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Upon encountering nutrient stress conditions, plant cells undergo extensive metabolic changes and induce nutrient recycling
pathways for their continued survival. The role of nutrient mobilization in the response of Arabidopsis suspension cells to Suc
starvation was examined. Vacuolar autophagy was induced within 24 h of starvation, with increased expression of vacuolar
proteases that are likely to be required for degradation of cytoplasmic components delivered to the vacuole, and thus for
nutrient recycling. After 48 h of starvation, culture viability began to decrease, and substantial cell death was evident by 72 h.
To provide further insight into the pathways required for survival during Suc deficit, transcriptional profiling during Suc
starvation was performed using the ATH1 GeneChip array containing 22,810 probe sets. A significant increase in transcript
levels was observed for 343 genes within 48 h of starvation, indicating a response to nutrient stress that utilizes the recycling of
cellular components and nutrient scavenging for maintaining cell function, the protection of the cell from death through
activation of various defense and stress response pathways, and regulation of these processes by specific protein kinases and
transcription factors. These physiological and molecular data support a model in which plant cells initiate a coordinated
response of nutrient mobilization at the onset of Suc depletion that is able to maintain cell viability for up to 48 h. After this
point, genes potentially involved in cell death increase in expression, whereas those functioning in translation and replication
decrease, leading to a decrease in culture viability and activation of cell death programs.

All organisms are dependent on nutrients from the
environment for their continued viability and growth.
In plants, the availability of nitrogen in the soil and the
presence of adequate light are necessary for proper
synthesis of proteins, lipids, and polysaccharides.
Plants have evolved both general and specific systems
for survival during periods of nutrient stress that may
be brought on by extended darkness. These systems
utilize stored polysaccharides and recycled cellular
components to replace missing nutrients in order to
prevent severe decreases in the amount of respiratory
substrates and maintain important biochemical path-
ways during Suc starvation (Aubert et al., 1996).

Major responses to carbon limitation include di-
rected release of stored nutrients and degradation of
proteins, starch, and fatty acids (Journet et al., 1986;
Koch, 1996). Journet et al. performed a comprehensive
study of the biochemical changes occurring in syca-
more cells during starvation and observed a decrease
in the amount of Suc, starch, protein, and phospho- and
galactolipids, suggesting an induction of degradative

pathways for these components. This large-scale deg-
radation was accompanied by decreases in the activity
of glycolytic enzymes and a loss in respiratory capacity.
Vacuole-specific proteolysis during carbon starvation
was induced by extended periods of darkness inmaize
(Zea mays) roots and young leaves (Brouquisse et al.,
1991, 1998; James et al., 1993), with increased expres-
sion of a specific vacuolar Ser endopeptidase (RSIP),
leading to an increase in free amino acids. Fatty acid
catabolism was also found to increase during Glc
starvation in maize root tips (Dieuaide et al., 1992,
1993). Through mobilization of the breakdown prod-
ucts of these metabolic processes, the cell is able to
maintain those pathways and systems most essential
for its survival for an extended period of time.

One of the key degradative processes for survival of
eukaryotic cells during periods of nutrient starvation
is vacuolar autophagy. During autophagy, portions of
cytoplasm are transported to the vacuole or lysosome
for degradation (for review, see Huang and Klionsky,
2002), and this process is initiated by nutrient starva-
tion in fungi, plants, and animals. Carbon starvation,
and autophagy induced by carbon starvation, has been
characterized in maize root tips (Brouquisse et al.,
1991; James et al., 1993) and whole plants (Brouquisse
et al., 1998), as well as rice (Oryza sativa; Chen et al.,
1994), sycamore (Acer pseudoplatanus; Aubert et al.,
1996), tobacco (Nicotiana tabacum; Moriyasu and Oh-
sumi, 1996), and Arabidopsis (Bassham, 2002) suspen-
sion cell cultures during Suc starvation. Changes
observed in the starving cells include an increase in
the size of the vacuole, a decrease in the amount of
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cytoplasm, and an increase in the activity of vacuolar
enzymes (Moriyasu and Ohsumi, 1996). Large por-
tions of cytoplasm, including organelles, are envel-
oped by membrane-bound vesicles to form
autophagosomes and transported to the vacuole for
degradation, releasing nutrients for use in other
pathways. The loss of oxidation potential seen in
starving plant cells may also stem from the break-
down of mitochondria during this process (Journet
et al., 1986). Studies in sycamore cells, using electron
microscopy and the accumulation of phosphoryl-
choline as a marker for an increase in autophagy,
suggest that a decrease in the supply of respiratory
substrates is responsible for the onset of autophagy
(Aubert et al., 1996).
Genetic studies of autophagy in yeast (Saccharomyces

cerevisiae) have revealed a group of mutants that are
sensitive to nitrogen starvation. Autophagy in yeast
requires a unique conjugation system, involving
a number of proteins, which drives the initiation of
macroautophagy, the formation of autophagosomes,
and the control of autophagosome size (Mizushima
et al., 1998a, 1998b; Klionsky and Ohsumi, 1999;
Ichimura et al., 2000). In Arabidopsis, genes encoding
potential homologs for many of these yeast autophagy
proteins have been found. Arabidopsis knockout mu-
tants of the homologs of the yeast autophagy genes
APG9, APG7, and VTI1 showed increased sensitivity
to nitrogen deficiency and an early senescence pheno-
type (Doelling et al., 2002; Hanaoka et al., 2002; Surpin
et al., 2003).
Starvation has been shown to induce the expression

of a number of genes in various plant systems (Koch,
1996; Yu, 1999), including genes involved in transport
and degradation of nutrients. Suc starvation in cu-
cumber suspension cells increased the expression of
glyoxylate cycle genes encoding malate synthase and
isocitrate lyase (Graham et al., 1994), and carbohydrate
depletion of the roots of a Citrus reticulata hybrid led to
the induction of genes involved in Suc transport and
carbohydrate metabolism (Li et al., 2003). Genes en-
coding various vacuolar enzymes are specifically
up-regulated by Suc starvation in suspension cells
(Bassham, 2002), including invertase (Tymowska-
LalanneandKreis,1998),vacuolarprocessingenzyme-g
(VPE-g Kinoshita et al., 1999), and aleurain (Ahmed
et al., 2000), emphasizing the importance of this organ-
elle in the degradation of macromolecules. One of the
best-studied examples of Suc starvation-regulated
gene expression is the increase of a-amylases during
Suc starvation of cultured rice cells (Chen et al.,
1994), concomitant with the degradation of amylo-
plasts, suggesting an increase in starch breakdown.
A TATCCA element present in the rice a-amylase
promoters is recognized by three novel MYB tran-
scription factors that are also up-regulated by
starvation (Lu et al., 2002). The promoters of the
dark-inducible branched-chain-a-keto acid dehydro-
genase subunits are activated during sugar starva-
tion (Fujiki et al., 2000); however, they do not contain

the TATCCA cis-element, suggesting that other cis-
acting transcriptional elements are also involved in
gene expression changes during Suc starvation in
plants.

While a significant amount of information is now
available on the biochemical responses of plants to Suc
depletion, in many cases the genes responsible for
these responses and their regulation remain unknown.
Here, we characterize the physiological and morpho-
logical changes that occur in Arabidopsis suspen-
sion cells during Suc starvation and use Affymetrix
GeneChip analysis to determine the changes in gene
expression that may be responsible for these charac-
teristic effects. We have identified transcripts encoding
degradative enzymes and putative membrane trans-
porters whose levels increase dramatically during Suc
starvation, and therefore are likely to function in
starvation responses. mRNA levels for a number of
genes predicted to encode transcription factors and
signal transduction components also increased, and
these genes are potentially involved in regulation of
the observed responses. Genes known to be up-
regulated during other stress conditions were also
identified, suggesting that, in addition to specific re-
sponses, general stress response pathways are induced
during starvation. In contrast, genes encoding compo-
nents of the translational apparatus and proteins func-
tioning in cell division decreased in expression during
starvation, suggesting that these processes are spec-
ifically down-regulated during Suc starvation.

RESULTS

Changes in Cellular Morphology and Growth
during Suc Starvation of Arabidopsis
Suspension Cell Cultures

An Arabidopsis ecotype Columbia suspension cell
culture was chosen for initial studies on Suc starvation
because the cells lack mature plastids and are incapa-
ble of photosynthesis. The cells are therefore depen-
dent on the Suc in the growth medium for their sole
source of carbon. Suspension cell cultures also allow
for homogeneity in the type of tissue used for the
experiment, thus synchronizing the onset of starvation
responses. To analyze the effect of Suc depletion on cell
morphology and growth, suspension cultures were
grown for 3 d in the presence or absence of Suc.
Samples were taken at 0, 6, 24, 48, and 72 h and used
for microscopy and RNA extraction.

