCKX3-GFP was confirmed in root tis-
sue, in which fluorescence was localized to central vacuoles,
ER, and small fluorescence particles in different cell types (Fig-
ures 10l and 10J). Like AtCKX3-GFP, the AtCKX1-GFP fusion
marked the ER network in leaf epidermal cells, but it was not
detected in vacuoles. However, AtCKX1-GFP fluorescence was
detected in vacuoles of mainly smaller root cells, such as those
of the vascular cylinder (Figure 10K). This finding suggests that
vacuolar targeting of AtCKX1-GFP might be specific to certain
cell types, or, more likely, that the AtCKX1-GFP expression
level was lower and thus stained only smaller vacuoles. To-
gether, these data support the conclusion that the final destina-
tion of AtCKX1 and AtCKX3 is the vacuole.

Individual Members of the AtCKX Gene Family Are
Expressed Differentially

To gain further information about the individual roles of the
AtCKX genes during plant development, we studied their ex-
pression patterns using promoter:GUS fusion genes (Figure
11). The AtCKX1 promoter drove gene expression in the shoot
apex (Figure 11A), lateral shoot meristems, and growing tissues
of young flowers (Figure 11B). In roots, AtCKX1:GUS expres-
sion was localized in close proximity to the vascular cylinder at
the site of growing lateral roots (Figure 11C). GUS activity grad-
ually increased with the increasing elongation of lateral roots.
Weak AtCKX1:GUS expression was detected at the root-hypo-
cotyl junction (Figure 11D). GUS activity disappeared in roots
when the AtCKX1 promoter fragment was shortened to 1300
bp, indicating the presence of the regulatory cis element be-
tween positions —1300 and —1800 (data not shown). Expres-
sion of the AtCKX2 promoter was detected in the shoot apex
(Figure 11E), in stipules (Figure 11F), and occasionally in the
most apical part of inflorescence stems (Figure 11G). No GUS
activity was observed in roots. Of the 30 analyzed T1 AtCKX3:
GUS transformants, in which GUS expression was driven by a
1.46-kb promoter fragment, we occasionally detected very
weak expression in the young shoot tissues ~2 weeks after
germination (data not shown).

High AtCKX4:GUS activity was localized to trichomes, which
are polyploid (Traas et al., 1998) (Figure 11H). According to the
basipetal developmental pattern of trichomes in the growing
leaves (Hulskamp et al., 1994), the strongest GUS activity was
associated with developing trichomes in the basal part of ex-
panding leaves, and it gradually decreased in maturing tri-
chomes toward the distal end of the leaves (Figure 11H). A sim-
ilar basipetal staining gradient was observed in developing

stomata of young growing leaves. The greatest GUS activity
was present in stomatal meristemoids and their clonally related
cells (von Groll and Altmann, 2001) and ceased during the dif-
ferentiation of guard cells (Figure 11l). Faint GUS staining was
present in epidermal pavement cells. Very strong AtCKX4:GUS
expression was detected in stipules, organs shown to consist
of endoreduplicating cells (Jacgmard et al., 1999) (Figure 11H).
Hence, the activity of the AtCKX4 promoter is linked to the mi-
totic and endoreduplicating cells of the vegetative Arabidopsis
shoot. In roots, AtCKX4:GUS was expressed highly and specif-
ically in the root cap. It was first detectable in the very tip of the
radicle after its emergence (Figure 11J). GUS activity extended
progressively in the basal direction as the lateral root columella
expanded. At this developmental stage, GUS activity was very
high, being detectable after a few minutes of staining in the
outermost layer of the root cap (Figure 11K). Even after staining
for 15 h, the root meristem proper was not stained and the
stained area remained restricted to the root cap (Figure 11L). A
similar staining pattern was observed during lateral root devel-
opment. The onset of gene expression occurred after the com-
plete emergence of the root primordia (Figure 11M).

In the shoot, AtCKX5:GUS expression was confined to the
edges at the most basal part of the youngest leaves, specifi-
cally marking the developing leaf petiole (Figures 11N and
110). Furthermore, it was detected in the rib zone of the axillary
shoot meristems (Figures 11P and 11Q). This expression was
associated with the growing axillary shoots rather than with the
dormant buds, because the GUS activity was first detected
soon after bolting. The number of stained axillary meristems
increased when apical dominance was reduced by removing
the main apex (data not shown). During flower development,
AtCKX5:GUS expression was detected in young developing
stamen primordia (Figure 11R) and later became confined to
the central part of growing anthers (Figure 11S). Before and
during pollination, expression was restricted to the maturing
pollen grains (Figure 11T). In the primary root, the AtCKX5 pro-
moter was active in the vascular cylinder within the RAM (Fig-
ure 11U). From the center of the meristem, including the initial
cells proximal to the quiescent center, GUS activity decreased
gradually approaching the elongation zone, and it was only
faintly detectable in the differentiated root. In lateral roots, ex-
pression followed the same pattern. GUS activity was detect-
able in the center of lateral root primordia from developmental
stage V onward (Malamy and Benfey, 1997) (Figure 11V).

