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To gain an enhanced understanding of the mechanism by which gibberellins (GAs)
regulate the growth and development of plants, it is necessary to identify proteins
regulated by GA. Proteome analysis techniques have been applied as a direct,
effective, and reliable tool in differential protein expressions. In previous studies,
sixteen proteins showed differences in accumulation levels as a result of treatment
with GA3, uniconazole, or abscisic acid (ABA), and/or the differences between the
GA-deficient semi-dwarf mutant, Tan-ginbozu, and normal cultivars. Among these
proteins, aldolase increased in roots treated with GA3, was present at low levels
in Tan-ginbozu roots, and decreased in roots treated with uniconazole or ABA. In
a root elongation assay, the growth of aldolase-antisense transgenic rice was half
of that of vector control transgenic rice. These results indicate that increases in
aldolase activity stimulate the glycolytic pathway and may play an important role
in the GA-induced growth of roots. In this review, we discuss the relationship
among GA, aldolase, and root growth.
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Introduction

Rice (Oryza sativa L.) is one of the most important
crops in the world. It is the main staple food of
more than half of the world’s population. Since rice
has a genome that is significantly smaller than those
of other cereals, it is an ideal model plant for ge-
netic and molecular studies, particularly among the
monocots (1 ). Draft sequences of rice genomes have
been reported for subspecies indica (2 ) and japonica
(3 ). Furthermore, the complete map-based genome
sequences of chromosomes 1 (4 ) and 4 (5 ) for cultivar
Nipponbare have been reported. The challenge ahead
for the plant research community is to identify the
functions, post-translational modifications, and the
regulation of proteins encoded by the plant’s genes.
Understanding the biological functions of novel genes
is a more difficult proposition than merely obtaining
the nucleotide or peptide sequences. This is because
the existing information on amino acid sequences of
known proteins in the database is derived primarily
from genetic and biochemical studies, which are by
nature focused and labor intensive; the use of a large
number of plant species as experimental systems; and
the extensive range of unique plant-produced secon-
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dary metabolites. Thus, the cumulative knowledge
of functions of known and unidentified proteins does
not match the wealth of nucleotide sequence infor-
mation being generated through genome sequencing
projects (6 ). The analysis of proteins using high-
resolution, two-dimensional polyacrylamide gel elec-
trophoresis (2D-PAGE) is the most direct, first-order
approach to define gene functions.

Root architecture in plants is determined by in-
teractions between their intrinsic developmental pro-
grams and external biotic and abiotic stimuli (7 , 8 ).
Root systems of plants growing in the field are mar-
velously successful at foraging for nutrients and water
in a hostile, competitive environment where supplies
of them are very limited, local and variable (9 ). The
acquisition of soil resources by plant root systems is
a subject of considerable interest in agriculture and
ecology, as well as a complex and challenging prob-
lem in basic plant biology. Thus, root growth regu-
lation is a critical function of terrestrial plants and
is closely associated with the production, transport,
and response to plant hormones. To understand the
mechanism by which plant hormones regulate the root
growth and development of plants, it is necessary to
identify and characterize proteins regulated by plant
hormones.
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Gibberellins (GAs) are essential endogenous reg-
ulators of plant growth and developmental processes
(10 , 11 ). Significant progress has been made in un-
derstanding the pathways involved in GA biosynthe-
sis and on the mechanisms by which GA levels are
regulated in plants (12 , 13 ). The plant response to
GA applied to intact root systems appears to be
concentration-dependent, and can have rather vari-
able effects. For example, a low concentration of ex-
ogenous GA plays a role in normal elongation of roots
by maintaining the extensibility of the cell wall in GA-
sensitive dwarf pea (14 ). GA is a regulator of cell
elongation in roots, and there is an apparent corre-
lation between low levels of GA in planta and short
roots (15 ). Since root system architecture influences
water and nutrient absorption, the GA regulation of
root growth is essential for plant survival. Plant cells
with defects in vacuole expansion do not expand (16 ),
and the uptake of water by expanding vacuoles and
the rapid osmoregulation between cytosol and vacuole
are regulated by tonoplasts (17 ). Vacuole expansion
and cell elongation are dependent on several factors,
such as rates of cell component biosynthesis, metabo-
lite concentration, and pH gradient across the tono-
plast. GA is likely to be associated with the tonoplast
function.