Light microscopy of the cells at various time points
during starvation revealed similar morphology to that
seen in previous studies in tobacco (Moriyasu and
Ohsumi, 1996) and Arabidopsis (Bassham, 2002). The
size of the vacuole began to increase and the cytoplas-
mic volume was reduced after 24 h of Suc starvation
(Fig. 1). After 48 h of starvation, much of the cyto-
plasm, including its organelles, was gone, and the
vacuolar compartment took up most of the cellular
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volume, whereas after 72 h, the incidence of cell death
increased. Autophagosome formation was observed in
the cells after 24 and 48 h of starvation (A.L. Contento,
Y. Xiong, and D.C. Bassham, unpublished data), and
an increase in expression of the autophagy marker
APG8 occurred at these time points (see Fig. 7). These
cytological changes indicate that autophagy is induced
by 24 h after transfer to Suc-free medium, and con-
tinues for at least another 24 h.

To correlate these morphological changes with
physiological activity of the cultures, respiration rate
was measured during starvation. Compared with the
0-h time point, the rate of respiration was reduced by
approximately 70% after 24 h of starvation, and still
further after 48 h of starvation to approximately 20% of
the control (Fig. 2A). By 72 h, respiration decreased
almost to zero, potentially reflecting a loss in culture
viability and cell death. In contrast, a small increase
was seen after 24 h in control (plus Suc) time courses
(Fig. 2B), possibly due to the transfer to fresh medium.
Even after 72 h, only a 30% decrease in respiration rate
was observed, indicating that control cultures are
active throughout the study. In addition, the total RNA
level in the cells remained constant for the first 48 h
of starvation, whereas after 72 h, total RNA levels
decreased dramatically (data not shown), also sug-
gesting that cell death is occurring by this time point.

To determine the viability of the culture during
starvation, suspension cells were grown in the absence
of Suc for up to 3 d, after which the medium was
replaced with medium containing Suc, and growth
continued. The fresh weight of the cells was measured
during the rescue period to evaluate recovery of the
cultures (Fig. 2C). Cultures starved for 24 h were able
to recover in a manner similar to nonstarved cultures,

but by 48 h, a decrease in the viability of the culture
was observed. The cultures starved for 48 and 72 h
never resumed growth, even after several weeks,
indicating that starvation is irreversible by 48 h. The
small increase in fresh weight of 48- and 72-h cultures
during the time course in Figure 2C may be due to an
increase in water content, rather than growth of the
cells. A similar result was observed in starved maize
root tips, where water content increased steadily dur-
ing starvation, leading to an increase in fresh weight,
even though dry weight decreased (Brouquisse
et al., 1991). To determine the percentage of living
cells, cells were stained with fluorescein diacetate
at each time point after initiation of starvation, and
the percentage of viable cells was calculated (Fig. 2D).
Control samples, washed with Suc-containing me-
dium, consistently demonstrated approximately 80%
living cells. Viability was maintained after 24 h of
starvation, while the number of living cells dropped
sharply afterward, to less than 50% after 72 h of
starvation. When the vital staining data are taken
together with the cell rescue data, it is evident that
while more than half of the cells are still living by 48 h
of starvation, and respiration is maintained at similar
rates to cultures starved for 24 h, the culture is not able
to recover. This suggests that a change in the physiol-
ogy of the cell culture is taking place between 24 and
48 h of starvation, leading to a loss of reversibility of
starvation.

Increase in Expression of Genes Encoding Vacuolar
Proteases during Starvation

A number of sugar-responsive genes have previ-
ously been identified (e.g. Sheen, 1990; Koch 1996;

Figure 1. Cellular morphology changes during Suc starvation. Arabidopsis suspension cell cultures were transferred to Suc-free
medium and subcellular structure analyzed after 0, 24, 48, and 72 h, compared with control cultures. Scale bar is equal to
50 mm.
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Fujiki et al., 2000), and typically increase in expression
rapidly after removal of Suc. However, our focus is on
nutrient mobilization processes during starvation,
rather than direct sugar regulation, and these pro-
cesses occur at much later time points after sugar
removal. Expression of genes encoding the vacuolar
proteases aleurain-like protein (AALP; Ahmed et al.,
2000) and VPE-g (Kinoshita et al., 1999) are known to
increase under conditions of stress, including Suc
starvation, potentially to break down and recycle
damaged and nonessential proteins (Bassham, 2002).
The increase in the expression of these vacuolar genes
was therefore used as a marker to determine when
nutrient remobilization occurred, using the stably
expressed autophagy 5 gene (APG5/ATG5) as a control
(Fig. 3). AALP and VPE-g transcript levels were found
to increase as the starvation time course progressed,
with maximum transcript levels observed after 48 h of
starvation, whereas no increase in expression was seen
in nonstarved control cultures. These data suggest that
an increase in vacuolar function and autophagy occurs

within 48 h of starvation in Arabidopsis suspension
cultures as a component of the nutrient stress
response.

Gene Expression Profiles in Response to Suc Starvation

From the above data, most of the morphological and
molecular responses of Arabidopsis suspension cells to
starvation occur by 48 h in Suc-free medium. We
therefore examined the changes in gene expression
that occur between 0 and 48 h of Suc starvation. RNA
was extracted fromculturesgrown for 0, 24, or 48h after
transfer to starvationmedium, or 48h inSuc-containing
medium as a control. As an additional control for
osmotic differences in the growth media, in one
sample Suc was replaced with polyethylene glycol
(PEG) to maintain iso-osmotic conditions. These total
RNA samples were used as templates for labeled
cRNA synthesis and hybridized to Arabidopsis ATH1
Genome GeneChip microarrays (Affymetrix, Santa
Clara, CA), which contain probe sets representing

Figure 2. Analysis of oxygen con-
sumption and culture viability during
Suc starvation. Suspension cultures
were grown with or without Suc for
0, 24, 48, or 72 h. The rate of respira-
tion per gram of cells was determined
for starved cells (A) and for control
cells (B). Oxygen consumption rate is
represented as a percentage of the 0-h
control sample. C, Suspension cul-
tures were starved of Suc for 0, 24,
48, or 72 h, after which they were
rescued by replacing the starvation
medium with Suc-containing me-
dium. Samples (5 mL) were taken
every 48 h after rescue for 12 d and
the fresh weight of cells was measured
for each sample. D, Suspension cell
cultures were starved for 3 d, with
5-mL samples taken every 24 h. The
cells were stained with fluorescein
diacetate and viewed under a UV
fluorescence microscope to deter-
mine the percentage of viable cells.
Error bars indicate SE.
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22,810 unique genes. Microarray Suite 5.0 (Affymetrix)
and GeneSpring (Silicon Graphics, Redwood, CA)
were used to normalize the data from each experi-
ment, and probe sets showing changes in transcript
levels in the starved cells, as compared to the non-
starvation controls, were identified.

Scatter plots comparing expression data between
biological replicates of control samples (0 h; Fig. 4A)
demonstrated that the majority (99%) of the genes
varied in expression by less than fourfold. It was
therefore decided that a fourfold cutoff would be used
to identify expression changes between samples, as
this would allow identification of differentially ex-
pressed genes with a high confidence. Genes that fell
outside of this cutoff when comparing replicate sam-
ples were excluded from further analysis. Probe sets
showing normalized signal intensities of less than 0.8

in all samples were considered to be below the limit of
detection and were not analyzed further. Figure 4, B
and C, show scatter plots of signal intensities from
24- and 48-h starved samples against the control 0-h
sample. RNA levels corresponding to many different
genes can be seen to increase or decrease dramati-
cally during Suc starvation. Genes showing a fourfold
increase or decrease in transcript levels in at least
one of the starvation samples, compared to the
0- and 48-h control samples, were identified as being
significantly induced. In addition, any transcripts
whose expression did not change in the PEG osmotic
control, as compared with nonstarved controls, were
discarded. Using these criteria, a total of 343 genes
was found to have increased mRNA levels when
subjected to Suc starvation, whereas the mRNA level
of 263 genes decreased (see supplemental data,
available at www.plantphysiol.org). The genes were
assigned a functional classification based on the
Munich Information Center for Protein Sequencing
(MIPS) database (Fig. 5; Schoof et al., 2002). Approx-
imately 40% of the genes identified are not yet
classified based on known function and/or sequence
or structure homology.

Genes Up-Regulated during Starvation

Nine of the genes that increase in expression during
starvation are classified as being involved in energy
production, including two light-harvesting chloro-
phyll a/b-binding proteins and five PSI and PSII
component proteins. A number of photosynthetic
genes have been found to be induced by sugar
starvation in maize (Sheen, 1990), and the increase in
transcript levels of these genes in our samples could be
considered a response designed to increase the level of
photosynthesis, even though the suspension culture
used is nonphotosynthetic.