AtCKX6:GUS expression was localized primarily to the vas-
cular system of developing cotyledons, leaves, and roots. GUS
activity was strongest in the vasculature of young growing
leaves. It gradually decreased basipetally in older leaves and
was undetectable in fully expanded leaves (Figures 11W and
11X). Likewise, expression was detected only in the vascular
bundles in the most apical portion of the growing stem. In addi-
tion, the AtCKX6 promoter was active during the maturation
phase of stomatal guard cells but not in fully mature stomata in
older leaves (Figure 11Y), suggesting that AtCKX6 expression
plays a role in stomatal development rather than in stomatal
function. In the root vasculature, GUS activity was detectable
soon after germination, with localized maxima forming around
the lateral root primordia (Figure 11Z). Later in development,
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Figure 11. Expression Analysis of AtCKX Gene Promoters.

(A) to (D) Localization of AtCKX1:GUS activity. AtCKX1:GUS is expressed in the shoot apex (A) and in young floral tissues (B). In roots, AtCKX1:GUS
expression is detected in the pericycle around the root branching points (C) and at the root-hypocotyl junction (D).

(E) to (G) Localization of AtCKX2:GUS activity. AtCKX2:GUS expression is observed in the shoot apex (E), stipules (F), and in the apical stem of flow-
ering plants (G).

(I) to (M) Localization of AtCKX4:GUS activity. AtCKX:GUS4 is expressed in stipules and young trichomes (H). In leaves, the strongest expression is
observed in stomatal meristemoids and clonally related cells (l). In roots, the earliest expression is detected in the root caps of germinating seedlings
(V). Expression remains high in the central and lateral columnella at 5 DAG (10-min staining [K] and 80-min staining [L]). Side roots express AtCKX4:
GUS at the very tip after their complete emergence (M).

(N) to (V) Localization of AtCKX5:GUS activity. AtCKX5:GUS expression is localized at the very base of the youngest emerging leaves, marking the
developing leaf petiole ([N] and [0O]), and after bolting in the rib zone of the axillary meristems ([P] and [Q]). In flowers, expression is detected in devel-
oping stamen ([R] and [S]) and in ripening pollen grains (T). In roots, expression is confined to the vascular cylinder within the apical meristem (U). Ex-
pression is strongest in the vascular initials directly adjacent to the quiescent center. The earliest expression in lateral root primordia is detected at the
start of vascular proliferation (V).

(W) to (ZB) Localization of AtCKX6:GUS activity. Expression in the shoot is confined mainly to the vascular system of young tissues (e.g., cotyledons
[W] and expanding leaves [X]) and developing stomatal guard cells of young leaves (Y). In postembryonic roots, expression is first detected at 2 DAG
in the vasculature, with expression maxima around lateral root primordia (W] and [Z]). During later root development, AtCKX6:GUS is expressed
equally throughout the whole root vascular cylinder, not reaching the root meristem ([X] and data not shown). In flowers, expression is detected in the
gynoecium (ZA) and the funiculus (ZB).
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the expression expanded equally throughout the whole root
vascular cylinder but did not reach the RAM. In flowers,
AtCKX6:GUS expression was confined to the vascular bundles
and transmitting tissue of developing gynoeciae (Figure 11ZA).
When the ovules developed, GUS activity became visible in fu-
niculi (Figure 11ZB).

DISCUSSION

We undertook a detailed analysis of the AtCKX gene family of
Arabidopsis and have shown functionality for six of the seven
gene family members. One important aim of this investigation
was to explore the consequences of reduced cytokinin content
on the development of Arabidopsis plants. This study revealed
that cytokinins play crucial and opposite roles in shoots and
roots.

