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Cytokinins are adenine derivatives that regulate numerous plant growth and developmental processes,
including apical and floral meristem development,
stem growth, leaf senescence, apical dominance, and
stress tolerance. However, not much is known about
how cytokinin biosynthesis and metabolism is regulated. We identified a novel Arabidopsis gene, ALL,
encoding an aldolase-like enzyme that regulates cytokinin signaling. An Arabidopsis mutant, all-1D, in
which ALL is activated by the nearby insertion of the
35S enhancer, exhibited extreme dwarfism with rolled,
dark-green leaves and reduced apical dominance, symptomatic of cytokinin-overproducing mutants. Consistent
with this, ARR4 and ARR5, two representative primary
cytokinin-responsive genes, were significantly induced
in all-1D. Whereas SHOOT MERISTEMLESS (STM)
and KNAT1, which regulate meristem development,
were also greatly induced, expression of REV and PHV
that regulate lateral organ polarity was inhibited. ALL
encodes an aldolase-like enzyme that belongs to the
HpcH/HpaI aldolase family in prokaryotes and is downregulated by exogenous cytokinin, possibly through a
negative feedback pathway. We propose that ALL is
involved in cytokinin biosynthesis or metabolism and
acts as a positive regulator of cytokinin signaling during shoot apical meristem development and determination of lateral organ polarity.
Keywords: Activation Tagging; Aldolase; Apical Meristem; Arabidopsis; Cytokinin; Signal Transduction.
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Introduction
Cytokinins are essential plant growth hormones that regulate many aspects of plant growth and development, such
as seed germination, meristem formation, stem growth
and differentiation, apical dominance, and leaf senescence
(Heyl and Schmülling, 2003; Mok and Mok, 2001). They
consist of a large array of structurally diverse adenine and
phenylurea derivatives (Shaw, 1994; Shudo, 1994). Despite a wealth of knowledge of cytokinin chemistry and
function and the identification of many metabolites in
plants, it is still unclear how they are synthesized and how
their synthesis is regulated. Molecular and biochemical
studies have identified some genes encoding enzymes
involved in cytokinin biosynthesis and metabolism, such
as ipt (Kakimoto, 2001), cytokinin oxidase (Houba-Hérin
et al., 1999), and sugar-conjugating enzymes (Martin et
al., 1999; 2001).
A working model of cytokinin signal perception and
transduction is emerging that is similar to prokaryotic
two-component signaling systems. At least three cytokinin receptors, CRE1/AHK4, AHK2, and AHK3 (Inoue
et al., 2001; Ueguchi et al., 2001; Yamada et al., 2001),
function in a similar way to bacterial histidine (His) kinases
to regulate Arabidopsis response regulators (ARRs) of type
A, or their homologues in other plant species (D’Agostino
et al., 2000; Hwang and Sheen, 2001; Sakakibara et al.,
1998). Another group of two-component elements mediate
receptor-perceived cytokinin signals, and Arabidopsis
homologues of His phosphotransfer proteins (AHPs) and
type B ARRs are directly involved in the induction of
type A ARR genes (Hwang and Sheen, 2001; Sakai et al.,
2000).
Expression of cell cycle genes, such as cdc2 and CycD3,
and STM and KNAT1, which are involved in meristem
development, is elevated by exogenous cytokinins (Menges
et al., 2002; Rupp et al., 1999). Genome-wide examination of gene expression in response to exogenous cytokinin has identified at least 30 genes, including ARRs and
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the cytokinin oxidase gene, are up-regulated, and about
40 genes, such as genes encoding kinases and E3 ubiquitin ligase, are down-regulated in response to cytokinin
(Rashotte et al., 2003).
In this work, we identified a cytokinin-repressible gene,
ALL, that encodes an aldolase-like enzyme. ALL belongs
to the HpcH/Hpal aldolase family involved in diverse
areas of carbohydrate metabolism. An Arabidopsis mutant
in which ALL is activated exhibits stunted growth with
reduced apical dominance and retarded leaf senescence,
common phenotypic changes observed in cytokinin-overproducing mutants. Consistent with this, STM and KNAT1,
as well as ARRs, are up-regulated in the mutant. We thus
propose that ALL plays a role in cytokinin biosynthesis/metabolism in Arabidopsis and positively regulates
cytokinin signaling.