Over 15% of the identified genes are involved inmet-
abolic processes including carbohydrate metabolism,

Figure 3. Transcript levels of vacuolar enzymes increase during Suc
starvation. Total RNAwas extracted from suspension cells after 0, 6, 24,
48, or 72 h of Suc starvation, or control cells grown in the presence of
Suc. RNA gel blots were probed with labeled cDNAs for the vacuole-
specific proteases aleurain (AALP; At5g60360) and VPE-g (At4g32940).
An APG5/ATG5 (At5g17290) probe and ethidium bromide-stained
rRNA were used as controls for equal loading.

Figure 4. Scatter plots of Arabidopsis ATH1 GeneChip data. Normalized signal intensities are plotted, with guide lines on each
graph representing a fourfold change, increasing or decreasing in signal, and indicating a signal intensity of 0.8, used as the lower
limit of detection. A, Two biological replicates are compared for the 0-h time point. B, Comparison of 0- and 24-h starvation
samples. C, Comparison of 0- and 48-h starvation samples. For B and C, signal intensities are the average of two biological
replicates.
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Tyr, Ile, and Val amino acid metabolism, protein and
lipid degradation, and trehalose metabolism. Numer-
ous members of various glycosyl hydrolase families
are represented in the data and may be involved in
carbohydrate degradation. Two forms of branched-
chain-a-keto acid dehydrogenase may be involved in
amino acid metabolism and have been documented as
expressed during darkness-induced starvation (Fujiki
et al., 2000, 2002). A group of putative lipases may be
involved in lipid degradation during starvation.
Twenty-four of the genes identified encode proteins
potentially involved in transport facilitation, including
a number of carbohydrate and ion transporters,
presumably for the scavenging of nutrients. These
metabolic and transport proteins are most likely
involved in a cellular response to compensate for the
Suc starvation by seeking out new sources of nutrients
and initiating the use of other metabolic substrate
pathways.
Three of the 11 trehalose-6-phosphate synthases

(TPS; Fig. 6A) and one of the 10 trehalose 6-phosphate

phosphatases (TPP; Fig. 6B) found in Arabidopsis are
significantly up-regulated upon Suc starvation. Treha-
lose 6-phosphate (T-6-P) levels have been shown to
regulate carbohydrate utilization and growth through
regulation of glycolysis (Schluepmann et al., 2003).
Schluepmann et al. have shown in Arabidopsis that
supplied sugar leads to a reduction in T-6-P levels,
which leads to decreased carbohydrate metabolism
and growth. An increase in T-6-P levels, via increased
levels of TPS, should cause an increase in carbohydrate
utilization. A knockout mutant in the TPS1 gene is
embryo lethal, indicating that this gene is required for
embryo development (Eastmond et al., 2002). Interest-
ingly, the mutant embryos arrest at the time when
deposition of storage reserves is initiated, and a dra-
matic increase in the sugar supply to the embryo occurs
in wild-type seeds, again indicating a correlation be-
tween sugar metabolism and T-6-P level. The physio-
logical function of the remaining TPS genes is as yet
unknown, but the increase in expression of three of
these genes during Suc starvation may also lead to an

Figure 5. Functional categories of genes.
Each gene was assigned a functional category
based on the known or putative function of its
protein, according to the Munich Information
Center for Protein Sequencing Functional
Category database. Pie charts show the num-
ber of probe sets identified in each category
that show at least a 4-fold increase (A) or
decrease (B) in transcript level during starva-
tion. Those categorized as unclassified, 143
probe sets for A and 104 probe sets for B, are
excluded from the pie charts for clarity.
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increase in T-6-P and therefore to enhanced carbohy-
drate metabolism.

Two TPP genes also change in expression during
starvation, one increasing and the other decreasing in
mRNA level (Fig. 6B). TPP breaks down T-6-P to
trehalose, thus having an opposing effect on T-6-P
levels when compared with TPS. When TPS and TPP
were expressed in rice as a gene fusion, an increase in
trehalose levels was observed, and the transgenic
plants showed an increased tolerance to various abi-
otic stresses (Garg et al., 2002). We also observed that
two of the TPP genes were responsive to changes in
osmotic potential (At5g10100 and At5g51460 in Fig.
6B). Clearly, much additional work is needed before
the precise function of T-6-P and trehalose in starva-
tion and other stress conditions, and the role of each of
the TPS and TPP isoforms, can be determined.

Morphological analysis of suspension cells during
Suc starvation (Fig. 1) indicated that vacuolar auto-
phagyoccurredby24hof starvation. In agreementwith
this, a transcript encoding a homolog of the yeast
APG8/ATG8 protein displayed increased transcript
levels under these conditions (Fig. 7). APG8/ATG8 in
yeast is thought to be required for lipid recruitment
and regulation of the size of autophagosomes during
autophagy (Kirisako et al., 1999, 2000; Ichimura et al.,
2000).An increase in the amountofArabidopsisAPG8/
ATG8 therefore suggests an increase in autophagy.
There are nine homologs of the yeast APG8/ATG8 gene
in Arabidopsis, but only one of them (At2g45170)
increased significantly in expression due to starvation
of the suspension cells (Fig. 7), possibly indicating
a functional specialization of members of the gene
family. A second APG8/ATG8 gene (At3g06420) in-
creased during starvation only under osmotic stress
conditions, suggesting that members of this family
may be involved in response to diverse environmental
stresses.

Thirty-nine genes with increased expression during
starvation are predicted to be involved in transcrip-
tion, including a group of 4 basic region/Leu zipper
(bZIP) motif transcription factors, 6 MYB transcription
factors, 2 WRKY transcription factors, and a RAV1
DNA-binding element (Table I). The bZIP transcrip-

tion factor family has 75 members that have been
shown to regulate processes including pathogen de-
fense, light and stress signaling, seed maturation, and
flower development (for review, see Jakoby et al.,
2002). The RAV1 DNA-binding protein has been
cloned from Arabidopsis and contains amino acid
sequence domains that are unique to plants (Kagaya
et al., 1999). No specific physiological function or
target genes are currently known for these proteins,
but the promoters of a 2-Cys peroxiredoxin gene and
an auxin-binding protein gene have been shown to
contain binding regions for RAV1. However, neither of
these genes shows increased expression in our exper-
iment. Three MYB proteins have recently been found
to mediate a-amylase expression during periods of
sugar starvation in rice (Lu et al., 2002). It is possible
that the six MYB family proteins found during this
study could have similar regulatory control in Arabi-
dopsis during nutrient stress. TheWRKY transcription
factor family has 74 members in Arabidopsis and they
have been suggested to be involved in responses to
biotic and abiotic stresses, defense responses, and
regulation of senescence (for review, see Eulgem
et al., 2000).

Thirty of the genes are known or predicted to
function in cell rescue, defense, and virulence. These
genes included reactive oxygen-scavenging enzymes
and several disease resistance proteins, and are most

Figure 6. Genes encoding trehalose metabolic enzymes change in expression during starvation. The fold change in transcript
level of TPS (A) and TPP (B) genes after 24 h (gray bars) and 48 h (white bars) was calculated from the mean intensities of two sets
of biological replicates. Error bars indicate SE. The scale is logarithmic.

Figure 7. Changes in transcript levels of putative APG8/ATG8 genes in
Arabidopsis suspension cells during Suc starvation. The fold change in
transcript level after 24 h (gray bars) and 48 h (white bars) was
calculated from the mean intensities of two sets of biological replicates.
Error bars indicate SE. The scale is logarithmic.
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likely involved in the nonspecific response to the stress
of Suc starvation in Arabidopsis cells. Catalase-3 was
found to have a large increase in expression. Of the
three Arabidopsis catalase proteins, catalase-3, a class
III catalase, is commonly found in glyoxysomes and
may be involved in the removal of the H2O2 created
during b-oxidation (Willekens et al., 1995; Dat et al.,
2000). Three genes for DnaJ proteins also show an
increase in transcript levels. The J-domain family of
proteins has 89 members in Arabidopsis and DnaJ-like
proteins can act independently or in conjugation with
DnaK and GrpE as molecular chaperones during
environmental stresses, such as heat shock (Miernyk,
2001). Interestingly, the three genes showing an in-
crease in transcript levels during Suc starvation all lie
within the same subgroup of J-domain proteins and

have all been predicted to be localized within the
plastid. It is possible that these proteins could be
involved in proper chloroplast assembly during peri-
ods of nutrient stress. Five potential disease resistance
Toll/interleukin-1 receptor class proteins (R genes)
were also found during this study. Many R genes are
involved in the local hypersensitive defense response
to pathogen attack (Meyers et al., 2002), although the
specific function of the genes that we identified is not
yet known.

Nineteen of the genes are predicted to function in
cellular communication and signal transduction (Table
II), including seven protein kinases. The transcript
levels of three of these genes, an ethylene-responsive
element-binding factor, a putative phosphatidylinosi-
tol-4-phosphate-5-kinase, and an auxin-regulated

Table I. Transcription-related genes that show a significant increase in transcript level in Arabidopsis suspension cells during Suc starvation

The fold change values reported were calculated using the mean intensities of two sets of biological replicates.