In previous studies, proteome analysis was used to
investigate the effects of GA and aldolase increases in
roots treated with GA3 (18 ). Konishi et al (19 ) have
reported that increases in the expression of aldolase
by exogenous GA3 were reversed in roots treated with
uniconazole, an inhibitor of GA biosynthesis, and the
abscisic acid (ABA) and aldolase levels were low in the
roots of the GA-deficient mutant Tan-ginbozu. The
GA deficiency in this mutant is due to the blocking of
the metabolic steps from ent-kaurene to ent-kaurenoic
acid, catalyzed by ent-kaurene oxidase (20 ). Since
the increase of aldolase caused by GA activates the
glycolytic pathway, the acceleration of root growth
may be a direct result of these actions. Furthermore,
antisense-transgenic rice plants were used to clarify
the role of aldolase regulated by GA (21 ), and al-
dolase regulated the V-ATPase-mediated control of
cell elongation, which determines root growth (22 ).
In this review, the regulation of rice root proteins by
GA as revealed by proteome analysis is discussed.

Proteome Analysis of Rice Root

by 2D Gel Electrophoresis

Root protein identification using 2D

electrophoresis

Proteins were extracted from roots (23 ) and sepa-
rated by 2D-PAGE (24 ) using IEF and IPG tube gels
(25 ) in the first dimension, with IEF in the low pI
range (4.0–7.0) and IPG in the high pI range (6.0–
10.0). After detection with CBB staining, protein
spots were analyzed using Image-Master 2D Elite soft-
ware. The 2D maps of the low and high pI ranges over-
lapped at around pI 6.0. A total of 508 proteins from
rice roots were detected in the 2D-PAGE patterns.
Although clear images were obtained in the range of pI
3.5–6.0 from 2D-PAGE with the IEF tube gel, includ-
ing ampholytes in the first dimension, it was difficult
to effectively isolate the basic proteins. Therefore,
electrophoresis using IPG tube gels (pI 6.0–10.0) was
carried out for improved resolution of basic proteins.
About 90% of the visible proteins detected by 2D-
PAGE were present in the pI 4.0–7.5 range. Proteins
separated under these conditions were reproducibly
observed in their relative 2D map positions. Com-
puter analyses using Image-Master 2D Elite software
revealed 508 individual rice root protein spots. After
2D-PAGE, amino acid sequences were determined by
mass spectrometry and/or Edman sequencing (26 ).

A total of 38 N-terminal sequences of the 94 root
proteins separated by 2D-PAGE were determined by
Edman sequencing. A further 35 separated proteins
excised from gels were analyzed by mass spectrometry.
Using these approaches, at least some sequence in-
formation was determined for 73 individual proteins.
The N-terminal amino acid sequences of 56 (59.6%)
proteins of the total could not be determined by the
Edman technique likely due to a blocking group at the
N-terminus. This result is consistent with a report in
which 134 rice proteins were subjected to sequenc-
ing, of which 79 (59%) were found to have blocked
N-termini (27 ).

Functional classification of root proteins

Twenty-six percent of the identified proteins were
involved in plant defense, indicating that the rice
plant produces more disease-resistance and defense-
related proteins than any other type. This func-
tional category involves metallothionin, glutathione
S-transferases, chitinases, NBS-LRR-type resistant
proteins, antifungal protein R, thaumatin-like pro-
teins, superoxide dismutase (Cu-Zn) [(Cu/Zn)SOD],
type-1 pathogenesis-related (PR-1) protein, and SalT
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protein. A root-specific protein, RCc3, was expressed
in the elongation and maturation zones of primary
and secondary roots, as well as in root caps (28 ).
These results may be consistent with marsh plants
or helophytes, since they are genetically acclimatized
to harsh soil environments and are tolerant of toxi-
city in the soil. In contrast, the root tip proteins of
maize seedlings during hypoxic acclimation have been
reported, and of 48 proteins analyzed by mass spec-
trometry, 46 were identified (29 ). Soluble metabolic
enzymes were the most abundant, but no proteins in-
volved in the defense category were identified (29 ).
These results reflect the differences in gene expres-
sion patterns at the protein level under conditions of
stress. Many root proteins were found in only one tis-
sue in these assays, suggesting that their expressions
are tissue-specific. Since these proteins are related to
the primary function of the specific tissue, they can
provide valuable insights into the specialized physio-
logical function of each tissue.