Materials and Methods
Plant materials and growth conditions All Arabidopsis plants
used in this work were in the ecotype Col-0. They were grown
in a controlled culture room at 24°C with a photoperiod of 16 h
and relative humidity of 70%. A T-DNA insertion knockout line,
ALL-KO, was obtained from the Arabidopsis Biological Resource Center (Ohio State University); it has a T-DNA insertion
in the second exon of the At4g24080 locus (ALL) as determined
by DNA sequencing.
Semiquantitative RT-PCR and Northern blot hybridization
Total RNA was extracted from plant tissues with an RNeasy
Plant Total RNA Isolation Kit (Qiagen). Routinely, 20 µg of
each RNA sample was denatured in denaturation buffer (20 mM
MOPS, 8 mM sodium acetate, 1 mM EDTA) supplemented with
50% (v/v) formamide and 2.2 M formaldehyde at 65°C for 10
min, resolved on a 1.2% denaturing agarose gel, and transferred
onto a Hybond-N+ nylon membrane (Amersham-Pharmacia).
The membrane was then hybridized with the Northern probes
labeled with digoxigenin-UTP by in vitro transcription with SP6
or T7 RNA polymerase using a DIG RNA Labeling Kit (Roche
Applied Science).
For semi-quantitative RT-PCR, total RNA samples were extensively pretreated with RNase-free DNaseI to get rid of contaminating genomic DNA. The first strand cDNA was prepared from 2
µg of total RNA using Pfu Turbo polymerase (Stratagene) in a 20
µl reaction volume, and 2 µl of the reaction mixture was used for
subsequent RT-PCR in a 50 µl reaction volume. RT-PCR was run
for 15 to 25 cycles, depending on the linear range of PCR amplification for a given gene, and each cycle consisted of 94°C for 1
min, 58°C for 30 s, and 72°C for 1.5 min. A final cycle at 72°C
for 7 min allowed trimming of incomplete polymerization.
Isolation of all-1D Arabidopsis ecotype Col-0 was transformed
with the activation-tagging vector, pSKI015, containing the
CaMV 35S enhancer element, as previously described (Weigel
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et al., 2000). Transgenic seeds were sown directly in soil, and a
Finale solution (AgrEvo), containing 5.78% Basta, was diluted
1,000 times and sprayed twice a week for 3 weeks. Herbicideresistant plants were then screened for dwarfed growth with
reduced apical dominance, and mutants were examined for two
additional generations. Among the T3 plants, a mutant, all-1D,
was chosen for further analysis.
A single T-DNA insertion event in all-1D was confirmed by
PCR and genomic Southern blot analysis using the ALL-specific
sequence as probe. Genomic DNAs were isolated using a
Dneasy Plant Mini Kit (Qiagen). The sequences flanking the TDNA insert were determined by three-step thermal asymmetric
interlaced PCR (TAIL-PCR) and DNA sequencing (Kim et al.,
2005; Liu et al., 1995).
Arabidopsis transformation Agrobacterium-mediated transformation was carried out by a modified floral dip method (Clough
and Bent, 1998). Full-size cDNAs of ALL were expressed under
the control of the CaMV 35S promoter in pBI121 (Clontech).
Homozygous transgenic lines were grown through two additional generations after primary selection for each type of transformant.
Cytokinin treatment Imbibed seeds were incubated at 4°C on
MS plates supplemented with BA at a final concentration of 30
µM for 3 d and transferred to normal growth at 24°C in longday conditions (16 h light and 8 h dark).
Genomic Southern blot hybridization Genomic DNAs were
digested with HindIII and subjected to Southern blot analysis
with an ALL-specific probe labeled with digoxigenin-UTP by in
vitro transcription with SP6 or T7 RNA polymerase using a DIG
RNA Labeling Kit (Roche Applied Science).