Probe Seta AGIb 24c 48d Description

260999_at At1g26580 2.15 3.68 Hypothetical protein; similar to putative MYB family transcription factor
260887_at At1g29160 2.31 3.54 Dof zinc finger protein; similar to ascorbate oxidase promoter-binding protein
260882_at At1g29280 4.92 6.55 WRKY family transcription factor
262552_at At1g31350 3.65 4.36 F-box protein family
260632_at At1g62360 5.89 3.79 Homeobox protein, putative
264942_at At1g67340 3.89 4.36 F-box protein family
260220_at At1g74650 1.91 3.68 MYB family transcription factor
259982_at At1g76410 30.63 29.54 Putative RING zinc finger protein
261395_at At1g79700 25.56 31.83 Ovule development protein, putative; similar to AINTEGUMENTA
265321_at At2g18280 3.93 8.09 F-box containing tubby family protein
266695_at At2g19810 3.96 4.54 Putative CCCH-type zinc finger protein
245078_at At2g23340 16.13 25.39 Putative AP2 domain transcription factor
265989_at At2g24260 2.35 4.09 bHLH protein
266656_at At2g25900 7.85 9.86 Putative CCCH-type zinc finger protein
258975_at At3g01970 3.30 4.18 WRKY family transcription factor
258795_at At3g04570 2.48 4.05 Expressed protein; similar to putative DNA-binding proteins
258890_at At3g05690 6.32 4.08 Putative transcription factor
256255_at At3g11280 10.14 9.51 MYB family transcription factor, putative
257265_at At3g14980 6.53 8.35 PHD-finger protein, putative
256914_at At3g23880 8.02 13.46 F-box protein family
252751_at At3g43430 5.50 7.12 Putative protein; RING-H2 zinc finger protein ATL4
252340_at At3g48920 47.63 52.86 MYB family transcription factor
252081_at At3g51910 3.98 5.94 Heat shock transcription factor HSF30
254919_at At4g11360 3.76 3.22 RING-H2 finger protein RHA1b
245331_at At4g14410 4.06 4.28 bHLH protein
254681_at At4g18140 2.80 3.86 Putative protein; HYA22 protein
253872_at At4g27410 4.68 9.62 Putative protein
253061_at At4g37610 9.86 10.66 Putative protein; SPOP
251066_at At5g01880 31.26 34.96 Putative protein; RING-H2 finger protein RHA3a
250463_at At5g10030 5.55 3.40 bZIP transcription factor, OBF4
246432_at At5g17490 5.21 5.20 RGA-like protein; putative member of the VHIID domain transcription factor family RGAL
246755_at At5g27920 3.48 5.16 F-box protein family
245925_at At5g28770 8.42 9.33 bZIP family transcription factor; similar to seed storage protein opaque-2(bZIP family)
248606_at At5g49450 13.82 12.58 bZIP family transcription factor
248618_at At5g49620 2.61 3.74 MYB family transcription factor
247868_at At5g57620 3.80 5.96 MYB family transcription factor
247696_at At5g59780 3.19 4.72 MYB family transcription factor
247199_at At5g65210 3.97 4.36 bZIP transcription factor, TGA1
247052_at At5g66700 3.76 2.32 Homeodomain transcription factor-like

aAffymetrix probe set. bArabidopsis Genome Initiative number. cFold change between the normalized intensities of 0-h Suc control sample
and 24-h Suc starvation sample. dFold change between the normalized intensities of 0-h Suc control sample and 48-h Suc starvation sample.

Arabidopsis Responses to Suc Starvation

Plant Physiol. Vol. 135, 2004 2337



protein, are all found to increase during phosphate
starvation as well (Wu et al., 2003). It is possible that
these genes may be involved in a general starvation
response, although, in contrast to Suc starvation,
phosphate starvation involves a decrease in photosyn-
thesis and carbon metabolism. However, it may be
suggested that a lack of different nutrients induces the
expression of similar genes and thus activates the
same signal transduction pathway.

Genes Down-Regulated during Starvation

Our main focus is on genes that increase in expres-
sion during starvation, as these are likely to function in
the stress response. However, an examination of genes
that decrease in mRNA level during Suc starvation
reveals a striking number of genes involved in trans-
lation (Fig. 5B). These include 19 ribosomal proteins
and two translation initiation factors, eIF4A and eIF2g
(Table III). This indicates that a general decrease in
protein synthesis may occur, particularly at later time
points during starvation, as the mRNA levels continue
to decrease throughout the time course. It is known
that, in yeast and animal cells, translational activity is
tightly linked to nutritional status and is controlled by
the target of rapamycin (TOR) kinase pathway (Barbet
et al., 1996; Proud, 2004). ATOR homolog is present in
Arabidopsis (Menand et al., 2002), and it is likely that
translation is also regulated by TOR during starvation
in plant cells.

Genes involved in cell division also decrease in
expression during Suc starvation (Fig. 5B), as might be
expected with growth arrest of the culture. These

include the Arabidopsis homologs of the DNA repli-
cation factors RPA1 (Van der Knaap et al., 1997) and
MCM3 (Stevens et al., 2002), two B-type cyclins (Ito
et al., 1998), and the cytokinesis-specific syntaxin
KNOLLE (Lukowitz et al., 1996; Lauber et al., 1997).
Each of these genes is known to be under cell cycle
control, either in Arabidopsis or in other species, and
the decrease in expression during starvation may
therefore be due to a cessation in cell division. In
addition, seven genes encoding putative histone pro-
teins were identified. As histones are synthesized pre-
ferentially during the S-phase (Callard and Mazzolini,
1997),althoughloweramountsaresynthesizedthrough-
out the cell cycle, the reduced expression during
starvation could again be linked to cell division
arrest.

Analyses of Expression Profiles of Up-Regulated Genes

The expression patterns of the 343 starvation-
induced transcripts were classified into three groups,
using k-means cluster analysis and Pearson correla-
tions corresponding to (1) an increase in RNA level
from 24 to 48 h; (2) a decrease from 24 to 48 h; and (3)
no change between 24 and 48 h of starvation (Fig. 8).
As might be expected, genes involved in metabolism
and transcription, the two categories containing the
highest number of genes, were spread throughout the
three groups. In contrast, most of the genes classified
as functioning in membrane transport and those in
stress responses and defense were found in groups 1
and 3, with very few genes showing a decrease in ex-
pression at the later time points. These gene products,

Table II. Cellular communication and signal transduction-related genes that show a significant increase in transcript level in Arabidopsis
suspension cells during Suc starvation

The fold change values reported were calculated using the mean intensities of two sets of biological replicates.

Probe Seta AGIb 24c 48d Description

263657_at At1g04440 4.89 6.48 Putative casein kinase I
262531_at At1g17230 2.42 7.05 Putative Leu-rich receptor protein kinase
260855_at At1g21920 3.15 4.71 Phosphatidylinositol-4-phosphate-5-kinase, putative
260974_at At1g53440 3.57 4.56 Receptor-like Ser/Thr kinase, putative
260774_at At1g78290 10.00 12.97 Ser/Thr protein kinase, putative
267477_at At2g02710 6.21 7.64 Putative receptor-like protein kinase
266019_at At2g18750 3.24 4.93 Calmodulin-binding protein
267254_at At2g23030 7.74 13.16 Putative protein kinase
266324_at At2g46710 4.89 4.09 Putative rac GTPase-activating protein
257892_at At3g17020 2.52 4.10 Expressed protein; similar to ER6 protein
251665_at At3g57040 3.53 5.37 Response reactor 4
254901_at At4g11530 6.30 4.79 Ser/Thr kinase-like protein (fragment); receptor-like protein kinase RLK3
250981_at At5g03140 4.32 7.35 Receptor like protein kinase
250697_at At5g06800 1.87 3.55 Putative protein; contains similarity to transfactor
246028_at At5g21170 6.50 5.47 AKIN beta1
249550_at At5g38210 3.22 3.67 Wall-associated kinase 4 (wak4)
249361_at At5g40540 2.70 3.63 Protein kinase ATN1
247790_at At5g58720 2.71 3.80 Putative PRL1-associated protein
247540_at At5g61590 15.19 17.63 Ethylene-responsive element-binding factor-like ERF5_ARATH

aAffymetrix probe set. bArabidopsis Genome Initiative number. cFold change between the normalized intensities of 0-h Suc control sample
and 24-h Suc starvation sample. dFold change between the normalized intensities of 0-h Suc control sample and 48-h Suc starvation sample.
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therefore, appear to be required throughout the time
course, indicating that nutrient scavenging and gen-
eral stress responses continue even during extreme
starvation conditions. Strikingly, a large number of the
genes predicted to function in disease resistance or
pathogen response increased in expression through-
out the time course. A characteristic feature of plant-
pathogen responses is cell death, and one possibility is
that the increase in expression of these genes plays
a role in the loss of culture viability seen after 48 h of
starvation. Several potential plasma membrane aqua-
porins also increase at 48 h, and it is possible that these
proteins cause changes in membrane permeability
leading to cell death. Brouquisse et al. (1991) measured

the intracellular osmolarity in excised maize root tips
during Suc starvation and saw a sharp decrease in
osmolarity concomitant with loss of reversibility of the
starvation responses. They proposed that this is likely
to be due to a rapid increase in permeability of the
plasma membrane and tonoplast, eventually causing
cell death, and a similar process may be occurring in
our suspension cultures. Genes involved in signal
transduction showed perhaps the most interesting
trend, with subsets of transcripts increasing or de-
creasing between 24 and 48 h of starvation, but very
few remaining constant in expression between these
times. This suggests that distinct signaling pathways
are activated at different starvation time points, and

Table III. Genes involved in protein synthesis showing a significant decrease in transcript level in Arabidopsis suspension cells during Suc
starvation

The fold change values reported were calculated using the mean intensities of two sets of biological replicates.