Cytokinin Is a Positive Regulator of Shoot Meristem Activity

Soon after the discovery of cytokinins, work by Skoog and
Miller (1957) showed that the hormone is able to induce the for-
mation of shoots in unorganized growing callus tissue. How-
ever, it was unknown to what extent cytokinins are required
during further development of the shoot, in particular in the
shoot apex. A crucial function for cytokinins in cell proliferation
in the SAM clearly is indicated by the fact that the SAM of cyto-
kinin-deficient plants contains significantly fewer cells than that
of wild-type plants and even stops its activity completely in
strong AtCKX expressers. As a consequence of the decreased
activity of the SAM, we observed slower leaf and flower primor-
dia formation in 35S:AtCKX71 and 35S:AtCKX3 transgenic
plants. A role for cytokinins in the SAM also was indicated by
the expression of AtCKX71 and AtCKX2, which are members of
the two different AtCKX classes, in the shoot apex (Figures 11A
and 11E). A possibly mutual interaction of cytokinins and ho-
meobox genes of the SAM has been reported (Sinha et al.,
1993; Ori et al., 1999; Rupp et al., 1999; Frugis et al., 2001).
These could present elements of a regulatory pathway that
quantitatively control meristem activity. The reduced size of the
SAM of cytokinin-deficient plants suggests that cytokinins not
only control the cell proliferation rate but also are involved in
regulating the transition from undifferentiated stem cells to dif-
ferentiated primordia. If cytokinins do have a role in the estab-
lishment of specific local developmental fields, which deter-
mine the developmental fate of cells, a function of CKX could
be to participate in the maintenance of such fields. In this con-
text, it will be interesting to determine the consequences of cy-
tokinin deficiency on meristem size in the background of known
mutants affected in the meristematic transition of cell differenti-
ation, such as clv (Clark et al., 1996), amp1 (Nogué et al., 2000),
and mgo (Laufs et al., 1998).

Cytokinin Controls the Frequency of Leaf Initiation and
Leaf Growth

During leaf formation, a phase of cell division is followed by cell
expansion and functional differentiation. The maintenance of
the meristematic competence of leaf cells defines the total cell
number and therefore the size of the organs. The ability of indi-

vidual cells to undergo the cell cycle, maintain the competence
to proliferate, cease the cell cycle activity, and expand and dif-
ferentiate depends on various external and endogenous signals
and developmental cues. In our study, overexpression of differ-
ent AtCKX genes led to a significant reduction of the leaf area,
caused primarily by decreased cell division during leaf develop-
ment, which was compensated for only partially by increased
cell size. Apparently, cytokinin deficiency reduces the cell divi-
sion rate and/or causes an earlier termination of leaf cell differ-
entiation. A similar leaf phenotype has been described for Ara-
bidopsis plants overproducing the cyclin-dependent kinase
inhibitor KRP2. In these plants, cell cycle progression was lim-
ited and the uncoupling of cell growth from cell division re-
sulted in an increase of the final cell size (De Veylder et al.,
2001). By contrast, constitutive overexpression of the D-type
cyclin CYCD3 (Dewitte et al., 2003) and the cell cycle-regulat-
ing transcription factors E2Fa and DPa (De Veylder et al., 2002)
was shown to cause the hyperproliferation of smaller and in-
completely differentiated leaf cells. These comparisons indicate
that the altered leaf phenotype of AtCKX transgenic plants
could be achieved through the regulation of cell cycle genes. In
accordance with such a function, the expression of several
AtCKX genes was associated, in leaves, with dividing cells (Fig-
ure 11). Another factor controlling cell proliferation during leaf
organogenesis is AINTEGUMENTA (ANT), an APETALA2-like
transcription factor (Mizukami and Fischer, 2000). Loss- and
gain-of-function analyses revealed that its regulatory function is
in the control of plant organ cell number and organ size. Thus,
the observed reduced cell division in AtCKX plants could in-
volve ANT.

What could be the cause of the premature arrest of leaf cell
division? Based on experimental data from Drosophila, Day
and Lawrence (2000) suggested a model in which individual
cells monitor a concentration gradient of morphogen estab-
lished along the axis of the organ. According to this model,
cells grow and divide as long as the morphogen gradient is suf-
ficiently steep. In plants, Ljung et al. (2001) showed that the IAA
concentration in developing tobacco leaves exhibits a clear ba-
sipetal gradient, which is correlated with the spatial distribution
of cell mitotic activity. Based on the observed reduction of cell
division in cytokinin-deficient plants, it is tempting to speculate
that a similar gradient of cytokinin could coordinate and limit
cell proliferation during leaf growth.

Cytokinin-Deficient Leaves Do Not Exhibit an Earlier Onset
of Senescence

Cytokinin has been reported to delay leaf senescence (Gan and
Amasino, 1995), and it was hypothesized that decreasing the
cytokinin concentration below a certain threshold level could
trigger the onset of leaf senescence. In contrast to this expec-
tation, leaf greening was not compromised in AtCKX transgenic
leaves, and leaf senescence, determined visually, did not occur
earlier than in the wild type. By contrast, leaves stayed green
even longer in 35S:AtCKX transgenic plants, and detached
leaves did not senesce more rapidly. This finding argues
against the hypothesis that cytokinins act as triggers of leaf se-
nescence if their concentration is decreased beyond a thresh-
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old level. As a note of caution, altered sink-source relations in
the transgenic plants might interfere with the normal mecha-
nism of senescence.