Results
Isolation of all-1D Both loss-of-function and gain-offunction mutants can be easily generated using the CaMV
T-DNA element, and various Arabidopsis mutant pools
are available. In this work, we generated an Arabidopsis
activation tagged mutant pool by randomly integrating the
35S enhancer into the genome. During extensive screening of the mutant pool, we isolated a mutant, all-1D, with
drastically retarded growth and reduced apical dominance.
In addition to growth retardation, all-1D is characterized
by small, curled leaves, slightly delayed flowering (Fig.
1A), and greatly delayed leaf senescence (Fig. 1B). Even
64 days after germination (DAG), the mutant still produced inflorescence stems and had dark-green leaves.
These phenotypic alterations suggested that some type of
growth hormone signaling, such as cytokinin or auxin
signaling, was altered.
ALL encodes an aldolase-like enzyme The TAIL-PCR
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Fig. 2. The T-DNA insertion site in all-1D. A. A single copy of
the 35S enhancer is inserted about 500 bp upstream of the
At4g24080 locus (ALL). ALL consists of three exons. The
knockout mutant (KO) was obtained from the Arabidopsis Biological Resource Center (Ohio State University). B. Genomic
Southern blot analysis. HindIII-digested genomic DNAs were
analyzed on a 0.8% agarose gel and probed with a labeled ALL
sequence. C. Northern blot analysis. Whereas ALL is greatly
activated in all-1D, expression of the At4g24070 locus is unaffected.

C

Fig. 1. The phenotype of all-1D. A. Adult all-1D mutant. A fiveweek-old wild type (WT) plant and an eight-week-old all-1D
mutant are shown. Note that leaf senescence is delayed in all1D. B. Different growth stages of all-1D. C. A transgenic plant
with reduced ALL expression, and a T-DNA insertion knockout
mutant. The phenotype of these plants is the reverse of all-1D,
with accelerated growth and fully expanded leaves.

method was employed to map the insertion site of the 35S
enhancer, and the amplified DNA was sequenced (Liu et
al., 1995). The 35S enhancer was integrated into the region between two previously annotated loci, At4g24070
and At4g24080 (Fig. 2A). Northern blot analysis showed
that expression of the At4g24080 locus (ALL) was
strongly increased by the T-DNA insert (Fig. 2C) while
expression of the At4g24070 locus was unchanged, suggesting that the all-1D phenotype was caused by upregulation of ALL. Consistent with this notion, antisense
transgenic plants in which expression of endogenous ALL
was inhibited showed the opposite phenotype of accelerated growth and fully expanded leaves (Fig. 1C). Moreover, the phenotype of a knockout mutant, with a T-DNA

sequence inserted into the 2nd exon of the ALL gene, was
identical to that of the antisense transgenic plants. Genomic Southern blot analysis demonstrated that there was
a single insertion event in the all-1D genome (Fig. 2B).
Database searches revealed that ALL encoded a protein
of 244 amino acids highly homologous to the 2,4-dihydroxyhept-2-ene-1,7-dioic acid aldolases (HHED aldolases) of the HpcH/HpaI aldolase family of Escherichia
coli and other prokaryotes (Roper et al., 1995; Stringfellow et al., 1995) (Fig. 3). These enzymes have been implicated in carbohydrate transport and metabolism.
Tissue-specific expression of ALL RT-PCR-based Southern blot analysis indicated that ALL was expressed in all
plant tissues with the highest expression in flower, silique,
and root tissues (Fig. 4A). It was constitutively expressed
throughout the plant life cycle, from seed germination to
full flowering (Fig. 4B). This, together with the phenotype of the ALL-deficient knockout plants (Fig. 1C), indicated that ALL activity is required for normal plant
growth and development.
One unexpected result was that RT-PCR runs using
primers for the 5′ and 3′ ends always gave two bands of
different size (Fig. 4A, bottom panel). Sequencing of the
two bands revealed that the 2nd intron was not properly
spliced out in the larger band. Extensive treatments of the
RNA with RNase-free DNase I did not eliminate the larger band, indicating that it was not due to contamination
with genomic DNA (data not shown). Interestingly, the
larger band (band a) predominated in root tissue, whereas
the smaller band (band b) predominated in aerial parts.
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Fig. 3. The ALL-encoded aldolase-like enzyme. ALL consists of 244 amino acids, and has considerable sequence homology to HHED
aldolases belonging to the HpcH/HpaI aldolase family of prokaryotes.