Probe Seta AGIb 24c 48d Description

256065_at At1g07070 22.48 24.99 Ribosomal protein, putative; similar to ribosomal protein L35a GI:57118 (Rattus
norvegicus); supported by full-length cDNA: Ceres: 2778.

263691_at At1g26880 22.57 24.86 60s ribosomal protein L34; identical to GB:Q42351, location of EST 105E2T7,
gb|T22624; supported by full-length cDNA: Ceres:7182.

265147_at At1g51380 22.08 25.76 Eukaryotic translation initiation factor 4A (eIF-4A), putative; contains DEAD/DEAH box
helicase; similar to PIR:S71280 from (Arabidopsis)

259678_at At1g77750 22.64 23.80 Putative 30S ribosomal protein S13; similar to putative 30S ribosomal protein S13,
chloroplast precursor GB:P42732 (Arabidopsis)

266061_at At2g18720 21.29 24.98 Translation initiation factor eIF2g subunit, putative
266980_at At2g39390 22.26 24.43 60S ribosomal protein L35; supported by full-length cDNA: Ceres:11583.
266822_at At2g44860 22.17 23.59 60S ribosomal protein L30; supported by full-length cDNA: Ceres:34564.
259130_at At3g02190 22.28 23.61 Putative ribosomal protein L39; similar to ribosomal protein L39 GB:P51424

(Arabidopsis); supported by full-length cDNA: Ceres:946.
258521_at At3g06680 22.83 26.50 Ribosomal protein L29, putative; similar to 60S ribosomal protein L29 GB:P25886 from

(Rattus norvegicus)
258532_at At3g06700 22.72 25.88 Ribosomal protein L29, putative; similar to ribosomal protein L29 GI:7959366 (Panax

ginseng); supported by full-length cDNA: Ceres:315.
258296_at At3g23390 22.10 23.89 Putative ribosomal protein; similar to ribosomal protein L41 GB:AAA34366

(Candida maltosa); supported by full-length cDNA: Ceres: 13557.
252643_at At3g44590 22.94 25.13 Acidic ribosomal protein P2-like; acidic ribosomal protein P2, maize, PIR:S54179
252287_at At3g49080 22.29 24.38 30S ribosomal protein S9-like; similar to 30S ribosomal proteins
251538_at At3g58660 22.91 25.45 Putative protein; PBK1 protein, Homo sapiens, EMBL:HSA7398; supported by cDNA:

gi_17979348
255657_at At4g00810 22.67 24.32 Acidic ribosomal protein p1; similar to acidic ribosomal protein p1; supported by

full-length cDNA: Ceres:26442.
255455_at At4g02930 22.09 23.89 Mitochondrial elongation factor Tu
254981_at At4g10480 22.61 24.77 Putative alpha NAC; stung similarity to nascent polypeptide associated complex

a-chain-human, PIR2:S49326; supported by cDNA: gi_15027908_gb_AY045811.1_
254763_at At4g13170 22.76 25.52 Ribosomal protein L13a-like protein; ribosomal protein L13a, Lupinus

luteus, PID:e1237871; supported by cDNA: gi_15529277_gb_AY052263.1_
245311_at At4g14320 21.85 23.59 Ribosomal protein; supported by full-length cDNA: Ceres: 18153.
254355_at At4g22380 22.29 25.76 Ribosomal protein L7Ae-like; NHP2/RS6 FAMILY PROTEIN, Homo sapiens,

PID:g4826860; supported by cDNA: 2673.
253598_at At4g30800 23.79 27.85 Ribosomal protein S11-like; ribosomal protein S11, Arabidopsis, PIR2:C35542;

supported by cDNA: gi_15028244_gb_AY046037.1_
247900_at At5g57290 21.91 23.55 60S acidic ribosomal protein P3; supported by full-length cDNA: Ceres: 8695.
247739_at At5g59240 23.49 27.28 40S ribosomal protein S8-like; 40S ribosomal protein S8, Prunus armeniaca,

EMBL:AF071889
247566_at At5g61170 22.33 23.93 40S ribosomal protein S19-like; 40S ribosomal protein S19, Oryza sativa,

SWISSPROT:RS19_ORYSA

aAffymetrix probe set. bArabidopsis Genome Initiative number. cFold change between the normalized intensities of 0-h Suc control sample
and 24-h Suc starvation sample. dFold change between the normalized intensities of 0-h Suc control sample and 48-h Suc starvation sample.
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the kinetics of activation of these pathwaysmay hint as
to their role in the nutrient stress response.

The promoter regions (1,000 nucleotides upstream
of the start codon) of genes in each of the three groups
were examined for the presence of common regulatory
elements using the AlignAce program (Hughes et al.,
2000). However, no clear candidates for cis-acting
motifs were obtained. In addition, promoters were
analyzed for known motifs in the PLACE database
(Higo et al., 1999) using the Signal Scan program
(Prestridge, 1991). Several of the genes in group 1 had
a large number (up to 11) of WRKY transcription factor
binding motifs in their upstream regions, and two
WRKY transcription factors are also in this group,
suggesting that they may be involved in the regulation
of these genes. However, these motifs are commonly
found within the genome, and the significance of this
finding remains to be determined experimentally.

Verification of GeneChip Expression Data

Northern-blot analysis was used to verify the in-
creased transcript levels of eight genes identified by
the GeneChip analysis: RAV1 DNA-binding protein
(RAV1), catalase-3 (CAT3), a putative phosphatidyl-
inositol-4-phosphate-5-kinase-like protein (PI4P-5K),
a Ser/Thr protein kinase (STPK), a potential auxin-
regulated protein kinase (AUX), a sugar transporter
(SUG), a bZIP family transcription factor (OBF4), and
an ethylene-responsive element-binding factor (ERF5).
These genes were chosen to represent diverse
functional categories and various overall transcript
levels. In each case, the trend in transcript level was
the same for the northern-blot hybridizations and
GeneChip analysis (Fig. 9A).

As several of these genes are members of gene
families that could potentially cross-hybridize with
the above probes, the results were confirmed by re-
verse transcription (RT)-PCR using transcript-specific
primers (Fig. 9B). The identity of the RT-PCR products
was confirmed by DNA sequencing. In each case,
a good correlation was observed between the RNA

blots, RT-PCR, and GeneChip analysis (Fig. 9B), con-
firming that the GeneChip analysis has reliably iden-
tified specific genes whose transcript levels increase
during carbon starvation.

