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Abstract

Plants often grow in soils that contain very low concentrations of
the macronutrients nitrogen, phosphorus, potassium, and sulfur. To
adaptand grow in nutrient-deprived environments plants must sense
changes in external and internal mineral nutrient concentrations
and adjust growth to match resource availability. The sensing and
signal transduction networks that control plant responses to nutri-
ent deprivation are not well characterized for nitrogen, potassium,
and sulfur deprivation. One branch of the signal transduction cas-
cade related to phosphorus-deprivation response has been defined
through the identification of a transcription factor that is regulated
by sumoylation. Two different microRNAs play roles in regulating
gene expression under phosphorus and sulfur deprivation. Reactive
oxygen species increase rapidly after mineral nutrient deprivation
and may be one upstream mediator of nutrient signaling. A number
of molecular analyses suggest that both short-term and longer-term
responses will be important in understanding the progression of sig-
naling events when the external, then internal, supplies of nutrients
become depleted.
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INTRODUCTION

Plants are a diverse group of organisms in part
because of the many different environments
in which they grow and to which they are
adapted. Environmental change occurs due to
location, seasonal variation, and daily, weekly,
monthly, and yearly changes in climate. Plant
diversity in genetic architecture, gene expres-
sion, and physiological adaptations is very
large (31). Plants are anchored in one place
for most of their life cycle and therefore must
be able to adapt to a range of abiotic and bi-
otic stresses. Variation in soil nutrient com-
position is found in agriculture systems and
in natural environments and ranges from an
extreme lack of nutrients in soils (e.g., 43), to
soils containing optimal amounts of fertilizer,
and to soils with excess nutrients.

To provide a framework for understand-
ing plant adaptation to the range of nutrients
found in soils, one may consider two different
modes of plant growth and metabolism. One
mode is when plants grow under nutrient-
sufficient conditions where mineral resources
are not limiting. Growth proceeds at optimal
rates and it may be relatively easy for plants to
acquire nutrients and water from soils where
sunlight is abundant. When nutrients become
limiting, growth is reduced and plants alter
certain aspects of their acquisition, utiliza-
tion, and morphology to maximize and ac-
quire scarce resources. Plant species respond
differently to nutrient limitations based on the
environment in which they evolved (40). Re-
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sponses to nutrient limitations also depend on
the nutrient, such as whether it is mobile or
immobile in the soil (48). Crop plants have
been bred over the past 30-40 years under
high nutrient conditions and have high intrin-
sic growth rates and yield. Such characteristics
may not be the most suitable for lower input
environments. Plant response to the depriva-
tion of essential mineral nutrients is fairly well
described, but an understanding of how plants
sense and signal changes (at the cellular or
whole-plant level) in the availability of nutri-
ents is lacking.

As fertilizer becomes more expensive and
as farmers reduce fertilizer usage because of
the negative environmental impacts, it will be
important to gain a better understanding of
how crop plants can be designed to grow more
efficiently in environments with lower nutri-
ent inputs (39). In addition, access to fertil-
izers in developing countries is limited (116),
soit could be helpful to create higher-yielding
crop plants that are adapted to a lower input
environment.

In this review we mainly discuss the events
that lead to plant responses to nutrient-
deficient conditions. First, we discuss gen-
eral features of deficiency to the macronutri-
ents. Second, we cover what is known about
sensing and signaling phosphorus, nitrogen,
potassium, and sulfur deficiency. This field of
plant research is still in its infancy and has
mainly focused on the downstream responses
to nutrient deprivation. As such there is still
scope for many fundamental discoveries that
will be important to basic and more applied
aspects of plant biology.

TIMING

One of the many open questions in nutrient
signaling is the progression of events and the
importance of early versus later signals. Plants
respond to nutrients by altering their physi-
ology and morphology (48). Responses vary
over time and also with the nutrient deficiency
encountered. Compared with pathogen re-
sponse where important signaling events
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occur very rapidly after infection (67), impor-
tant signaling events are likely to occur both
very soon (less than six hours) and much later
(days or weeks) after nutrient deprivation.

When plants are deprived of nutrients,
the root is usually the primary site of per-
ception. Early signals in response to nutri-
ent deprivation may occur when external con-
centrations of nutrients are reduced and the
later signals may be initiated when internal
stores of nutrients are reduced below a critical
level. At the earliest time points after depri-
vation, changes in membrane potential may
be a dominant effect. During potassium de-
privation root cells become hyperpolarized
(128), whereas with phosphate- (22), sulfate-
and nitrate-deprivation cells become depolar-
ized. It is not yet clear how plant cells decode
these changes in membrane potential. Under
natural conditions nutrients become depleted
slowly in soils due to the activity of roots over
time or a lack of soil moisture. Soils may also
lack a certain mineral nutrient, roots may en-
counter a patch of soil thatis enriched in nutri-
ents, and other variations in soil fertility may
occur. In the laboratory the imposition of nu-
trient stress can be rapid. This occurs when
plants are transferred to conditions lacking
or very low in nutrients. As soils become de-
pleted of nutrients or under laboratory con-
ditions, plants will not immediately become
deficient because of their ability to remobilize
potassium from the vacuole or phosphorus,
nitrogen, or sulfur from molecules contain-
ing those minerals or the vacuole.