Although their significance is unclear, these results suggest that ALL expression may be regulated by an alternative splicing mechanism in a tissue-specific manner.
When a pair of internal primers was used, a single band
was produced by RT-RCR (Fig. 4B).
Regulation of cytokinin signaling by ALL The all-1D
phenotype includes stunted growth with reduced apical
dominance, short internodes and petioles, dark-green
leaves with curled leaf margin, and delayed leaf senescence. Interestingly, these phenotypic changes are also
observed in cytokinin-overproducing mutants (Faiss et al.,
1997; Rupp et al., 1999), suggesting that cytokinin metabolism or signaling is disturbed in all-1D.
To examine whether the all-1D phenotype is related to
cytokinin signaling, wild type plants were treated with
exogenous cytokinin, and the ALL transcript level was
measured. ARR4 and ARR5 were included as positive controls. These later genes were strongly induced, as previously reported (D’Agostino et al., 2000). Interestingly,
ALL transcription was drastically reduced under the same
conditions (Fig. 5A), suggesting that ALL acts in the early
steps of cytokinin signaling, like ARRs.
To further explore the relationship between ALL and
cytokinin signaling, transcription of ARR4 and ARR5 was
examined in all-1D. Their transcription was found to be
strongly induced (Fig. 5B), indicating that either endoge-
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Fig. 4. Tissue-specific and developmental expression of ALL. A.
Total RNAs were extracted from plant tissues and subjected to
RT-PCR. Note that two ALL-specific bands are consistently
detected due to alternative RNA splicing. The 2nd intron is not
properly spliced out in the long band (band a). B. ALL is constitutively expressed throughout growth up to flowering.

nous cytokinin biosynthesis or upstream cytokinin signaling is up-regulated in the mutant. Since ALL encodes an
aldolase-like enzyme (Fig. 3), the former possibility is
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Fig. 5. Expression of cytokinin-responsive genes in all-1D. A.
The effect of cytokinin on ALL expression. Plants were treated
with 30 µM BA. A tubulin gene was used as a control for constitutive expression, and ARR4 and ARR5 were included as positive controls. B. Expression of ARR genes in all-1D. C. Expression of meristem- and leaf polarity-related genes in all-1D. D.
Expression of meristem- and leaf polarity-related genes in amp1,
a cytokinin-overproducing mutant. Note that the expression
profiles are similar to those in all-1D. E. Silique and leaf morphologies in all-1D.

more likely. ALL may be involved in cytokinin metabolism
and the mutant may produce a higher concentration of active cytokinin derivatives.
One of the primary targets of cytokinins is shoot apical
meristem development (Endrizzi et al., 1996). During
plant development, the shoot apical meristem constantly
supplies new cells required for new organs while maintaining its own structural and functional integrity. Recent
genetic analyses have identified a number of genes that

are required for shoot apical meristem formation and organization (Cary et al., 2002). The CLAVATA (CLV) genes,
such as CLV1 and CLV3, negatively regulate meristem cell
identity (Clark et al., 1993; 1995), whereas KNOTTED1
(KN1), WUSCHEL (WUS), and ZWILLE (ZLL) promote
meristem formation (Jürgens et al., 1994; Laux et al., 1996;
Lincoln et al., 1994). Furthermore, transgenic plants with
overexpressed STM or KNAT1 have a phenotype that is
very similar to that of cytokinin-overproducing plants
(Chuck et al., 1996; Long et al., 1996) indicating that
meristem-related genes and cytokinin signals interact.
To investigate the link between cytokinin signaling and
shoot apical meristem development in more detail, we
examined expression of the meristem-related genes and
those involved in leaf development in all-1D. Expression
of STM and KNAT1, which are required for maintaining
meristem cells in an undifferentiated state, was greatly
increased (Fig. 5C), suggesting that meristem formation
and/or maintenance is disturbed (also see below). In addition, expression of PHV and REV, which regulate lateral
organ polarity (Juarez et al., 2004; Mchale and Koning,
2004; Otsuga et al., 2001), was down-regulated. This
down-regulation would explain the disrupted leaf expansion in all-1D; together, these results suggest that ALL
modulates cytokinin signaling involving genes affecting
meristem formation as well as leaf polarity. Similar gene
expression profiles were observed in amp1, a cytokininoverproducing Arabidopsis mutant (Helliwell et al., 2001;
Fig. 5D), further supporting the link between ALLmediated cytokinin signaling and shoot apical meristem
development. Consistent with a role of ALL in cytokinin
signaling, all-1D had short siliques and abnormal leaf polarity (Fig. 5E), as observed in amp1 (Helliwell et al.,
2001).
Molecular mechanism of ALL function Our data strongly
suggest that the stunted growth and small size of the organs
of all-1D are due to decreased meristem activity. This implies that cell proliferation is reduced in all-1D. To examine this, root segments from wild type and all-1D plants
were incubated on MS plates supplemented with various
concentrations of 2,4-D and kinetin. Unexpectedly calli
were formed with similar kinetics by both plants, as well as
by ALL-KO plants, indicating that cell proliferation was
not altered in all-1D (Fig. 6A).
Another possibility was that cell proliferation was normal in all-1D, but cell differentiation was altered. We
therefore examined the expression of WUS and CLV2,
which are primarily involved in meristem formation. Interestingly, WUS expression was unaffected, but CLV2
expression was slightly repressed in all-1D (Fig. 6B).
Together with the significant up-regulation of STM and
KNAT1 (Fig. 5C), these results imply that meristem formation is normal, but the maintenance of meristem cells
in an undifferentiated state is disrupted in all-1D. This
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Fig. 6. Cell proliferation in all-1D and KO plants. A. Root cell
proliferation. Root segments were incubated on MS media
supplemented with various concentrations of 2,4-D and kinetin.
B. Meristem gene expression in all-1D. CLV2 is slightly
repressed, but WUS expression is unaffected.