DISCUSSION

Suc Starvation in Arabidopsis Suspension Cells Induces
Increases in the Transcript Levels of 343 Genes

In this study, we report increases in the transcript
levels of 343 distinct genes that we hypothesize are
involved in the response to Suc starvation in Arabi-
dopsis suspension cells. Zero-, 24-, and 48-h starvation
time points were chosen for GeneChip analysis, based
on the observation that most of the morphological
changes of the suspension cultures occurred between
24 and 48 h after transfer to Suc-free medium, and that
the increase in expression of vacuolar enzymes showed
similar kinetics. Cluster analysis revealed that the
genes showing an increase in mRNA level during
starvation showed three possible expression patterns.
Twenty-two genes showed a significant decrease in
transcript levels between 24 and 48 h of starvation, and
84 genes showed a significant increase. The transcripts
showing a decrease in expression after 24 h may po-
tentially be involved with the initiation and regulation
of the nutrient mobilization and recycling responses
that occur at this time. These transcripts encode
proteins with a wide variety of potential functions,
including the SUC1 Suc transporter, a bZIP transcrip-
tion factor, a homeodomain protein, andTPP.After 24 h
of Suc starvation, they may be down-regulated during
a shift to a response for the increasing severity of the
nutrient stress. Processes that respond to these increas-
ing levels of nutrient stress or that are involved in cell
death may regulate the genes that showed an increase
in expression after 24 h. Examples of these genes
include three of the cytochrome p450 family genes,
a putative heat shock transcription factor, and RAV1.
These proteins could be required for a rising metabolic
response to nutrient starvation or the activation of

Figure 8. Expression patterns observed over a 48-h Suc starvation time course. Three distinct patterns of gene expression were
identified in the subset of genes that were up-regulated by Suc starvation, illustrated by plotting relative signal intensity for 0-h
control and 24- and 48-h Suc starvation samples. A, A significant increase in signal intensity from 24 to 48 h is observed. This
pattern correlates with k-means cluster group 1. B, A decrease in relative signal intensity is seen between the 24- and 48-h
starvation samples. This pattern correlates with k-means cluster group 2. C, No significant change in signal intensities is seen
between the 24- and 48-h starvation samples. This pattern correlates with k-means cluster group 3.
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proteins designed to deal with the increasing level of
stress. Surprisingly, expression ofmost of the genes did
not change between 24 and 48 h, suggesting that many
of the processes involved in the plant response to Suc
starvation are maintained between 24 and 48 h.
One point that needs to be considered is the transi-

tion, occurring between 24 and 48 h of starvation, from
a survival response to cell death, evident in the loss of
culture and cell viability (Fig. 2). Autophagy is
induced in the starved cultures by 24 h (Figs. 1 and
7), presumably to recycle nutrients for cell survival,
and continues throughout the time course. In mam-
malian cells, autophagic or type II programmed cell
death has been characterized as showing the morpho-
logical hallmarks of autophagy (Bursch et al., 2000),
although the relationship between the mechanism of
autophagy as a survival response and autophagic cell
death has been the subject of some debate. Recently,
two proteins involved in autophagy, ATG7 and
Beclin1, identified originally in yeast as being required
for survival during starvation (Kametaka et al., 1998;
Mizushima et al., 1998b), have also been shown to
function during autophagic cell death in mammals (Yu

et al., 2004). This indicates that starvation-induced
autophagy and autophagic cell death share at least
some of the same machinery. In plants, cell death with
morphological characteristics of autophagic cell death
has been observed (Lam, 2004), and it is possible that
a similar mechanism is responsible for cell death at
later time points during Suc starvation.

Suc Starvation May Induce Changes to Carbohydrate
Metabolism and Degradation of Proteins and Fatty Acids
as Alternate Sources of Respiratory Substrates

With Suc as the sole carbon source and an inability
to perform photosynthesis, the cells used in this study
were forced to seek alternative sources of metabolic
substrates to maintain cellular respiration. a- and
b-galactosidases, as well as a number of other glycosyl
hydrolases, showed increased transcript levels. This
may suggest an attempt to switch to other types of
carbohydrate metabolism, as an alternative source of
metabolic substrates, by the suspension cells. Tran-
scripts encoding enzymes involved in Tyr (homo-
gentisate 1,2-dioxygenase), Ile, Leu, Val, (a-keto acid
dehydrogenase), Lys (Lys-ketoglutarate reductase),
and Arg catabolism (Orn aminotransferase) also in-
crease during starvation. Increases in proteolysis have
already been witnessed in starving maize root tips
(James et al., 1993). This, coupled with the observed
increase in the transcript levels of carboxypeptidases,
suggests an increase in proteolysis and possible utili-
zation of amino acids from unnecessary proteins as
another source of carbon and/or energy to maintain
vital functions in the starving cells. This protein
degradation is likely to occur at least in part in the
vacuole, as vacuolar autophagy increases during star-
vation by both morphological criteria (Fig. 1) and
increase in expression of the autophagy-specific gene
APG8/ATG8 (Fig. 7).

Increases in the transcript levels of a phospholipase,
a triacylglycerol lipase, a putative lipase, and tran-
scripts for genes involved in fatty acid oxidation
suggest a possible increase in the breakdown of fatty
acids as well. It has been reported that b-oxidation
increases in plants during carbon starvation (Dieuaide
et al., 1992, 1993), and transcript levels for aperoxisomal
acyl-CoA synthase and a peroxisomal acyl-CoA
oxidase, shown to be unique to plants and involved
in short-chain acyl-CoA oxidation (Hayashi et al.,
1999), increase under our experimental conditions.
Acyl-CoA oxidase is a hydrogen peroxide-generating
enzyme, and the increase in transcript for the per-
oxisomal catalase-3 may be in response to excess
hydrogen peroxide produced by an increase in
b-oxidation. A potential increase in Ile, Leu, and Val
degradation is suggested by induction of two mito-
chondrial a-keto acid dehydrogenase (BCKDH) tran-
scripts. Products from this degradation must feed
into b-oxidation in order to be completely catabo-
lized (Graham and Eastmond, 2002). An increase in
transcript levels of an a-dioxygenase-peroxidase

Figure 9. Verification of GeneChip expression data by RNA blot
analysis and RT-PCR. Total RNA from Arabidopsis suspension cell
cultures after 24- and 48-h Suc starvation (24 and 48), and 0- and 48-h
nonstarved controls (01 and 481) was used for RNA blot hybrid-
izations (A) and for RT-PCR reactions (B) for eight genes identified by
the GeneChip analysis as induced during starvation. The genes chosen
were: At1g13260 (RAV1), a DNA-binding protein; At1g20620 (CAT3),
catalase-3; At1g21920 (PI4P5K), a phosphoinositol-4-phosphate-5-
kinase; At1g78290 (STPK), a Ser/Thr kinase; At2g33830 (AUX), a puta-
tive auxin-regulated protein kinase; At4g36670 (SUG), a sugar trans-
porter; At5g10030 (OBF4), a bZIP transcription factor; and At5g61590
(ERF5), an ethylene-responsive element-binding factor. The Arabidopsis
APG5/ATG5 gene (At5g17290) was used as a loading control in both
experiments.
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suggests thata-oxidation also increases.Hamburget al.
(1999) have suggested that a-oxidation is involved in
the induction of the plant response to pathogens,
and the products of a-oxidation may also act as
signals for the response to nutrient stress. Overall,
these results indicate an apparent switch toward the
degradation and oxidation of fatty acids in carbon-
starved cells.

Like Suc starvation responses, senescence also in-
volves the breakdown of macromolecules and mobi-
lization of nutrients, in this case to different parts of
the plant. Parallels may therefore be drawn between
these two processes and it has been suggested that
senescencemay be induced by sugar depletion in some
species (Yoshida, 2003). Four senescence-associated
genes showed altered expression levels during star-
vation, two increasing and two decreasing (see sup-
plemental tables; Oh et al., 1996; Panavas et al., 1999;
Quirino et al., 1999), suggesting that these genes may
in fact be responding to changes in Suc concentration.
A comparison of gene expression profiles during
starvation with expression profiles during senescence
of leaves or flowers reveals some similarities, such as
an increase in catalase-3 (Swidzinski et al., 2002),
several transcription factors (At2g23340, At5g10030,
At5g65210; Chen et al., 2002), and genes potentially
involved in lipid metabolism and protein degradation
(Bhalerao et al., 2003; van Doorn et al., 2003). However,
the majority of genes studied do not show similar
trends during senescence and starvation, indicating
that while senescence and starvation responses share
some common pathways, these processes also have
unique features and requirements, as might be ex-
pected due to their distinct physiological roles in stress
and development.

Increased Levels of Transcription Factors and Proteins

Involved in Signal Transduction May Activate and
Regulate the Responses to Suc Starvation in
Arabidopsis Suspension Cells

A recent microarray study of Arabidopsis transcrip-
tion factors has determined that many of the factors
found in this species are multifunctional for responses
to environmental stresses and hormones (Chen et al.,
2002) and, in concurrence with these results, 39
potential transcription factor genes displayed in-
creased transcript levels in our study. These include
several genes of the bZIP family, members of which
have been shown to be involved in light and stress
signaling and seed maturation (for review, see Jakoby
et al., 2002). One of the bZIP factors is from a group of
proteins that may regulate seed storage protein pro-
duction and responses to environmental or patho-
gen stresses. Another three of the bZIP proteins are
from a group linked to defense against pathogens
and development. Two WRKY transcription factors
were also identified. WRKY proteins bind to the
(T)(T)TGAC(C/T) W-box motif (de Pater et al., 1996),
and members of the protein family have been shown

to be expressed during plant wounding (Hara et al.,
2000), and as early regulators of plant defense (Eulgem
et al., 1999). Of the two genes identified, WRKY45 is
also up-regulated in response to pathogen infection
and salicylic acid (Dong et al., 2003), implicating this
factor in regulation of diverse stress responses,
whereas the expression pattern of WRKY65 is un-
known. Considering that the WRKY family has 74
members in Arabidopsis, it is likely that these two
WRKYproteins are involved in the regulation of gene
expression during carbon nutrient stresses. These
transcription factors may be involved in the regulation
of the many metabolic and stress-related proteins that
were induced during starvation.