Some clues to how plants respond to nutri-
ent deprivation over time come from several
gene expression studies that have used short
and longer time courses. Some of the ear-
liest responses to nutrient deprivation come
from a study on phosphorus, potassium, and
iron starvation of roots (150). After one hour
of deprivation the expression of a number
of genes changed (150). In that study, genes
encoding mitogen activated protein (MAP)
kinases, a transcription factor, and a 14-3-3
protein were upregulated, but their role in sig-
naling or adaptation to low nutrients has not

yet been determined. In another study, Ara-
bidopsis thaliana plants were deprived of phos-
phorus for a short time (4 h) and a longer time
(28 and 100 h) and changes in gene expression
were studied using an 8K GeneChip™ (42).
The conclusions from that study were that
the short-term transcriptional responses in
leaves appeared to be more related to general
stresses than specifically to nutrient depriva-
tion. Long-term responses were considered to
be more specific for phosphorus deprivation.
In that study, shoot phosphorus concentra-
tions were significantly lower in the deprived
plants between 24 and 72 h after depriva-
tion (42). In published microarrays charac-
terizing sulfur deprivation, the earliest time
point studied is 24 h after deprivation, but it
is known that sulfate transporters are induced
after 6 h of deprivation (156). Based on the sul-
fate transporter gene induction data, itis likely
thatimportant early signaling factors have yet
to be identified.

Plant roots in particular will rapidly sense
changes in nutrient composition, which will
lead to changes in gene expression in 60 min
orless. Changes in the tissue concentrations of
nutrients do not appear until later. Therefore,
a decrease in the tissue concentration of a nu-
trient acts as a marker for the later events that
occur in response to nutrient deprivation. Lit-
tle is known about the consequences of short-
or long-term sensing or signaling in response
to nutrient deprivation, so definitive conclu-
sions cannot be drawn regarding the rela-
tive importance of short-term and long-term
responses.

CROSS TALK AND SPECIFICITY
OF RESPONSE

The interaction between nutrients for up-
take and the imbalances caused by the de-
ficiency of one mineral are well-described
phenomena (84). For example, sulfur and ni-
trogen are tightly interrelated on the level
of plant metabolism (44). In some plant
species a decrease in sulfate disrupts nitro-
gen metabolism, resulting in high levels of
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ROS: reactive
oxygen species

Figure 1

nitrate in leaves (109). Ammonium is known
to interact with potassium for uptake (118),
and that interaction may be genetically deter-
mined (11).

Evidence for interactions are also found in
numerous molecular studies. In one study on
potassium-deprivation, nitrate transporters
were downregulated (4). In another simi-
lar study, ammonium transporters were up-
regulated by potassium deprivation (82). Al-
though the interaction between similar-sized
cations ammonium and potassium is expected,
the link between nitrate and potassium is
less obvious. However, during long-term de-
privation of potassium changes in nitrogen
assimilation may cause increased glutamine
and decreased glutamate concentrations (3).
Short-term (6 h) potassium deprivation in
corn leads to the rapid upregulation of an
NRT2 homolog in corn (D. Schachtman
& K. Huppert, unpublished), suggesting
that factors other than changes in nitro-
gen metabolism may act on nitrate-sensing
mechanisms.

Cross talk between potassium and phos-
phorus deprivation has been demonstrated

Reactive oxygen species increases in Arabidopsis roots after 24 h of nutrient
deficiency. Red fluorescence overlays of brightfield root images are shown
for (#) nutrient-sufficient, (») sulfur-deficient, and () potassium-deficient
Arabidopsis wild-type, Col-0 roots after incubation with 50 uM DFFDA.
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in tomato. Genes encoding a MAP ki-
nase, transcription factors, and nutrient trans-
porters were all induced by potassium and
phosphorus deprivation (150). Analysis of
phosphorus-deprived plants also showed that
the upregulation of sulfur transporters and
iron transporters occurred over the long term
(93). The increased sulfur uptake may be re-
quired for sulfolipid synthesis, which to a cer-
tain extent replaces phospholipids. A decrease
in iron transporter expression was linked to
the increase in iron content in plants over
time (93). Although one study on shoot tran-
scriptional responses to nitrogen, phospho-
rus, and potassium noted very few overlapping
changes in genes expression (42), a 2.5-fold
cutoff was used to select up- and downreg-
ulated genes; therefore, important overlap-
ping changes may have been overlooked. An-
other study showed that the expression of the
gene encoding the response regulator AAR6
was upregulated by nitrogen, phosphorus, or
potassium deprivation (17). Thus, shared nu-
trient signaling transduction pathways can be
expected. Evidence also suggests that some
genes are more specifically regulated in re-
sponse to the deprivation of a particular
nutrient (42, 125).

Although most studies on reactive oxygen
species (ROS) have focused on leaves, some
work has shown that nonphotosynthetic tis-
sues such as roots or tubers also undergo
an oxidative burst due to pathogen challenge
(141) or deprivation of nutrients (125). The
production of ROS in roots is a common fea-
ture in response to nitrogen, phosphorus, and
potassium deprivation (125, 126). In this re-
view we present data showing that ROS is
also produced when plants are deprived of sul-
fur (Figure 1). Although this response occurs
due to the deprivation of several macronu-
trients, it appears that there are some differ-
ences in localization as well as differences in
the molecules that produce the ROS (125).
One specific NADPH oxidase, AtrbohC, ap-
pears to be the main source of ROS pro-
duced in response to potassium deprivation
(125). When this gene is inactive, ROS is still
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produced under conditions of nitrogen and
phosphorus deprivation.