Cytokinin Deficiency Alters Vascular Development

Cytokinins are thought to be essential to support the continu-
ous division of vascular cambium cells, which provides pre-
cursor cells for xylem and phloem (Aloni, 1995). Cytokinins
stimulate early stages of vascular differentiation. At optimal
concentrations in the presence of auxin, cytokinins favor
phloem formation (Aloni, 1995). In shoots of cytokinin-deficient
plants, the number of both xylem and phloem cells was re-
duced, indicating that the changes are the result of an overall
reduction of cambial activity without affecting cell differentia-
tion specifically. This finding supports a role for cytokinins in
cambial cell division and argues against a role in xylem or
phloem cell specification. Moreover, as with the apical mer-
istems of shoots and roots, the cambial activity responds to cy-
tokinin deficiency in an organ-specific manner. In roots, both
xylem and phloem cells were slightly more abundant in cyto-
kinin-deficient plants than in control plants.

A Role for Cytokinins during Reproductive Development

The promoter activity of AtCKX genes in various parts of the
developing flowers and developmental changes shown by cy-
tokinin-deficient plants (reduced number of flowers and in-
creased size of embryos) indicate a role for the hormone during
reproductive development. Enlarged embryos suggest that cy-
tokinins may play a role in controlling the cell division rate in
maturing embryos. Similarly, a specific role for cytokinins in
controlling cell divisions during the establishment of the embry-
onic vasculature was demonstrated recently in a mutant of the
cytokinin receptor CRE1/WOL/AHK4 (M&honen et al., 2000).
Early consequences of cytokinin deficiency might have been
missed in the AtCKX-overexpressing plants, because the 35S
promoter driving AtCKX expression becomes active late during
embryogenesis (Custers et al., 1999). More indirect reasons for
embryo enlargement, such as differences in nutrient mobiliza-
tion, cannot be excluded at present.

Of particular interest is the expression of AtCKX6 in the funi-
culi (Figure 11ZB). The funiculus is the feeding tract for the
growing embryo. A role for CKX in this tissue could be the con-
trol of sink strength. This control could be exerted locally
through the regulation of invertase and hexose transporters,
which are important during assimilate import and have been
shown to be regulated by cytokinins (Ehness and Roitsch,
1997). Alternatively, cytokinin import into embryonic sink tissue
might be controlled in the funiculus, thus controlling sink
strength in a more indirect manner.

A Role for CKX Enzymes in the Cell Cycle?

Another important function of CKX proteins could be the degra-
dation of cell cycle-derived cytokinins. The level of cytokinins
increases dramatically and transiently during short periods of
the cell cycle (Redig et al., 1996b). It is not known how the rapid
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readjustment of the original level is achieved, but CKX proteins
certainly are relevant. In cell division zones, CKX may simply be
relevant for the retrieval of the purine moiety of the hormone or
serve as a protectant from cytokinins derived from neighboring
cells, thus preserving the cytokinin autonomy of each single
cell. The latter view implies that, during cell division, each cell
makes its own cytokinin for its own exclusive use. Furthermore,
CKX may degrade cytokinins to reset the cytokinin-sensing
system to a basal level. The expression of AtCKX genes in
zones of active cell division is in agreement with the proposed
functions.

Cytokinins Are a Negative Regulator of Root
Meristem Activity

In contrast to its promotional role in shoot organs, the root phe-
notype of cytokinin-deficient plants indicates that cytokinins
have a negative regulatory function in root growth. Transgenic
plants displayed an overall enhanced root system as a result of
the more rapid elongation of primary and lateral roots and be-
cause of the increased formation of lateral and adventitious
roots. We found that the enhanced growth of primary roots cor-
related with an increased number of dividing cells in the root
meristem. The density of dividing cells was comparable to that
of the wild type, suggesting that the cell division rate was not
altered. We conclude that cytokinins regulate the number of di-
visions that cells undergo before they leave the meristem and
thus are involved in the control of the exit from the proliferative
state at the basal border of the meristem. This conclusion is in
good agreement with the work of Beemster and Baskin (2000),
who showed that exogenous cytokinin inhibits the elongation of
wild-type roots primarily by reducing the number of dividing
cells and the size of the meristem rather than by reducing the
cell division rate.