One well-characterized system of transcriptional
regulation during starvation is the expression of
amylase genes in rice. The amylase3 promoter contains
a TATCCA element that has been shown to serve as an
enhancer for sugar starvation-induced expression (Lu
et al., 2002). Variants of the TATCCA element are
found upstream of 18 amylase genes isolated from
various plant species (Yu, 1999) and other sugar
starvation- induced genes, such as the cucumber
malate synthase and isocitrate lyase genes (Graham
et al., 1994) and the maize Suc synthase gene (Koch,
1996). These findings suggest that the TATCCA ele-
ment could be a common cis-regulatory element used
during sugar starvation. Three novel rice MYB tran-
scription factors were shown to bind to the TATCCA
region and mediate a-amylase expression (Lu et al.,
2002). None of the starvation-induced genes above
increased substantially in expression under our exper-
imental conditions; however, several potential MYB
transcription factors showed an increase, and may
function in the up-regulation of a subset of the
identified starvation-induced genes. Future study of
these transcription factors should lead to a better
understanding of their targets and the pathways that
they regulate.

Regulation of starvation responses is likely to in-
volve signaling cascades, typically involving a series
of protein kinases. While these pathways are often not
transcriptionally controlled, a number of genes pre-
dicted to function in cellular communication and
signal transduction increase in expression during Suc
starvation. These genes include a large group of
protein kinases, a phosphatidylinositol-4-phosphate-5-
kinase-like protein, and several proteins known to
play a role in hormone-signaling pathways. The
precise function of these proteins, and whether some
of the observed starvation responses are hormonally
controlled, remains to be determined.

Genes Functioning in Translation, Metabolism,

and Cell Division Are Down-Regulated
during Starvation

A number of ribosomal protein genes show signif-
icant decreases in mRNA level during starvation. In
addition, two putative translation initiation factors
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also decrease in expression, together suggesting that
translation activity declines over the starvation time
course. In all eukaryotes, the TOR kinase is thought to
act as amaster regulator ofmultiple nutrient starvation
responses, including autophagy, protein synthesis,
ribosome biosynthesis, and some transcriptional
responses (Raught et al., 2001). During starvation,
TOR is inactivated, leading to inhibition of translation
both by direct inactivation of translation initiation
factors and by the inhibition of transcription of ribo-
somal protein and translation initiation factor genes
(Cardenas et al., 1999; Powers andWalter, 1999). TOR is
present in Arabidopsis; however, a T-DNA knockout
mutation in the TOR gene is embryo lethal (Menand
et al., 2002), and its function in nutrient stress responses
is therefore difficult to assess. We hypothesize that
the observed decrease in expression of a large number
of ribosomal protein genes, concomitant with the
induction of autophagy, may be due to the action of
the Arabidopsis TOR protein, as seen in yeast and
animal cells.
A second notable group of down-regulated genes is

those that are known or expected to be cell cycle-
regulated. Two mitotic B-type cyclins that probably
function in cell cycle progression (John et al., 2001)
are included, as is the syntaxin homolog KNOLLE
(Lukowitz et al., 1996), required for the fusion of trans-
port vesicles to form the cell plate during cytokinesis.
Genes encoding two proteins involved in DNA repli-
cation also decrease in expression. RPA1 is required
for DNA repair as well as replication in yeast (Umezu
et al., 1998) and thus plays a role in both stress

responses and cell division. A rice homolog has been
implicated in DNA replication and is highly expressed
in proliferating cells (van der Knaap et al., 1997),
suggesting a similar function in plants. The MCM3
protein functions in yeast at the G1/S transition in the
initiation of DNA replication (Tye, 1999), and Arabi-
dopsis MCM3 is transcriptionally regulated in a cell
cycle-dependent manner (Stevens et al., 2002). In
addition, several histone proteins show a decrease in
mRNA level after Suc starvation; histones are known
to be more highly expressed during DNA replication
(Callard and Mazzolini, 1997). It is likely that the
change in expression for these genes is due to the
inhibition of growth of the cell cultures in the absence
of Suc (Fig. 2).

As might be expected during a period of Suc limita-
tion, genes involved in some aspects ofmetabolismalso
decrease in expression, including those potentially
involved in glycolysis, the pentose phosphate pathway,
andnucleotide, amino acid, and fatty acid biosynthesis.
This suggests that certain metabolic pathways are
suppressed to conserve resources during nutrient star-
vation. This resembles the suppression of metabolism
observed in situations of dormancy,whereunnecessary
metabolic pathways are shut down to allow survival
until environmental conditions are encountered that
are favorable for resumption of growth (Bewley, 1997;
Shimizu andMori, 1998; Pnueli et al., 2002). The extent
of this similarity at the level of gene expression remains
to be determined.

It should be noted that, while a number of genes that
have previously been reported to be regulated by Suc

Table IV. Primers used

AGIa Product Sequence

At5g60360 AALP FOR 5#-ACCATCAGGCATTTGGAAAA-3#
REV 5#-TCTTCCCCATCTCCATCTTG-3#

At4g32940 VPE-g FOR 5#-CGGATCTAGCGGATATTGGA-3#
REV 5#-TCAGGAAGAAGCCCTTCAAA-3#

At3g30774 PRODH FOR 5#-ATGGCAACCCGTCTTCTCCGAACAA-3#
REV 5#-TTACGCAATCCCGGCGATTAATCTC-3#

At5g17290 APG5/ATG5 FOR 5#-CGAAGGAAGCGGTCAAGTAT-3#
REV 5#-ATCACCGTTCATGACAGAGG-3#

At1g13260 RAV1 FOR 5#-GTCGACATGGAATCGAGTAGCGTTGAT-3#
REV 5#-CCTAGGTTACGAGGCGTCAAAGATGCG-3#

At1g20620 CAT3 FOR 5#-GTCGACATGGATCCTTACAAGTATCGTCCTTCAAGC-3#
REV 5#-GCGGCCGCCTAGATGCTTGGCCTCACGTTCAGACGGCT-3#

At1g21920 PI4P-5K FOR 5#-GTCGACATGGAAAAACAGGCGAAGCTA-3#
REV 5#-CCTAGGTCAACTTTGACAAAATTTACC-3#

At1g78290 STPK FOR 5#-GTCGACATGGAGAGGTACGAAATAGTC-3#
REV 5#-CCTAGGTCACAAAGGGGAAAGGAGATC-3#

At2g33830 AUX FOR 5#-GTCGACATGTGGGATGAAACTGTAGCC-3#
REV 5#-CCTAGGTCAACGGTGCTTGCTCCTAGT-3#

At4g36670 SUG FOR 5#-GTCGACATGGCCGATCAAATCTCCGGC-3#
REV 5#-CCTAGGCTAAGCTGCACCGTTTTCGCC-3#

At5g10030 OBF4 FOR 5#-GTCGACATGAATACAACCTCGACACAT-3#
REV 5#-CCTAGGTTACGTTGGTTCACGTTGCCT-3#

At5g61590 ERF5 FOR 5#-GTCGACATGGAGACTTTTGAGGAAACG-3#
REV 5#-TCTAGATTAGTTTGATGACGATGATGA-3#

aArabidopsis Genome Initiative number.
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starvation were also identified in our analysis (e.g.
several din genes [Fujiki et al., 2000] and glycosyl
hydrolases [Lee et al., 2004]), others did not show
a significant change in our experiments. This may be
due partially to differences in experimental design;
our aim was to identify genes involved in starvation
responses and, in particular, nutrient mobilization,
rather than sugar-regulated genes, and thus an ex-
tended starvation period was used. In addition, differ-
ences between plant species are evident; for example,
the glyoxylate cycle genes, malate synthase and iso-
citrate lyase, are up-regulated during starvation of
cucumber cultured cells (Graham et al., 1994), but
show no increase during starvation of Arabidopsis.
Finally, we excluded genes that appeared to be regu-
lated by osmotic conditions from our analysis. Several
of the genes identified by Lee et al. (2004) were
excluded in this manner and may, in fact, respond to
osmotic changes or, most likely from our data, a com-
bination of osmotic and starvation stresses.