The amount of ROS visualized after 30 h
of sulfur deprivation in roots was greater
than in sulfate-sufficient roots (Figure 1) and
the localization was similar to potassium- or
nitrogen-deprived roots (125, 126). The in-
volvement of ROS in sulfur signaling may be
more complex than that of potassium depri-
vation because the ascorbate-glutathione cy-
cle that is downstream of sulfate assimilation
is involved in the removal of H,O,. Changes
in the reduced glutathione (GSH) pool de-
pend on the supply of sulfate and correlate
inversely with the activity of key components
of the sulfate assimilation pathway (68). GSH
pools become depleted under sulfur starva-
tion; therefore, the reduction of dehyroascor-
bate to ascorbate is limited by decreased GSH
availability (57). In contrast, GSH is not de-
creased under nitrogen and phosphorus star-
vation and ascorbate content is increased (57).
Direct evidence showing that ROS is a sig-
naling component in sulfur-starved plants is
not yet available. However, in Bacillus subtilis
several genes involved in sulfur assimilation
and synthesis of sulfur-containing amino acids
were induced by adding paraquat or by expo-
sure to O?~ (98). The regulation and inter-
action between ROS and GSH ascorbate im-
pact the synthesis of plant hormones such as
salicylic acid, gibberellins, abscisic acid, and
ethylene (18, 107), which may signal plant re-
sponse to nutrient deficiency. Although ROS
plays a role in nutrient signaling in roots (125,
126), the differences in GSH and ascorbate
production may provide some specificity to
each nutrient deficiency.

The consequences of ROS production in
roots are not well understood. Calcium may
be part of this signal transduction cascade act-
ing both upstream (141) and downstream (97)
of the ROS production. Although calcium is
not required for ROS production by NADPH
oxidases in plants, the activity of these proteins
is modulated by calcium (113), presumably
through binding to putative calcium-binding
sites (59). One consequence of ROS produc-

tion may be changes in gene expression (125,
142). ROS production may also directly al-
ter the function of proteins through modifi-
cation of thiols as well as lead to alterations in
the redox state of the cell, which would lead
to downstream changes in proteins that sense
the redox state of the cell. In the longer term,
ROS has important consequences that lead to
aerenchyma formation in nutrient-deprived
roots (60), which may be an important adapta-
tion that lowers the cost of maintaining roots
(23).

PHOSPHORUS

Phosphorus deprivation is probably the
most widely studied macronutrient deficiency.
Studies on plant response to phosphorus de-
privation are ecologically and agriculturally
important because in many parts of the world
soils are low in available phosphorus due
to numerous factors including immobility,
low solubility, or lack of the mineral (119).
Several recent reviews have focused on as-
pects of phosphate sensing and transcriptional
changes in response to phosphate deprivation
(1, 28, 138). Another area of major interest is
the change in root development in response
to phosphorus deprivation (79), which is a
mechanism for increasing phosphorus acqui-
sition. Upstream regulators of changes in root
morphology or architecture involve the hor-
mones auxin and ethylene (75, 80, 81, 101,
152). One important factor involved in mul-
tiple signal transduction pathways in plants is
phospholipase D (PLD) (148). Studies of mu-
tants revealed that PLD is involved in reg-
ulating root development under phosphate
deprivation (74).

Several studies using microarrays describe
the transcriptional responses that occur when
plants are deprived of phosphate (42, 93, 147,
150). These microarray experiments confirm
what was previously known about plant re-
sponse to phosphate deficiency and extend
the number of known phosphate responsive
genes. When plants are deprived of phos-
phate, scavenging systems are activated to
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recover phosphate from lipids and nucleic
acids. As a result, lipid composition shifts
from phospholipids to more galacto- and
sulfolipids, ribonucleases recover phosphate
from nucleic acids, acid phosphatase activ-
ity increases, and phosphate transporter genes
are induced (138). These are well-known
downstream responses to phosphorus depri-
vation. Less is known about phosphate sens-
ing and signaling.

Promoter analysis of genes that are re-
sponsive to phosphate deficiency (93) showed
the presence of phosphate starvation response
1 (PHR1) binding sites. PHR1 is a Myb
transcription factor involved in certain as-
pects of response to phosphorus deprivation
(112) (Figure 2). PHRI contains a single
MYB domain and a predicted coiled-coil do-
main that may be involved in dimerization
that binds to an imperfect palindromic se-
quence (P1BS element: GNATATNC) in cer-
tain promoters. PHR1 was identified through
the mutagenesis of lines containing a pro-
moter (AtIPST) driving the expression of 3-

glucuronidase (GUS) that is upregulated by
phosphate deprivation. The expression of
PHRI itself is not very responsive to phos-
phate deprivation and therefore it is thought
to be downstream in the phosphate signal
transduction pathway. PHRI also plays a role
in phosphorus homeostasis under nutrient-
sufficient conditions (Figure 2). This con-
clusion is based on the finding that phrI-1
plants have lower phosphorus content than
wild types under nutrient-sufficient condi-
tions (112). The promoter element to which
PHRI1 binds, an 8-nucleotide imperfect palin-
dromic sequence, is significantly enriched in
many genes expressed under inorganic phos-
phate (Pi)-deprived conditions (9, 112). Con-
firmation of the importance of this promoter
region for gene induction due to phosphate
starvation was provided by promoter dele-
tion studies of an inducible phosphate trans-
porter from barley (122). Although many
phosphate starvation-induced genes contain
the GNATATNC motif (28), the expression
of some of these genes is attenuated and not
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completely abolished in the phrl knockout.
Therefore, it is likely that other transcrip-
tion factors may act together with PHRI in
a combinatorial fashion (136), or that other
redundant Myb transcription factors are also
involved (112).