view is also consistent with the notion that STM and
KNAT1 act at a different regulatory level from WUS and
ZLL (Endrizzi et al., 1996; Rupp et al., 1999). The all-1D
phenotype may therefore be due to a decreased rate of conversion of undifferentiated meristem cells into differentiated cells during the formation of leaf and floral primordia.

Discussion
Agents fitting the physiological definition of cytokinins
include a large range of naturally occurring and synthetic
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compounds that are mainly adenine and phenylurea derivatives (Shaw, 1994). Most naturally occurring cytokinins are adenine derivatives, and cytokinin biosynthetic
pathways include a series of isopentenylations and glucosylations of the adenine ring that are further modified by
hydroxylations, oxidations, and isomerizations, and so on
(Mok and Mok, 2001). Genes encoding isopentenyltransferases (Kakimoto, 2001), cytokinin oxidases (Bilyeu et
al., 2001), and β-glucosidase (Brzobohatý et al., 1993)
have been isolated, and enzyme activities, such as zeatin
reductase and isomerase and hydroxlyase, have been detected.
ALL encodes an aldolase-like protein that is structurally
similar to the HHED aldolases in prokaryotes that are
active in the homoprotocatechuic acid (HPC) pathway
(Roper et al., 1995). The HPC pathway is a route by
which 3,4-dihydroxyphenylacetic acid is catabolized to
pyruvate and succinate. There are several genes encoding
similar proteins in Arabidopsis, but none have been functionally characterized (Fig. 3). It has been proposed that
HHED aldolase genes are very ancient and that a stepwise
process of tandem gene duplication and subsequent mutation has resulted in enzyme diversification in prokaryotes
and eukaryotes (Stringfellow et al., 1995).
It is unclear what the biochemical role of the ALL enzyme is and how it affects cytokinin biosynthesis/metabolism. It may be involved in the glucosylation of the
adenine ring or in subsequent modification steps. ALL is
repressed by cytokinin (Fig. 5A) and may be regulated by
a feedback mechanism. Alternatively, it may modify and
inactivate active cytokinins. The primary cytokininresponsive genes, ARR4 and ARR5, are up-regulated in
all-1D in which expression of ALL is increased by the
35S enhancer. We therefore hypothesize that the endogenous cytokinin level is elevated in the mutant. The observed phenotypic alterations, such as growth retardation,
small, dark-green leaves with curled margin, reduced apical dominance, and delayed leaf senescence, all support
this view.
STM and KNAT1 exert their effects on meristem development primarily by maintaining meristem cells in an
undifferentiated state throughout plant life (Endrizzi et al.,
1996). They are over-produced in Arabidopsis plants that
overexpress the bacterial ipt gene (Rupp et al., 1999). Our
results show that expression of the two genes is also increased in all-1D, further supporting the notion that ALL
is involved in cytokinin biosynthesis/metabolism. Interestingly, WUS expression was not changed in all-1D.
Since this gene regulates meristem formation it is likely
that ALL promotes cytokinin signaling primarily through
STM and KNAT1 and restricts the differentiation of meristem cells. This view accounts for the stunted growth and
disrupted leaf expansion. All is expressed at a relatively
low level in meristem tissue, whereas STM and KANT1
are strongly expressed. It is likely therefore that the ec-
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topic expression of ALL in meristem tissue is the direct
cause of the phenotypic changes in all-1D.
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