About 20% of root proteins were placed in the
category of “no assigned function”. The functions
of these proteins will need to be identified to pro-
vide information about their roles in the physiology
or anatomy of the tissue. This study presents the re-
sults of a direct differential display with 2D-PAGE for
the identification of proteins that undergo alterations
in concentration, and their potentially localization,
under different physiological and developmental con-
ditions in rice roots. This system readily visualizes
changes in protein content, directly and rapidly ex-
tracts proteins of interest from gels, and analyzes the
protein primary structure using mass spectrometry
and/or Edman sequencing. Harvesting the informa-
tion stored in root tissues holds great promise in help-
ing to predict the functions of many other proteins in
response to environmental challenges and for expe-
diting the molecular cloning of genes that are critical
for both understanding plant function and practical
application.

Identification of Root Proteins

Regulated by GA in Rice

Differential increase of four proteins in

seedling roots treated with GA

Although GAs are well-characterized, essential en-
dogenous regulators of root growth and developmental
processes (14 ), the precise role of GA in root growth is

still unclear. To assess the elongation of seminal roots,
germinated seeds were grown for 72 h in soil amended
with GA3. Shoots were measured to test the effects
of GA3 on germinated seeds and seedlings. The re-
sult showed that shoot elongation increased with the
concentration of GA3. Roots grown in 0.1 µM GA3

were 3.8% longer than the controls.
Root lengths regulated by GA were analyzed by

comparing a normal sized cultivar, Nipponbare, with
a semi-dwarf cultivar, Tan-ginbozu, and by treatment
with uniconazole, an effective inhibitor of GA biosyn-
thesis (30 ). Germinated seeds of Nipponbare, Gin-
bozu, and Tan-ginbozu with or without 0.1 µM GA3,
10 µM uniconazole, and 10 µM ABA were grown for
72 h in soil. Seedling root lengths were measured and
compared to the control (Nipponbare). Ginbozu roots
were slightly longer (0.5%) and Tan-ginbozu roots
were 69.8% shorter than Nipponbare roots. Treat-
ment with 10 µM uniconazole decreased root growth
by 44.6%, and 10 µM ABA caused a 79.2% decrease
in root length. Root elongation was normal in Tan-
ginbozu treated with 0.1 µM GA3 and Nipponbare
treated with 10 µM uniconazole or 0.1 µM GA3. Since
root elongation was inhibited in both Tan-ginbozu
and uniconazole-treated Nipponbare, and could be re-
covered by GA3 treatment, the proteins whose ac-
cumulation was affected by these treatments may
be involved in the mechanisms for GA-induced root
growth. It is well established that GA and ABA act
antagonistically in many aspects of plant development
(31 ), as illustrated by the reduction in seedling root
length when seeds were germinated in 10 µM ABA.

To clarify the relationship between root elonga-
tion and GA, root proteins differentially accumulated
in Tan-ginbozu and Nipponbare roots treated with
uniconazole or ABA were investigated using a pro-
teomics approach. Images of 2D-PAGE from 0.1 µM
GA3-treated and control extracts were synthesized
and the positions of individual proteins were evalu-
ated automatically using Image-Master 2D Elite soft-
ware. Since the same samples were subjected to IEF
and IPG, additional equipment for electrophoresis fol-
lowed the same procedure. Using the protein differen-
tial display analysis, it became apparent that four pro-
teins were up-regulated due to treatment with GA3.
All but one of the sequences of differentially accumu-
lated proteins were found to be identical to proteins
previously reported. The other three proteins were
homologous to the beta 5 subunit of 20S proteasome,
aldolase, and glyceraldehyde 3-phosphate dehydroge-
nase.
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Aldolase is a widely distributed enzyme and a
key constituent of both the glycolytic/gluconeogenic
pathways and the reductive pentose phosphate cycle
in plants. This enzyme plays a vital role in carbo-
hydrate metabolism and in the production of triose
phosphates in signal transduction (32 ). Glyceralde-
hyde 3-phosphate dehydrogenase is also a ubiquitous
enzyme involved in glycolysis and gluconeogenesis
(33 ). Two of the four proteins up-regulated by GA
treatment are key enzymes in the glycolytic pathway,
suggesting that GA signaling and root growth may be
mediated by the glycolytic production of ATP.