PHRI belongs to a larger gene family that
includes 11 homologs in Arabidopsis. A second
member of this family is rapidly induced by
phosphorus deprivation (140). Recent stud-
ies using microarray technology and qPCR
identified additional genes that are regulated
by PHRI (9). These genes include transcrip-
tion factors, known phosphate starvation-
inducible genes, and genes encoding proteins
involved in lipid metabolism. Although these
genes may not be directly regulated by PHR1,
they do provide an important entry point for
further characterization of one branch of the
signal transduction pathway in response to
phosphorus deprivation (Figure 2).

One intermediate link in the signal trans-
duction cascade from PHRI to the func-
tion of high-affinity phosphate transporters
is the phosphate transporter traffic facilitator
(PHF1I) (38). This gene encodes a protein in-
volved in the exiting of phosphate transporters
from the endoplasmic reticulum to eventually
function in the plasma membrane (38). When
plants are deprived of phosphate the genes
encoding several different phosphate trans-
port proteins are upregulated. PHF1 is in-
volved in the localization of these transporters
to the plasma membrane (38). This facilitator
protein may be specific for phosphate trans-
porters because it is required for localization
of one phosphate transporter, but not an aqua-
porin (38). The gene encoding the facilita-
tor protein contains the PHR binding motif,
and the upregulation of PHFI is attenuated,
but not abolished, in the phrl mutant, again
suggesting that other transcription factors are
involved in the expression of these phosphate
responsive genes, which may provide com-
plexity in their regulation.

Although PHRI is not regulated at the
transcriptional level, the function of this
factor is regulated by sumoylation. SIZI1

functions as a small ubiquitin-like modifier
(SUMO) E3 ligase (94) that contributes to
the transfer of a peptide to a substrate. The
conjugation of a SUMO peptide influences
protein function by a number of different
mechanisms (100). Under phosphate-starved
conditions, SIZ1 plays a transient role in the
activation of PHR1 (Figure 2), which al-
ters the expression of some genes that are
activated by this transcription factor (94).
SIZ1 also acts as a repressor of phosphate-
deficiency responses because the sizI knock-
out has increased lateral root and root hair
growth, increased root-to-shoot ratios, and
greater anthocyanin accumulation in response
to phosphate deficiency. The hypothesis that
phosphate starvation-inducible genes are re-
pressed was previously proposed (99). sizl
knockout plants exhibit a defect in the sig-
nal transduction pathway of phosphate sens-
ing because these responses are observed even
though internal phosphate concentrations are
maintained at wild-type levels.

Another posttranscriptional mechanism
for regulating plant response to phos-
phate deprivation is a microRNA (miR)
miR399 that targets a putative ubiquitin-
conjugating enzyme (UBC) whose expression
is reduced under deprived conditions (33)
(Figure 2). Overexpression of miR399 leads
to increased phosphate accumulation under
nutrient-sufficient conditions. The increased
accumulation appears to be due to a defect
in the remobilization of phosphate in leaves
(16) similar to the phenotype of the phosphate
over accumulator mutant pho2 (20). Studies
show that pho2 (20) contains a mutation in the
gene encoding the UBC targeted by miR399,
which suggests that the ubiquitination of spe-
cific targets is necessary for the repression
of certain phosphorus-deficiency responses
(6,9).

To understand and elucidate phosphate
signaling pathways in plants, it is important
to consider both local and systemic responses
to low phosphate. Mineral deficiencies usu-
ally first impact the roots and then trans-
mit signals either to leaves [as with chemical
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signaling under drought (151)] or the shoots
themselves become nutrient deficient. The
Arabidopsis pdr2 mutant provides one example
of local phosphate-sensing responses in plants
(139). The pdr2 mutant alters response to low
phosphate in a root-specific manner and does
not alter shoot growth. This mutant grows
normally under phosphorus-sufficient condi-
tions but is unable to maintain root meristem
activity under Pi-deprived conditions even
though internal concentrations of phosphate
were similar to the wild type. The pdr2 mutant
also supports the concept that plants have dif-
ferent programs for growth in sufficient and
deficient conditions.

The allocation of phosphate between roots
and shoots is an important systemic response
to phosphate limitation. In split-root exper-
iments where the shoot and half the roots
maintain sufficient concentrations of Pi, the
deprived portion of the roots do not exhibit
phosphate starvation responses (8, 12). The
sufficient phosphate levels in shoots can sup-
press some of the deprivation responses in
roots. One gene involved in the root-to-shoot
allocation of phosphate is At4 (85), which
is induced by phosphate deprivation and ex-
pressed primarily in roots. The function of the
gene product is unclear. It may produce small
peptides or exert control through the RNA
itself (124).