What could be the molecular link between cytokinin and root
meristem activity? One of the possible components of the
downstream signaling pathway that controls meristem activity
is STUNTED PLANT1 (STP1) (Baskin et al., 1995). As a result of
slower cell production, stp7 mutant roots had a slower elonga-
tion rate and, more specifically, a reduced response toward cy-
tokinin. This finding indicates that STP1 is required to mediate
the cytokinin effect upon root expansion. Additionally, cytoki-
nin-treated wild-type roots phenocopied the stp7 mutation
(Beemster and Baskin, 2000). It was hypothesized that STP1 is
an elongation-promoting factor that is downregulated by cyto-
kinins. In this model, the reduced cytokinin content in AtCKX-
expressing plants would lead to more STP1 protein, which in
turn would allow for faster root elongation. Another possible
regulatory target for cytokinins is CycB17, whose overexpres-
sion causes increased root elongation (Doerner et al., 1996).

Cytokinins Are a Regulatory Factor in Root Branching

Lateral root formation is initiated in the root differentiation zone
by anticlinal divisions in pericycle cells adjacent to the protoxy-
lem poles (Malamy and Benfey, 1997; Casimiro et al., 2001). A
subsequent series of highly ordered transverse cell divisions
leads to the emergence of the newly formed lateral root
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(Malamy and Benfey, 1997). Numerous studies have shown
that auxin, and in particular its polar transport, is necessary for
the initiation and the later development of lateral roots (Ruegger
et al., 1997; Reed et al., 1998; Casimiro et al., 2001). The initia-
tion phase of lateral root development is dependent on basipe-
tal polar auxin transport and can be blocked by the auxin trans-
port inhibitor N-1-naphthylphthalamic acid (Casimiro et al.,
2001). Subsequently, shoot-derived auxin plays a role early in
lateral root emergence (Casimiro et al., 2001; Bhalerao et al.,
2002). Consistently, the stm7 mutant, which lacks the auxin
source in the shoot, is able to initiate a number of lateral root
primordia similar to those of the wild-type plant, which elongate
more slowly and irregularly (Casimiro et al., 2001). Given that
AtCKX transgenic plants have less auxin-producing shoot tis-
sue than wild-type plants and have a lower auxin content, it is
surprising that they initiated more lateral root primordia that
elongated faster than those in the wild type. This finding sug-
gests that cytokinin functions as an auxin antagonist during lat-
eral root formation and must be considered an important regu-
latory factor in primordia initiation.

Differential Subcellular Targeting of AtCKX Proteins

We analyzed the in planta subcellular targeting of three AtCKX-
GFP fusion proteins. Surprisingly, AtCKX1-GFP and AtCKX3-
GFP were targeted to the plant vacuoles, although computer
algorithms predicted mitochondrial localization. The enzymatic
activity of AtCKX1, but not of AtCKX2, was significantly greater
under acidic conditions in vitro, which is in agreement with a
vacuolar localization for the former (P. Galuszka and T. Werner,
unpublished data). Vacuolar soluble proteins require a sorting
signal to be separated from the proteins destined for secretion.
In plants, three classes of vacuolar sorting determinants have
been identified (reviewed by Matsuoka and Neuhaus, 1999).
Sequence-specific signals in the N-terminal propeptides con-
taining the conserved consensus sequence NPIR or NPIXL tar-
get proteins to lytic vacuoles. The second group contains
C-terminal signals with no obvious consensus sequence. They
are found in proteins destined for protein storage vacuoles. The
third type was defined as an integral structural domain within
the mature protein. None of these motifs was found in AtCKX
proteins, with the exception of NPSDIR starting at position 51
of AtCKX1, which closely resembles the consensual NPIR tar-
geting signal. Overexpression of AtCKX1 and AtCKX3 caused a
stronger cytokinin deficiency syndrome than did the overex-
pression of proteins with a predicted extracellular localization.
It is possible that vacuolar localization creates a stronger intra-
cellular sink for cytokinins or that a more relevant fraction of the
hormone is degraded. In any case, the results indicate an im-
portant role for subcellular compartmentation in cytokinin func-
tion.

Fluorescence accumulated in AtCKX2-GFP transgenic plants
primarily in the reticulate structures typical of the ER. This find-
ing, and the fact that AtCKX2 does not contain an ER retention
motif, is in agreement with the assumption that AtCKX2 is an
extracellular protein. This was indicated previously by its excre-
tion from yeast cells (Werner et al., 2001). Our inability to detect
the GFP signal in the apoplast could be explained by the weak

fluorescence of secreted GFP (Batoko et al., 2000). Interest-
ingly, an increase in the extracellular CKX fraction was trig-
gered in tobacco cell cultures by cytokinin and was correlated
with enhanced CKX glycosylation (Motyka et al., 2003). Based
on the facts that AtCKX proteins contain consensus N-glycosy-
lation sites (Schmiilling et al., 2003) and that protein glycosyla-
tion occurs during transport through the secretory pathway, we
hypothesize that ER-located AtCKX enzymes are released to
the apoplast and that the release is at least partly dependent on
a triggering signal, which could be cytokinin. However, addi-
tional experiments are required to prove an extracellular local-
ization and to demonstrate a regulatory function of AtCKX pro-
tein glycosylation in subcellular targeting and/or activity. It was
shown recently that the activity of another cytokinin-metaboliz-
ing enzyme, zeatin O-xylosyltransferase, is regulated by auxin-
dependent post-translational processing (Martin et al., 1997).
Post-translational modification of enzymes may be a common
but largely unexplored aspect of hormone metabolism.