Another identified protein, the 20S proteasome,
is a proteolytic complex that is involved in remov-
ing abnormal proteins (34 ). The 26S proteasome is
composed of a 20S core proteasome with 19S regula-
tory complexes on either side. GA-insensitive dwarf 2
(GID2) is a positive regulator of GA signaling, and the
slender rice1 protein is degraded via the ubiquitin/26S
proteasome pathway mediated by the SCFGID2 com-
plex (35 ). Increases in the beta 5 subunit of the 20S
proteasome by GA3 may be related to the activation
of the SCFGID2-proteasome pathway.

Differential expressions of proteins from
roots treated with uniconazole and
ABA

There were thirteen proteins identified that were ex-
pressed in significantly different amounts in Tan-
ginbozu and Nipponbare and/or when treated with
uniconazole or ABA, which had amino acid sequence
similarity to other plant proteins. A scheme sum-
marizing the regulation of the characterized proteins
is shown in Figure 1. PR-1 protein accumulated in
large amounts in Tan-ginbozu. GSH-dependent dehy-
droascorbate reductase 1 and [Mn]SOD accumulated
in large amounts in Tan-ginbozu and also increased
with uniconazole treatment. Antifungal protein-R,
nicotianamine synthase 2, and SalT protein increased
after treatment with ABA. Cyclophilin 2 accumu-
lated in smaller amounts in Tan-ginbozu than con-
trols. Bowman-Birk trypsin inhibitor accumulated
in small amounts in Tan-ginbozu and decreased with
uniconazole treatment. Oleosin decreased with ABA
treatment. Aldolase accumulated to low levels in Tan-
ginbozu and decreased after treatment with unicona-
zole or ABA.

We propose that all of the proteins placed in
the “up-regulation” category of Figure 1 are down-
regulated by GA3. Plant dehydroascorbate reductase
reduces oxidized ascorbate to maintain an appropri-

ate level of ascorbate in plant cells. Dehydroascor-
bate reductase activity in rice seedlings is stimulated
at high temperature (36 ). SOD catalytically scav-
enges superoxide radicals, providing a defense against
reactive oxygen species (37 ). GA is likely to sup-
press the expression of GSH-dependent dehydroascor-
bate reductase and SOD. PR-1 protein, which plays
a role in defense against stress, accumulated in large
amounts in Tan-ginbozu. However, the correlation
between PR-1 protein and root growth caused by GA
is not clear. The action of ABA is unlikely to be
limited strictly to antagonism of GA, and can be ex-
pected to have independent effects on protein expres-
sion. Antifungal protein R, nicotianamine synthase
2, and SalT protein increased as a result of treat-
ment with 10 µM ABA in comparison with the con-
trols, indicating that ABA induced the synthesis of
these proteins. PR proteins constitute lines of defense
against pathogen or herbivory, and antifungal protein
R is a thaumatin-like (PR-5) protein from barley (38 ).
Nicotianamine synthase catalyzes the trimerization of
S-adenosylmethionine to form one molecule of nico-
tianamine, an intermediate in the biosynthetic path-
way of the mugineic acid family of phytosiderophores.
Iron deficiency in rice induces nicotianamine synthase
gene expression in roots (39 ). Salt stress causes water
deficit responses and a defense response reminiscent of
aspects of the plant’s response to wounding and patho-
gen attack. Jasmonic acid, ABA, and NaCl induce
accumulation of the salT transcript in roots (40 ).