In phosphorus deprivation, it appears that
the inorganic ion itself is sensed by plants. Ev-
idence for this comes from experiments such
as those on pdr2 and also from experiments
with phosphite. Phosphite is an analog of in-
organic phosphate (13, 14) that suppresses
the phosphate starvation responses such as in-
creased anthocyanin production and the ac-
tivation of phosphatases, ribonucleases, and
root hair growth. Suppression of the star-
vation responses occurs in the presence of
phosphite even though plant growth is greatly
reduced; therefore, it appears that phosphite-
grown plants do not sense the phosphate
deprivation.

Some systemic and local responses to
phosphate deprivation may be controlled by
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the phytohormone cytokinin. Cytokinin lev-
els decrease when plants are starved of Pi (49)
and the reduced flow of cytokinin to leaves
likely plays an important role in the resource
allocation shift in favor of more root growth.
However, it is not known how the low Pi sig-
nal is translated into the downregulation of
cytokinin synthesis. At the local level in the
roots certain genes that are normally induced
by Pi deprivation are repressed by exogenous
application of cytokinin (85), whereas other
responses such as the stimulation of root hair
growth are still enhanced even in the pres-
ence of this hormone. This highlights the
multiple signals and signaling pathways that
control plant responses to phosphate depriva-
tion. Using the promoter of a gene induced by
phosphate deprivation (A#IPSI), changes in
repression due to cytokinin were identified us-
ing a mutational screening strategy (30). The
mutants identified were those that showed
AtIPS1:GUS expression in the presence of
kinetin. A mutation in CREI was responsi-
ble for determining the degree of cytokinin
sensitivity. CREI is a cytokinin receptor (51)
that is involved in repression of phosphate
starvation-induced genes (Figure 2), provid-
ing further evidence for the hypothesis (99)
that starvation responses are repressed under
nutrient-sufficient conditions. A second cy-
tokinin receptor was also identified as being
involved in Pi sensing, demonstrating the re-
dundant roles that these receptors may play in
the signal transduction pathway (29).

NITROGEN

Nitrogen and carbon metabolism are linked
and therefore cross talk between the signal
transduction pathways that regulate nitrogen
assimilation and carbon metabolism is ex-
pected. Systems analysis provides new insights
that should help to further elucidate these
complex networks (106, 129). To date, much
work on nitrogen sensing has focused on the
metabolic and morphological responses to the
addition of nitrate, in particular the induction
of nitrogen metabolism (121, 129, 146, 147,
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149) and long-distance signaling and trans-
porter responses (26). The root responses to
nitrate are well documented, and even though
the transporter NRT?2.1 was reported to be in-
volved in nitrate sensing or transduction (77)
in roots, a more recent report suggests an
alternative role for NRT2.1 (111). Plant re-
sponses and signal transduction pathways for
nitrogen limitation are poorly understood be-
cause experiments that focus on the switch
from nitrogen-sufficient to -deficient condi-
tions have received less attention. However,
the importance of nitrogen limitation cannot
be overstated as nitrogen-use efficiency is a
critical future goal for agriculture because of
the need for enhanced stewardship of the en-
vironment and for more efficient use of an
increasingly expensive input (34).

PII is potentially a key protein involved in
the sensing of internal nitrogen supply. PIL is a
homolog of the well-characterized Escherichia
coli protein involved in the nitrogen regula-
tory system (50, 96). The protein PII in E.
coli is encoded by the G/nB gene, which inter-
acts with other proteins to regulate glutamine
synthase (GS). In plants, much of carbon and
nitrogen metabolism occurs in the chloroplast
where PII is localized (50). The plant PII ho-
molog interacts with N-acetyl glutamate ki-
nase, which is a key enzyme specifically in-
volved in arginine biosynthesis (15, 24) and in
nitrogen metabolism in general.

Nitrate may be a key molecule that is
sensed by plants (as with phosphate) and is
involved in controlling the ratio of roots to
shoots (120). A highly significant correlation
was found between leaf nitrate and shoot:root
ratios (120). Another important factor in
root-to-shoot allocation that is influenced
by nitrogen is the hormone cytokinin (134).
Cytokinin levels increase when plants are sup-
plied with nitrogen and decrease when de-
prived. Cytokinins play a potentially impor-
tant role in root-to-shoot communication as
they are synthesized in roots and are well
correlated with observed changes in biomass
allocation between roots and shoots (114).
Possible response regulators downstream of a

cytokinin receptor have been identified, sup-
porting a role for cytokinin in nitrogen re-
sponses (115, 135).

Under nutrient-deprived
phosphorylation also plays a key role in

conditions,

fine-tuning plant responses. In wheat, a gene
encoding an SNFI kinase is upregulated
by nitrogen, phosphorus, and sulfur defi-
ciency (117). This kinase is also induced
by cytokinin, even though cytokinin levels
would be expected to decline under nitrogen
deficiency. Another phosphorylation event
and potential signaling cascade regulated by
nitrogen deprivation is the phosphorylation
and conversion of the nitrate transporter
CHLL1 to a high-affinity mode (78). The
kinase that phosphorylates CHL1 has not
been identified but will be an important
component for understanding the signal
transduction cascade in response to nitrogen
Phosphylation and dephos-
phorylation are also known to activate and

deprivation.

inactivate nitrate reductase (56). More work is
needed to identify the networks of phospho-
rylated proteins and their downstream targets
involved in the nitrogen signal transduction
cascade.