Conclusions

We have demonstrated that cytokinin degradation is regulated
in Arabidopsis by members of a small gene family. Distinct, al-
most nonoverlapping expression domains of the AtCKX gene
members and different subcellular localizations suggest that
specific developmental and physiological functions are fulfilled
by each gene and that the tissue-specific regulation of the en-
dogenous cytokinin content is an important prerequisite in the
regulation of cytokinin functions in planta. The results of this
study and similar phenotypic alterations described for cytoki-
nin-deficient tobacco plants (Werner et al., 2001) suggest that
conclusions drawn about the role of cytokinins in the control of
root and shoot growth may be generalized.

METHODS

Generation of AtCKX-Overexpressing Plants and Transgenic Plants
Harboring AtCKX Promoter:GUS Fusions

Binary plasmids harboring the AtCKX1, AtCKX2, AtCKX3, and AtCKX4
genes under the control of a 35S promoter have been described (Werner
et al., 2001). Numbering of AtCKX genes was according to their appear-
ance in the database, as described by Schmlilling et al. (2003). The geno-
mic sequences of the AtCKX5 (MIPS gene code At1g75450; http://
mips.gsf.de/proj/thal/) and AtCKX6 (At3g63440) genes were amplified
from DNA of Arabidopsis thaliana Columbia (Col-0) using the following
primers: 5’-ggggtaccTTGATGAATCGTGAAATGAC-3’ (forward) and 5'-
9g99gtaccCTTTCCTCTTGGTTTTGTCCTGT-3' (reverse) for AtCKX5 and
5'-cccgggTCAGGAAAAGAACCATGCTTATAG-3' (forward) and 5'-ccc-
g9gTCATGAGTATGAGACTGCCTTTTG-3' (reverse) for AtCKX6 (nonho-
mologous sequences used for cloning are shown in lowercase letters).
The resulting gene fragments were cloned into pBINHygTx downstream of
the 35S promoter of Cauliflower mosaic virus (Gatz et al., 1992).

To obtain promoter:GUS fusion genes, the promoter sequences of the
AtCKX1, AtCKX2, AtCKX3, AtCKX4, AtCKX5, and AtCKX6 genes were
amplified by PCR from DNA of Arabidopsis Col-0. Primers were as fol-
lows: AtCKX1 promoter, 5'-gctctagaAAATGCTCTGTTATCAATGTGTC-
3’ (forward) and 5'-gctcccgggCTACTTTGTTGAGAGAAATTGCA-3’
(reverse); AtCKX2 promoter, 5’-gcgtcgacCATTCCTCAACCAATATCT-
GCAAC-3' (forward) and 5’-gctctagaTATGTTTCTCTCTCTCTCTGATTTG-3'
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(reverse); AtCKX3 promoter, 5'-gcgtcgacCAAAGTTTGGCCTACGATTGTT-
3’ (forward) and 5'-gctctagaGCTTGATTCTTATCAATGAAGAGTAG-3’ (re-
verse); AtCKX4 promoter, 5’-cccaagcttCGGTTATTTTATGGGCCAGTT-3’
(forward) and 5’-cccaagctAACAAACGGGTAGGTTAATGG-3' (reverse);
AtCKX5 promoter, 5'-aagcttATCGACAAAGAGCAAATTATGAA-3’ (forward)
and 5'-tctagaGAAACAAGAATCAAGATTGAGGA-3’ (reverse); and AtCKX6
promoter, 5'-aagcttCTTCAAGTGGACCGTTTATCTCT-3' (forward) and 5'-
cccgggATAAGGCCTCTTGATTTCTGAGA-3' (reverse). The lengths of the
amplified sequences were 1867 bp (AtCKXT), 1603 bp (AtCKX2), 1452 bp
(AtCKX3), 1926 bp (AtCKX4), 1817 bp (AtCKX5), and 1828 bp (AtCKX6). All
promoter sequences were inserted into vector pGPTV-BAR (Becker et al.,
1992) upstream of the GUS reading frame. Dideoxy sequencing of the am-
plified DNA fragments was performed with an ABI PRISM BigDye Termina-
tor cycle sequencing reaction kit (Perkin-Elmer Applied Biosystems Divi-
sion) to exclude PCR and cloning errors.