Proteins in the “down-regulation” category of Fig-
ure 1 may be up-regulated by GA3. Bowman-Birk
proteinase inhibitor is believed to play a role in de-
fense: its induced gene expression follows a kinase-
signaling cascade in rice (41 ). Cyclophilin is a spe-
cific cytosolic binding protein responsible for the ac-
cumulation of the immunosuppressant cyclosporin A
by lymphoid cells, and Cyp2, a rice cyclophilin, may
be preferentially translated during stress conditions
(42 ). Bowman-Birk trypsin inhibitor and cyclophilins
are likely to be related to the action triggered by
GA. On the other hand, oleosin decreased in roots
treated with ABA. Oil bodies are lipid storage or-
ganelles in which plants store energy as polysaccha-
rides or lipids to support periods of active metabolism
(43 ). The most abundant oil-body-associated pro-
teins are oleosins, and much of the oil body surface
may be covered by oleosin (44 ). Stored energy for
active metabolism may be regulated by the balance
between the action of ABA, decreasing the amount of
stored energy, and GA exerting the opposite effect.
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Fig. 1 Venn diagrams of the effects of the Tan-ginbozu semi-dwarfism, uniconazole-P, and ABA on protein accumula-

tion. PR-1: type-1 pathogenesis-related protein; DAR: dehydroascorbate reductase; SOD: superoxide dismutase; PR-5:

antifungal protein-R; NS: nicotianamine synthase; SalT: SalT protein; CYP: cyclophilin; BBTI: Bowman-Birk tripsin

inhibitor. [Modified from Konishi et al (19 )]

Relative aldolase mRNA and protein

levels

The relationship between transcriptional regulation
and translational expression is not always strictly
proportional, but is a key factor in understanding
the complex interactions that affect tissue growth
and development. To compare the expression of
aldolase protein and mRNA, root protein extracts
from plants treated as above were probed with anti-
aldolase antibody in an immunoblot assay. Fructose-

bisphosphate aldolase accumulated in small amounts
in Tan-ginbozu and levels decreased with uniconazole
or ABA treatment. The enzyme accumulated at nor-
mal levels in Tan-ginbozu treated with GA3 and in
Nipponbare treated simultaneously with uniconazole
and GA3.

Northern blot analysis was carried out with an al-
dolase DNA probe. Relative amounts of mRNA were
proportional to the accumulation of aldolase protein.
Aldolase protein increased in GA3-treated roots, was
at low levels in Tan-ginbozu roots, and levels further
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diminished in roots treated with uniconazole or ABA,
suggesting that an adequate amount of aldolase in rice
roots is required for normal root growth. The low
level of aldolase protein observed in untreated Tan-
ginbozu, which was likely due to the phenotypic se-
lection for semi-dwarfism, was increased by treatment
with uniconazole or ABA. Accumulation of aldolase
was at “normal” levels in Tan-ginbozu treated with
GA3, and in Nipponbare treated simultaneously with
uniconazole and GA3. Furthermore, levels of aldolase
mRNA and protein were directly proportional, indi-
cating that aldolase may act as a mediator between
GA signaling and root growth.

Characterization of Aldolase

Regulated by GA in Rice Roots

Changes in aldolase mRNA and protein

levels in response to GA in rice

The growth of rice seedling roots is markedly stimu-
lated by the addition of GA3 and is correlated with a
significant increase in aldolase accumulation. In rice
roots, 14 proteins were up-regulated by GA3 (18 ). Al-
dolase was shown to be at a low level in Tan-ginbozu
roots, and decreased in Nipponbare roots treated with
uniconazole or ABA (19 ). In the root, GA is a regula-
tor of cell elongation that is dependent on several fac-
tors, including the pH gradient across the tonoplast.
Thus, we focused our attention on the glycolysis en-
zyme aldolase and its quantitative and functional reg-
ulation by GA3, because the stimulation of aldolase
accumulation in GA3-treated roots is thought to mod-
ulate cell elongation and proliferation by controlling
the rate of metabolism and tonoplast proton pumps.