In addition to sensing nitrate, plant cells
may also sense carbon status, which leads
to the regulation of key nitrate transporters
NRT?2.1 and NRT1 (69). A key metabolite in-
volved in nitrogen metabolism is glutamate.
The presence of multiple glutamate receptors
in plant genomes (66) may indicate the po-
tential importance of this metabolite in initi-
ating signal transduction cascades. However,
the role of glutamate receptors or glutamate
is only beginning to be elucidated. Antisense
lines of AtGLRI.1 displayed conditional phe-
notypes in response to changes in carbon to
nitrogen ratios. A model was presented that
suggests that this receptor regulates abscisic
acid (ABA) biosynthesis during seed germina-
tion, which is stimulated by nitrate and inhib-
ited by sucrose (58). Glutamate also leads to
changes in cation fluxes (21) as well as changes
in root growth (25, 144). At this time these
putative receptors cannot be placed in signal
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transduction cascades. Glutamine is another
key metabolite linked to nitrogen metabolism
that plays roles in metabolic regulation and
possibly signal transduction (130).

Some indications for possible signal trans-
duction networks can be found in studies
on global transcriptional changes after two
days of nitrogen deprivation and MADS-box
transcription factors after 2.5 days of nitro-
gen deprivation (35, 121). Global transcrip-
tional changes to nitrogen deficiency were
mainly described in terms of changes that oc-
curred after reintroduction of nitrate (121),
and therefore discussion of this rich data set
on the transcriptional changes in response to
nitrogen deprivation is beyond the scope of
this review. However, extensive changes were
found after two days of nitrogen deprivation,
including a large number of transcription fac-
tors and kinases (see the supplemental ta-
ble in Reference 121). A previously identi-
fied MADS-box transcription factor, ANRI,
which was identified as being induced by ni-
trate, is actually upregulated by nitrogen de-
privation and not rapidly repressed by nitrate
(after 3 h of nitrate) (35). Seven other MADS-
box transcription factors are also upregulated
by nitrogen deprivation, but to a lesser extent
(3%).

An Myb transcription factor thatis a mem-
ber of the PHR family of transcription fac-
tors in plants (112) was found to be upreg-
ulated by nitrogen deprivation (140). These
Myb factors likely play important roles in
the signaling of nitrogen deprivation. Other
Mybs in the R2R3 family have also been
shown to be responsive to nitrogen depri-
vation (95), but their targets or physiologi-
cal roles are unknown. Gene expression data
provide potential components of signal trans-
duction pathways, but additional work will
be required to link these components into
networks.

POTASSIUM

Potassium is a macronutrient required in large
quantities by plants and is the most abun-
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dant cation in plant cells. One difference be-
tween potassium and the other macronutri-
ents discussed in this review is that potassium
is not metabolized or incorporated into other
macromolecules. It does, however, play a role
in the activation of enzymes. This should
simplify how plants respond to low potas-
sium because the scavenging responses are
limited to remobilization from intracellular
compartments such as the vacuole or from
older tissues. As with nitrogen and sulfur re-
sponse to nutrient deprivation, very little is
known about signaling pathways and the sen-
sors of potassium deprivation in plants (3). In
bacteria, specific sensors for potassium have
been identified (131). In E. co/i, phosphory-
lation plays a central role in the sensing of
potassium deficiency. KdpD is a sensor ki-
nase that undergoes autophosphorylation and
transfers a phosphoryl group to a response
regulator KdpE (145). This response regula-
tor controls the expression of an operon cod-
ing for a high-affinity potassium uptake sys-
tem in FE. coli. The sensor kinase transduces
changes in turgor caused by low potassium
(59).

Few known potassium transporters are
upregulated by potassium deprivation (5,
82), but after 6 h of deprivation Arabidopsis
plants exhibit a shift to high-affinity potas-
sium uptake (126). This shows that plants
rapidly sense the changes in external potas-
sium. At least two transporters are upreg-
ulated by potassium deprivation, including
a high-affinity potassium uptake transporter
(HAKS) (2, 36, 126) and KEAS (126), which
may be involved in remobilization of potas-
sium from the vacuole. In Arabidopsis, the
high-affinity potassium transporter that is in-
duced by potassium deficiency (2, 36) is also
regulated by ROS. Therefore, upstream sig-
nal transduction components for plant re-
sponse to potassium deprivation include ROS
(126).

A weak transcriptional response to potas-
sium deprivation, even after 96 h, was ob-
served in a microarray study (36) and this may
suggest that posttranslational mechanisms
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contribute to the signal transduction networks
involved in the response to potassium depriva-
tion. After two weeks of growth on potassium-
free medium, Arabidopsis plants exhibited a
stronger transcriptional response with about
600 genes potentially upregulated and down-
regulated (4). After two weeks of depriva-
tion plants developed visual symptoms due to
reduced tissue concentrations of potassium.
Upon changes in tissue potassium concentra-
tions, it is likely that the activity of certain en-
zymes requiring potassium may be reduced.
Pyruvate kinase is one such enzyme that has
been suggested to potentially play a key role
as an internal potassium sensor (3).