Generation of AtCKX1-GFP, AtCKX2-GFP, and AtCKX3-GFP
Translational Fusion Genes

Soluble modified GFP (smGFP) was amplified with primers 5-ggg-
gtacccgggtctagactagtctcgagtATGAGTAAAGGAGAAGAACTTTTCACT-
GGA-3' (forward) and 5’'-gcgtcgacttaagagctcgggcccTTATTTGTATAG-
TTCATCCATGCCATGT-3' (reverse) from pSMGFP (Davis and Vierstra,
1998), creating Kpnl, Smal, Xbal, Spel, and Xhol linker sequences at the
5’ end and Apal, Sacl, and Sall linker sequences at the 3’ end. The am-
plified fragment was inserted downstream of the 35S promoter in the
unique Kpnl and Sall of pBINHygTx (Gatz et al., 1992), yielding the vec-
tor pBinSMGFP. To generate the p35S:AtCKX1-GFP reporter plasmid,
the AtCKX1 stop codon was mutated in the initial pUC19-AtCKX1 con-
struct by exchanging a 41-nucleotide Kpnl fragment at the 3’ end. The
mutated full-length AtCKX1 genomic fragment was fused via the Xhol
site to the N-terminal end of the GFP coding region in the vector pBin-
SMGFP. A C-terminally truncated, 2386-bp genomic fragment of the
AtCKX2 gene was subcloned from vector pUC19-AtCKX2 and added to
vector pBinSMGFP as an N-terminal fusion to GFP via the Kpnl and
Smal sites, generating the plasmid p35S:AtCKX2-GFP. A Xhol site 6 bp
upstream of the AtCKX3 stop codon was used to excise a Kpnl-Xhol
AtCKX3 genomic fragment from plasmid pBS-AtCKX3 and to generate
an N-terminal fusion with GFP in the plasmid pBinSMGFP, yielding the
vector p35S:AtCKX3-GFP. Seeds of Arabidopsis plants expressing the
mitochondrially localized B-ATPase-GFP fusion protein were a kind gift
of D.C. Logan (University of St. Andrews, St. Andrews, UK).

The protein sequence analyses were performed using TargetP ver-
sion 1.0 (http://www.cbs.dtu.dk/services/TargetP/) (Emanuelsson et al.,
2000) and iPSORT (http://www.hypothesiscreator.net/iPSORT/) (Bannai
et al., 2002).

Plant Transformation and Culture Conditions

Arabidopsis Col-0 plants were transformed according to the flower-dip
method (Bechtold et al., 1993). Transgenic AtCKX-containing progeny
were selected after surface sterilization of seeds on MS medium
(Murashige and Skoog, 1962) containing 15 mg/L hygromycin. Arabi-
dopsis plants containing promoter:GUS fusions were selected on soil, 5
days after sowing, by spraying once with 0.1% BASTA. Plants were cul-
tured in vitro on MS medium under 16-h-light/8-h-dark cycles at 20°C.
Growth conditions in a glasshouse were 24 to 20°C and 16-h-light/8-h-
dark cycles. All phenotypic characterizations were performed with ho-
mozygous progeny obtained by self-fertilizing. Callus material for CKX
enzymatic measurements was induced from root explants and main-
tained on MS medium containing 1 mg/L naphthylacetic acid and 1
mg/L kinetin. Transgenic plants that were used as a source for callus
material looked similar to the transformants shown in Figures 4C and 7A.
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RNA Analysis

Total RNA was extracted from leaf tissue according to Verwoerd et al.
(1989). RNA gel blot analysis with 50 g of total RNA from transgenic
plants (T1) was performed essentially as described (Faiss et al., 1997).
The lowest stringency wash after hybridization with gene-specific
probes covering the full gene length was performed in 0.1X SSC (1X
SSCis 0.15 M NaCl and 0.015 M sodium citrate) and 0.1% SDS at 60°C.
The filters were rehybridized to a 25S rDNA-specific probe as a loading
control.