The exogenous application of GA to rice roots was
shown to affect the level of aldolase (18 ). To examine
how GA3 changes the level of aldolase in rice roots,
proteins were extracted from roots treated with GA3

at various concentrations for 0 to 72 h, and subjected
to Western blot analysis with an anti-aldolase anti-
body. Measurable increases in aldolase accumulation
were noted after 24 h exposure to GA3. By 48 h,
there was a pronounced increase in aldolase protein
that continued until 72 h. Aldolase levels increased in
a dose-dependent manner, and treatment with 0.1 µM
GA3 was the optimum concentration for root elonga-
tion. Changes in aldolase mRNA accumulation dur-
ing treatment with GA3 were also examined for 24 h
by Northern blot analysis. The transcript level of al-

dolase was extremely low at 0 h, and reached a max-
imum at 12 h. Transcript levels also increased in a
dose-dependent manner and were coincident with al-
dolase protein levels. Root elongation of rice seedlings
was accelerated by treatment with 0.1 µM GA3 (19 ).
Treatment with GA3 for 48 h for aldolase protein, or
12 h for transcripts, was optimal at 0.1 µM. There-
fore, rice plant tissues were treated with 0.1 µM GA3

for 48 h for protein or 12 h for mRNA in the following
experiments.

To examine the organ-specific accumulation of al-
dolase in roots in response to GA3, proteins were ex-
tracted from organs of roots treated with 0.1 µM GA3

for 48 h and subjected to Western blot analysis with
anti-aldolase antibody. Aldolase predominantly accu-
mulated in roots and was detectable in leaf sheaths in
the absence of GA3. Treatment with GA3 increased
aldolase mRNA and protein levels in roots and leaf
sheaths, but aldolase protein and transcript levels in
leaf blades were very low. Furthermore, to examine
the zone-specific accumulation of aldolase in roots in
response to GA3, proteins extracted from the basal,
medial, and apical regions of the root were subjected
to Western blot analysis. Aldolase protein and tran-
scripts accumulated prominently in the apical region,
and treatment with GA3 led to an increase in aldolase
protein accumulation in all three regions.

These findings support the hypothesis that al-
dolase is implicated in the tissue growth and differ-
entiation triggered by GA3. The accumulation of al-
dolase induced by GA3 was the most notable in the
apical region, which includes the root meristem (45 ).
Exogenous GA3 increased aldolase expression in all
regions of the roots, although the response varied with
the region. Increased levels of aldolase may stimulate
the growth of all of the root cells in the roots by caus-
ing an increase in energy production. Also, metabolic
activation in the roots could cause increased water
uptake.

Repression of root growth in aldolase-

antisense transgenic rice

Aldolase-antisense transgenic rice plants were con-
structed to determine the effects of aldolase func-
tion on rice root growth. An aldolase cDNA clone
was introduced into rice cells in an antisense orienta-
tion under the control of the CaMV 35S promoter
in a pIG121-Hm binary vector by Agrobacterium-
mediated transformation. Transgenic plants selected
on media containing hygromycin were transplanted to
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soil and grown to maturity. Following a second round
of selection on hygromycin, seeds were harvested and
used in the following experiments. In a root elon-
gation assay, roots of vector-only control rice plants
grew to 55 mm by day 6, reaching the bottom of the
container, whereas the growth of aldolase-antisense
transgenic rice lines was only about half of the wild
type’s rate.

The glycolytic pathway, which catalyzes the ox-
idization of glucose to pyruvate, produces two ATP
molecules per glucose molecule. It is essential for pro-
viding energy and a wide range of other physiologi-
cal functions (46 ). Activation of glycolytic enzyme
expression by increasing aldolase may promote root
growth. Addition of glucose to cells growing on a non-
fermentable carbon source results in major changes in
enzymatic activities and gene expression (47 ). How-
ever, the induction of glycolysis occurs via a glucose-
independent mechanism in potato tubers (48 ). The
up-regulation of glycolysis may accelerate cell growth.
The present study clearly demonstrated the physio-
logical importance of aldolase in root growth using
the aldolase-antisense transgenic rice plants. Aldolase
activity increased with exogenous GA3 treatment in
control plant roots, but the increase was marginal in
aldolase-antisense transgenic plant roots.