In conclusion, we have identified a group of genes
showing significant changes in transcript level during
a 48-h period of Suc starvation in Arabidopsis sus-
pension cells. Many of the genes that increase in
expression appear to be involved in nutrient mobili-
zation and scavenging, responses apparently intended
to allow survival under nutrient-limiting conditions.
Some of the predicted transcription factors and sig-
naling molecules identified are expected to function in
the regulation of these responses. In addition, a num-
ber of genes previously shown to be regulated by
biotic or abiotic stress conditions were up-regulated,
suggesting that general stress response pathways are
induced as well as those specific to Suc starvation. In
contrast, genes that function in translation and repli-
cation decreased in expression during starvation. The
amount and activities of the encoded proteins will
now have to be determined to confirm the significance
of the transcriptional regulation. However, in yeast,
polysome microarray analysis of TOR-regulated re-
sponses has indicated a surprisingly strong correlation
between increases in gene transcription and transla-
tion, providing an amplification of responses, termed
potentiation (Preiss et al., 2003), and validating the use
of transcriptional analysis to identify pathways
induced under specific conditions. The challenge
now will be to determine the physiological and bio-
chemical functions of the identified genes and path-
ways, both at the cellular level and in the context of the
whole plant. The characterization of the phenotypes of
knockout mutants in genes up-regulated by starva-
tion, both in terms of the whole-plant response when
grown under nutrient stress conditions and the bio-
chemical and molecular changes that result from the
mutation, should allow the elucidation of the role of
the gene in the starvation response. In the case of
putative transcription factors, identification of the
subset of genes that are regulated by each factor, either
by transcriptional profiling of knockout mutants or
transgenic plants overexpressing the factor, transient

expression analysis, or in vitro DNA-binding analysis,
will be critical in determining its function in survival
during starvation. Analysis of the contribution of the
induced pathways to the tolerance of nutrient stress
will lead to a clearer understanding of the global
response to starvation in plants.

MATERIALS AND METHODS

Growth of Arabidopsis Suspension Cell Cultures

An Arabidopsis Columbia-0 suspension cell culture was obtained from Dr.

S.B. Gelvin and maintained by subculturing weekly into 50-mL of Murashige

and Skoog Minimal Organics medium (Gibco-BRL, Gaithersburg, MD), 2%

(w/v) Suc, 1 mg mL21 naphthalene acetic acid (Sigma-Aldrich, St. Louis), and

50 ng mL21 kinetin (Sigma-Aldrich). Cultures were grown in Erlenmeyer

flasks at room temperature, under ambient light, with constant shaking

(115-rpm rotation).

Suc Starvation Treatment of Suspension Cell Cultures

All starvation time courses were begun using suspension cells 3 d after

subculturing, at an approximate cell density of 2 3 105 cells mL21. Cultures

were washed three times with either Suc-containing medium for control

samples, medium lacking Suc for starvation samples, or medium containing

0.058 M polyethylene glycol (PEG 4000) for osmoticum-replaced samples.

After the third wash, 50 mL of the appropriate medium were added and the

cells were grown for up to 72 h on a rotational shaker using the conditions

described above. Samples (2 mL) were removed for morphological analysis

and RNA extraction after 0, 6, 24, 48, and 72 h.

Measurement of Respiration Rate

One-milliliter samples from suspension cultures starved for 0, 24, 48, and

72 h, and control cultures grown in Suc-containing medium, were pelleted and

the fresh weight determined. Cells were then resuspended in the appropriate

fresh medium (1 mL). Oxygen consumption was measured using an O2

electrode (Rank Brothers, Bottisham, Cambridge, UK) at 25�C and recorded

by a Houston Instrument Chart Recorder (GTCO CalComp, Columbia, MD).

Data were converted into nM O2 consumed per min and standardized by total

fresh weight. Each experiment was repeated three times.

Fluorescein Cell Viability Assay

For fluorescein staining (Chaves et al., 2002), 5-mL samples of Suc-

starvation and control cultures were taken after 0, 24, 48, and 72 h. The

medium was removed from each sample and replaced with 5 mL of

phosphate-buffered saline. Fluorescein diacetate in ethanol was added to

each sample to a concentration of 2.5 mgmL21, followed by incubation at room

temperature for 3 min. The samples were then placed on ice and 300 cells from

each sample were analyzed using UV fluorescence microscopy. Fluorescing

cells were counted as living.

Culture Viability Assay

After Suc starvation of suspension cultures for 0, 24, 48, and 72 h, as

described above, the starvation medium was replaced with Suc-containing

medium, and growth continued. Five-milliliter samples were taken every 48 h

for 12 d, and cell volume and fresh-cell mass were measured for each time

point.

Total RNA Isolation and Northern-Blot Analyses

Suspension cell samples were collected, the mediumwas removed, and the

cells were stored at 280�C until RNA extractions were performed. Total RNA
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for northern-blot analysis, RT-PCR, and GeneChip microarray analysis was

isolated using a TRIzol extraction method (http://www.science.siu.edu/

plantbiology/PLB420/DNA.Techniques/TRIzol.method.html), followed by

the RNeasy Clean-Up protocol (Qiagen, Valencia, CA), as recommended by

the University of Iowa DNA Core Facility, to obtain the best results for use

with Affymetrix’s GeneChip Expression Analysis system (Affymetrix, Santa

Clara, CA). Northern-blot analyses were performed using probes consisting of

radiolabeled cDNA fragments corresponding to At5g60360 (AALP; Ahmed

et al., 2000), At4g32940 (VPE-g; Kinoshita et al., 1999), At3g30775 (PRODH;

Nakashima et al., 1998), and At5g17290 (APG5/ATG5). All primers used in this

study are listed in Table IV. Hybridization was performed using the manu-

facturer’s protocol for UltraHyb solution (Ambion, Austin, TX).

GeneChip Analysis and Expression Data Processing

RNA was isolated from suspension cells starved for 0, 24, or 48 h, from

cells grown for 48 h in the presence of Suc, and from 48-h starved cultures

containing 0.058 M PEG 4000 as an osmotic control. In each case, RNA was

pooled from three independent experiments and used to synthesize cRNA,

which was hybridized to an ATH1 Arabidopsis GeneChip microarray

(Affymetrix) containing 22,810 probe sets. Two independent biological

replicate microarray hybridizations were performed for all samples, except

for the 48-h no-Suc plus PEG 4000 sample. Each replicate was from an

independent starvation time course, started from different subcultures, and

performed at different times. Synthesis of cRNA, hybridization to the ATH1

GeneChips, chip scanning, and data accumulation were performed at the

University of Iowa DNA Core Facility, using the Affymetrix-recommended

protocol. Data were accumulated using Affymetrix’s MicroArray Suite

version 5.0. Relative expression intensities were generated in the form of

average difference values. GeneSpring (Silicon Genetics, Redwood, CA) was

used for data normalization, data visualization, and cluster analysis. Using

GeneSpring, the median expression level of each chip was normalized to

a value of 1 by dividing each measurement for each probe set by the 50th

percentile of all measurements on that chip. MicroArray Suite 5.0 calculated

the 50th percentile using the average difference of all probe sets labeled

present in at least one sample. Normalized values less than 0 were set to 0.

Fold change was calculated by dividing the average difference for each

experimental starvation sample by the average difference for the untreated

0-h sample. Probe sets with a fourfold (rounded up) or greater change in

expression levels in either of the Suc starvation samples compared with the

0- and 48-h controls were identified. A normalized intensity value of 0.8 was

used as a cutoff for reliable detection, and also removed a negative bias in

lower intensity values when comparing scatter plots of replicate samples from

different hybridizations. Probe sets that did not also show a change in

transcript level of at least 2-fold (rounded up) in the starvation samples

containing PEG 4000, as compared to the 0- and 48-h controls, were discarded

as potentially being due to osmotic differences. Using these criteria, transcript

levels for 343 unique genes were found to increase during starvation, whereas

263 genes showed a decrease in transcript level. The probe sets for the up-

regulated genes were used to perform k-means cluster analysis, using five

clusters, with 100 iterations, comparing similarity by Pearson correlation.

Individual Pearson correlations were also performed using a 0.95 minimum

correlation based on the characteristic expression patterns of the following

probe sets: At3g48360 (set1), At1g66280 (set 2), and At1g20620 (set 3). Four of

the five clusters were combined into two separate clusters, based on the

similarity in their expression patterns and comparison with the Pearson

correlations for the individual probe sets.

Verification of GeneChip Data by Northern-Blot

Hybridization and RT-PCR

Oligonucleotide primers were designed for eight gene transcripts

(At1g13260, At1g20620, At1g21920, At1g78290, At2g33830, At4g36670,

At5g10030, and At5g61590) that showed an increase in expression in the

starvation samples, according to the GeneChip data. First-strand cDNA was

synthesized from 2 mg of DNase-treated total RNA from suspension cells

using Superscript II Reverse Transcriptase (Invitrogen, Carlsbad, CA), fol-

lowed by PCR amplification. The products were ligated into the pGEM-Teasy

vector system (Promega, Madison, WI) and gene identity was verified by

DNA sequencing performed at the Iowa State University DNA Sequencing

and Synthesis Facility. RT-PCR samples were used to semiquantitatively

determine the relative amount of product by visualization using DNA agarose

electrophoresis. The products were also used as probes for northern-blot

hybridization analysis, as described above.

Upon request, all novel materials described in this article will be made

available in a timely manner for noncommercial research purposes.
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