The importance of posttranscriptional
regulation was recently demonstrated
through the isolation of the gene encoding
an SnRK3 kinase (CIPK23) that interacts
with two calcineurin B-like proteins (CBL1
and CBL9) to regulate a potassium channel
by phosphorylation and increase potassium
uptake under both controlled and deprived
conditions (73, 155). The upstream factors
that trigger the phosphorylation of this
potassium channel are unknown. However,
this new finding implicates calcium in the
signal transduction pathway in response to
potassium deprivation because the CBLs
contain an EF hand for calcium binding (73,
155). Further support for the role of calcium
comes from experiments on potassium-
deprived roots that showed a number of
genes encoding “calcium-related” proteins,
including a calcium-dependent protein
kinase, a calcium ATPase, and a calmodulin
binding protein, were up- and downregu-
lated 2 and 6 h after potassium deprivation
(R. Shin and D.P. Schachtman, unpublished).
In yeast, many nutrient-regulated kinases
have been identified (153). It is likely that
more phosphorylation-related events will be
found to be involved as part of the signal
transduction pathway in response to nutrient
deprivation.

ROS are a component of the signal trans-
duction pathway in roots in response to low
potassium (125, 126). ROS are necessary for

root hair growth (27) and are involved in root
elongation (76) and gene expression under
potassium-deprived conditions (125). Using
an NADPH oxidase mutant, certain genes in-
volved in response to potassium deprivation
were shown to be dependent on ROS pro-
duction whereas other potassium responsive
genes were independent of ROS (126). The
upstream factors involved in the initiation of
ROS production are unknown, but calcium is
one candidate.

The hormonal responses to potassium de-
privation include ethylene, jasmonic acid (JA),
and auxin. After 6-30 h of potassium de-
privation, the expression of genes encoding
ethylene biosynthetic enzymes and ethylene
production in potassium-deprived roots in-
creased (125). This hormonal response is pre-
sumably downstream from unknown factors
in the signal transduction network. The con-
sequences of increased levels of ethylene are
unknown. Although auxin may play a role in
controlling the expression of potassium chan-
nels (108), it is not yet clear whether auxin
levels change in potassium-deprived Arabidop-
sis. However, the DR5-GUS reporter gene
expression, a marker for auxin localization,
changes in potassium-deprived roots (143).
Changes in auxin localization, concentrations,
or sensitivity could also lead to the reduced
lateral root growth observed over a longer
time course of potassium deprivation (4, 126).
Long-term potassium starvation resulted in
the conspicuous upregulation of genes linked
to JA and defense. This occurred after plants
showed visual symptoms of potassium depri-
vation, which may link this late response to
other general stress signaling pathways (4).

SULFUR

Sulfur metabolism has been extensively stud-
ied from many angles (61, 71). This section
addresses how sulfur metabolism is regulated
under sulfur deficiency and what is known
about the upstream signal components of sul-
fate assimilation. Sulfate is taken up and then
assimilated to cysteine and reduced in the
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chloroplast (72). There are five functional
subgroups of sulfate transporters in Arabidop-
sis (127). As with other mineral nutrient trans-
porters, the expression of these high-affinity
sulfate transporters is upregulated by sulfate
deficiency and they facilitate uptake of sulfate
from soil when sulfate is less available (86, 90,
132, 133). Recently, an ethylene insensitive-
like (EIL) transcription factor, SLIMI, was
isolated and shown to be involved in the regu-
lation of a high-affinity sulfate transporter in
response to sulfate limitation (87).

One regulatory component of sulfate as-
similation is a miRINA. MicroRNAs play a
regulatory role during developmentand in re-
sponse to environmental stress (83) and were
recently implicated in response to nutrient de-
privation. The miR395 regulates specific tar-
gets under sulfur-deprived conditions. The
targets of miR395 are ATP sulfurylase (APS)
[APSI (at3g22890), APS3 (at4g144680), and
APS4 (at5g43780)], which is the first step in
sulfate assimilation. The abundance of APS
transcripts decreases when the miR395 in-
creases under sulfur-deprived conditions (53).
The regulation of the gene encoding ATP sul-
furylase may also be upregulated by sulfur de-
privation (45, 110). Studies show the upreg-
ulation and downregulation of ATP sulfury-
lase by sulfur deprivation. One factor that may
explain the differing results with ATP sul-
furylase expression may be that studies with
miR395 were performed on plants that had
been starved of sulfur for two weeks as com-
pared with shorter time courses in other stud-
ies. This further highlights how important the
consideration of timing is in the responses to
nutrient deprivation.

When plants are starved for sulfur, they
activate mechanisms for increasing acquisi-
tion from soil. However, when plants cannot
acquire enough sulfate, the decreased sulfate
uptake leads to reduced assimilation activity
(45, 46, 132, 133) and affects many differ-
ent metabolic processes. Eventually, the lim-
ited supplies of sulfur in plants result in de-
creased plant tissue sulfur content (10, 37, 65,
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70, 92, 102, 109). Decreases in sulfur content
result in the inhibition of sulfate assimilation;
decreased glutathione and cysteine; increased
amounts of serine, O-acetylserine, and trypto-
phan (102); reduced amounts of chlorophyll,
RNA, and total protein; increased photores-
piration; decreased lipids; and nitrogen imbal-
ance. Overall, these changes lead to a reduced
rate of metabolism and growth (103).