An aldolase assay was performed to confirm
whether aldolase activity in roots is affected by GA3

in aldolase-antisense transgenic plants. In roots of
vector-only control plants, treatment with 0.1 µM
GA3 caused an increase in aldolase activity of 25%.
In the roots of aldolase-antisense transgenic plants,
aldolase activity was 43% lower than that in vector
control plants and increased very little with 0.1 µM
GA3 treatment.

Co-immunoprecipitation of aldolase

with V-ATPase

In yeast cells deficient in aldolase, the peripheral V1

domain of V-ATPase dissociates from the integral
membrane V0 domain, indicating that there is a cou-
pling of glycolysis to the proton pump (49 ). Since the
glycolytic enzyme glyceraldehyde 3-phosphate dehy-
drogenase is physically associated with the aldolase-
V-ATPase complex and the glycolytic enzyme com-
plex is directly coupled to the V-ATPase proton pump
(49 ), association of aldolase with V-ATPase may re-
sult in the location of the ATP-generating glycolytic
enzyme P-glycerate kinase close to the ATP-utilizing
ATPase. Aldolase deletion mutant cells display a

growth phenotype similar to that observed in V-
ATPase subunit deletion mutants, and the V-ATPase
abnormalities shown in aldolase deletion mutant cells
can be restored to normal levels by aldolase comple-
mentation (49 ). The binding of aldolase to V-ATPase
should provide the cells with a means for localized
ATP generation by glycolysis. Furthermore, cytoplas-
mic aldolase has been identified in the vacuolar mem-
brane fraction isolated from rice (50 ), suggesting that
aldolase may associate with the vacuolar membrane
protein.

Immunoprecipitation analysis was performed to
examine whether aldolase interacts with V-ATPase
in rice roots. V-ATPase is a multi-subunit complex
and two antibodies were prepared that are specific
either to the 100-kDa subunit or to the subunit A
of V-ATPase. The antibodies were added to the ex-
tracted proteins from roots. The immunoprecipitated
proteins were detected with anti-aldolase antibody.
The V-ATPase complex co-precipitated with aldolase,
thus indicating that they are physically associated
in rice roots. Co-immunoprecipitation was mediated
by both antibodies raised against V-ATPase 100-kDa
subunit and subunit A. The accumulation of osmoti-
cally active ions accompanies vacuole expansion, and
tonoplast proton pumps generate the trans-tonoplast
electrical and proton gradient that drives the up-
take of many solutes (15 ). Blocking the expression
of V-ATPase subunit A causes the inhibition of root
elongation, confirming the importance of this proton
pump in cell expansion (51 ). Vacuolar solute accu-
mulators that are energized by the H+ electrochemi-
cal potential gradient also influence the expansion of
root cells (52 ). Vacuolar expansion is important for
cell elongation, and thus may also be implicated in
root cell growth mediated by aldolase activity.

Effect of Ca2+ on aldolase accumulation

in the roots of OsCDPK13-antisense

transgenic rice

In plants, the role of cytosolic Ca2+ concentration
in the coupling of stimulus and response is not com-
pletely clear. However, GA3 induces a sustained in-
crease in cytosolic Ca2+ concentration (31 ), and the
locus, HvCDPK1, which encodes a Ca2+-dependent
kinase, regulates vacuolar function during the GA3

response in barley aleurone (53 ). Moreover, Os-
CDPK13 expression is increased in rice leaf sheath
segments treated with GA3 and is highly constant in
leaf sheath and root as compared with leaf blade (54 ).
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To investigate the correlation between CDPK and
aldolase accumulation, OsCDPK13-antisense trans-
genic rice (55 ) was used. To assess the possible
involvement of Ca2+ in aldolase accumulation, rice
seedlings were treated with CaCl2 and the Ca2+ chan-
nel blocker LaCl3. In roots of vector-only control
seedlings, aldolase accumulation was stimulated when
5 mM CaCl2 and 5 µM Ca2+ ionophore A23187 were
added together to excised roots for 48 h. Under
similar conditions, aldolase accumulation was dra-
matically inhibited by 5 mM LaCl3. In roots of
OsCDPK13-antisense transgenic seedlings, the accu-
mulation of aldolase was markedly less than in con-
trol seedlings. Aldolase levels were slightly enhanced
by treatment with 5 mM CaCl2 and 5 µM A23187.
Aldolase was undetectable in 5 mM LaCl3-treatment
roots.