Hormone Analyses

Frozen plant samples were ground in liquid nitrogen, transferred into
Bieleski solution (Bieleski, 1964), and extracted overnight at —20°C. For
IAA analysis, 50 pmol of '3Cg-IAA (phenyl-'3Cg-indole-3-acetic acid; Cam-
bridge Isotope Laboratories, Andover, MA) was added to the sample be-
fore centrifugation (20,000 rpm for 15 min at 4°C). For each cytokinin
compound determined, 10 pmol of 2Hs-dihydrozeatin, 2Hs-dihydrozeatin
riboside, 2Hs-dihydrozeatin 9-glucoside, 2Hs-dihydrozeatin riboside
9-glucoside, 2Hg-Ne-(A2isopentenyl)adenine, 2Hg-N?-(A%isopentenyl)adeno-
sine, 2Hg-N8-(AZisopentenyl)adenine glucoside, and 2Hg-N6-(A2isopen-
tenyl)adenosine 5’-monophosphate (APEX International, Honiton, Devon,
UK) was added. The pellet was resuspended for 1 h at 4°C in 80% meth-
anol and centrifuged once more. The supernatants of both fractions
were pooled and dried. After dissolving in water, cytokinins were purified
by a combination of solid-phase and immunoaffinity chromatography as
described by Redig et al. (1996a). After the immunoaffinity treatment,
IAA was concentrated on a C18 cartridge and methylated before analy-
ses (Prinsen et al., 2000). Hormones were quantified by micro-liquid
chromatography-positive electrospray-tandem mass spectrometry in
multiple reactant monitoring mode (Prinsen et al., 1998). The chromato-
grams obtained were processed by means of Masslynx software (Micro-
mass, Manchester, UK). Concentrations were calculated according to
the principles of isotope dilution and expressed in picomoles per gram
fresh weight.

CKX Measurement

The assay of CKX activity was based on the conversion of 2-3H-iP to ad-
enine as described elsewhere (Motyka et al., 1996). The reaction mixture
contained 100 mM 3-{[2-hydroxy-1,1-bis(hydroxymethyl)ethyllamino}-1-
propanesulfonic acid-NaOH buffer, pH 8.5, 2 uM 2-3H-iP (7.4 Bg/mol),
and enzyme preparations equivalent to 2.5 to 500 mg of fresh tissue in a
total volume of 50 p.L. After incubation at 37°C, the reaction was stopped
by the addition of 120 pL of 0.75 mM adenine and iP in 95% (v/v) cold
ethanol and 10 pL of 200 mM Na,EDTA. Precipitated protein was re-
moved by centrifugation, and adenine and iP were separated by thin
layer chromatography on microcrystalline cellulose plates (Aldrich) de-
veloped with the upper phase of a 4:1:2 (v/v/v) mixture of ethyl acetate:
n-propanol:water. The radioactivity of adenine- and iP-containing zones
was determined by liquid scintillation using the Packard TRI-CARB 2500
TR scintillation counter. The apparent K,,(iP) and maximum velocity val-
ues of CKX preparations were determined in the same assay mixture de-
scribed above with 2-3H-iP as the substrate used in the concentration
range of 0.3 to 10 wM. The apparent K,(iP) and maximum velocity values
were calculated on the basis of a Lineweaver-Burk double reciprocal
plot of CKX activity as a function of iP concentration.

GUS Staining and Light Microscopy

Histochemical analysis of the GUS reporter enzyme was performed es-
sentially according to Jefferson et al. (1987) as modified by Hemerly et
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al. (1993). Sample tissues were fixed in 90% ice-cold acetone for 1 h and
incubated for 1 to 12 h in reaction buffer. After staining, seedlings were
cleared and mounted according to Malamy and Benfey (1997). Endoge-
nous pigments were destained with 70% ethanol, and the GUS staining
pattern was recorded with a stereomicroscope (SZX12; Olympus, To-
kyo, Japan) or a microscope (Axioskop 2 plus; Zeiss, Jena, Germany)
equipped with an Olympus C-4040ZOOM photographic device. For sec-
tioning, plant tissue was fixed and embedded in LR White (Plano,
Wetzlar, Germany) according to Schoof et al. (2000), and 2.5-pm thin
sections were stained with 0.1% toluidine blue. Tissue for the observa-
tion of vasculature was cleared and visualized as described by Mattsson
et al. (1999).

Analysis of the Cellular Localization of GFP-Fused Proteins

Transgenic plants expressing individual GFP fusion constructs were se-
lected according to their phenotype and preanalyzed using an epifluo-
rescence microscope before the confocal imaging. Primary leaves or
roots were cut and mounted in water for microscopic observation. The
subcellular localization of GFP fusion proteins was analyzed with a Zeiss
cLSM 510 confocal laser scanning microscope using a C-Apochromat
63x/1.2 W Korr water immersion objective and a 488-nm argon laser in
combination with a 505- to 530-nm bandpass filter set. Image acquisi-
tion and processing were performed using a Zeiss laser scanning micro-
scope (LSM 510, version 3.0), SP3 software, and Adobe Photoshop 5.0
(Adobe Systems, Mountain View, CA).

Upon request, materials integral to the findings presented in this pub-
lication will be made available in a timely manner to all investigators on
similar terms for noncommercial research purposes. To obtain materials,
please contact Thomas Schmulling, tschmue@zedat.fu-berlin.de.
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