Accumulation of aldolase in the roots of
OsCDPK13-antisense transgenic seedlings (55 ) was
markedly decreased compared with vector-only con-
trol transformant seedlings but was increased by
Ca2+. CDPK mediates aldolase expression regulated
by GA3, and the cytosolic Ca2+ concentration should
correlate with this signaling pathway. These re-
sults indicate that GA3 up-regulates the aldolase level
through cytosolic Ca2+ concentrations and CDPK13
in rice roots. Addition of Ca2+ to CDPK13-deficient
plants may activate an alternate signaling pathway to
up-regulate aldolase levels.

Root growth with the addition of glu-

cose

Aldolase is a widely distributed enzyme and a key
constituent of the glycolytic pathway. To investigate
whether the glucose consumption due to ATP gen-
eration by glycolysis affects root growth in rice, ger-
minated seeds of Nipponbare with or without added
glucose were grown for 72 h in soil. Root growth was
influenced by concentrations of glucose ranging from
100 nM to 100 mM and was concentration-dependent.
There was an approximately 9.1% increase in root
elongation at 100 µM glucose, but root growth was
inhibited at 10 and 100 mM as compared with con-
trols.

Exogenous glucose was able to inhibit root elon-
gation at high concentrations (10 and 100 mM), and
promote root elongation at 100 µM glucose. Growth
inhibition may be due to harmful osmotic influences
on root growth. Glucose is a universal nutrient pre-

ferred by most organisms, and plants use hexoki-
nase as a glucose sensor to interrelate hormone sig-
naling networks for controlling growth and develop-
ment (56 ). The present study suggests that fructose-
bisphosphate aldolase is involved in GA-stimulated
root growth through activation of the glycolytic path-
way.

Conclusion

Proteome analysis techniques have been applied as a
direct, effective, and reliable tool in differential pro-
tein expressions. Sixteen proteins showed differences
in accumulation levels as a result of treatment with
GA3, uniconazole, or ABA, and/or the differences be-
tween Tan-ginbozu and its wild type. Among these
proteins, aldolase increased in roots treated with GA3,
was present at low levels in Tan-ginbozu roots, and
decreased in roots treated with uniconazole or ABA.
These results show that proteome analysis techniques
are very useful for biological studies, which are by na-
ture focused and require the use of a large number of
plant species as experimental systems.

It is suggested that GA3-induced aldolase en-
hances the metabolic rate of glycolysis in rice roots.
The present work suggests that aldolase activates V-
ATPase through physical interaction. As a result, the
rate of cell growth of seedling roots may be efficiently
enhanced. Meanwhile, GA3 signaling for promotion of
the root growth may be mediated by CDPK13 (Figure
2). A number of preliminary experiments have sug-
gested that many modes of action may be involved
in linking GA, aldolase, and root growth. More re-
fined experiments will be needed to provide details
about the exact relationships between the components
of this regulation. The final result is that the growth
of roots and other complex plant organs may be regu-
lated by a sensitive matrix of interacting components,
of which GA and its antagonists may play the most
central role, but they act through primary metabolic
intermediaries like aldolase and CDPK.
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Fig. 2 Schematic summary of the signal transduction between GA and root elongation. GA3-induced aldolase en-

hances the metabolic rate of glycolysis in rice roots, and aldolase activates V-ATPase through physical interactions. As

a result, the rate of cell growth in seedling roots may be significantly enhanced. Also, GA3 signaling for root growth

promotion may be mediated by CDPK13. [Modified from Konishi et al (22 )]
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