Despite the fact that the steps and regu-
lation of sulfate metabolism have been well
characterized, the upstream factors that trig-
ger changes in sulfate assimilation and the
regulatory components involved in signaling
sulfur deficiency have only been partially elu-
cidated. Recent microarray experiments pro-
vide some clues as to the possible signaling
component; however, data analysis has mainly
focused on genes involved in sulfate assim-
ilation (45-47, 54, 86, 102) and the earliest
time points considered start 24 h after depri-
vation. Therefore early signals have not been
characterized.

The plant hormones cytokinin, auxin, and
JA are signaling components in response to
sulfur deficiency. The expression of APRI
(APS reductase 1) is upregulated by sulfur de-
ficiency (123) and also by exogenous cytokinin
(104). Exogenous cytokinin downregulates
the expression of the high-affinity transporter
SULTRI;2 (90), which is upregulated by sul-
fur deprivation. Cytokinin acts through the
cytokinin response receptor (CREL) to regu-
late sulfate uptake and transporter expression.
In the ¢rel-1 mutant, application of cytokinin
only partly reduces sulfate uptake, suggesting
redundancy as noted for the case of phosphate
deprivation (91). Auxin is also a signaling com-
ponent under sulfate limitation (102). The
expression of auxin-inducible genes (I4A418,
Atlg51950, tryptophan synthase beta chain,
At5¢38530, putative auxin-regulated protein,
At2¢33830) is upregulated by sulfur starva-
tion (47, 102). The expression of NIT3 nitri-
lase, which can convert indole-3-acetonitrile
to indole-3-acetic acid (IAA), is strongly
increased by sulfur starvation (65, 89). The
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increased auxin production may result in an
increase in lateral root density in Arabidop-
sis under sulfate-limited conditions (79). JA
is also a possible signaling component in
leaves. Genes involved in JA biosynthesis are
upregulated under sulfur deficiency (45, 54).
These genes include 12-oxophytodienoate re-
ductase 1 and lipoxygenase (45, 86, 102). JA
may regulate the expression of genes involved
in sulfate assimilation and GSH synthesis
(54, 154). Furthermore, MeJA is involved
in regulating the activity of sulfur assimila-
tion enzymes such as serine acetyltransferase
(SAT) and APR (54). Although JA is a regula-
tor of sulfur metabolism, its levels in plants
are not well characterized under deficient
conditions.

Other known components for signaling
under sulfur deprivation include kinases and
transcription factors. SAC3 kinase, which is a
yeast sucrose nonfermenting-type kinase, was
isolated from Chlamydomonas and regulates re-
sponse to sulfur deprivation (19). SAC3 is re-
quired for depletion of chloroplast RNAs un-
der sulfate-deficient conditions. In the sac3
mutant, the chloroplast RNA abundance is
less reduced than wild type and accumulation
of ARS1 RNA is greater than in wild type un-
der sulfate-deficient conditions. In wild type,
the reduction in chloroplast transcripts under
sulfur-limiting conditions depends on phos-
phorylation (52). SAC3 kinase regulates pho-
tosynthesis under sulfate-limited conditions
and sulfate assimilation through the reduction
of chloroplast transcripts. R2ZR3 Myb tran-
scription factors (Myb16, 56, 69, 75, 90, 93
and 94) have been shown to be upregulated
(102) by sulfate limitation in plants. However,
the role that these transcription factors play in
signaling under sulfate deficiency hasnot been
established.

In contrast to plants, many genes have been
identified that are involved in signaling sulfur
deficiency in bacteria and yeast. The expres-
sion of Cys3, a bZIP transcription factor in
Neurospora crassa (32, 105), is regulated by sul-
fur deficiency and controls the expression of

some enzymes involved in sulfur metabolism.
Mutations in Sconl and Scon2, which are com-
ponents of E3 ubiquitin ligase and an F-box
protein, lead to constitutive expression of Cys3
and enzymes involved in sulfur metabolism
(32, 105). Under sulfur-sufficient conditions
Sconl prevents Cys3 function through the
multimerization of Scon1-Scon2 and binding
to Cys3 (62-64, 105). MET30 (137) is a tran-
scriptional repressor that has similar functions
to the Scon1-Scon2 complex. The expression
of sulfate assimilation enzymes in yeast de-
pends on MET4 and MET28, which encode
bZIP transcription factors that are homologs
of Cys3 (64). For E. coli, the expression of
genes that are involved in synthesis of flagella,
chemotaxis, and methionine synthesis were all
downregulated by sulfur limitation. This may
be controlled by RpoS, which is a sigma fac-
tor required under sulfur deficiency (41). In
plants, a chloroplast sigma factor that controls
chloroplast transcriptional activity may be de-
activated by the SAC3 kinase (52). Sulfur-
containing essential amino acids such as Cys
and Met are synthesized through the sulfur
assimilation pathway, and changes in the con-
centrations of these amino acids eventually
modulate cell cycle processes and cell viability.

Recently, the 16-bp sulfur-responsive el-
ement (SURE) and the 5-bp core se-
quence were identified from the Arabidop-
sis sulfate transporter, SULTR1;1 promoter.
The SURE is essential for induction un-
der sulfur-deprived conditions of genes, in-
cluding SULTR2;1, SULTR4;2, APR3, and
NADPH oxidoreductase (88). Soybean em-
bryo factors (SEFs) 3 and 4 bind to the seed-
specific B-conglycinin promoter, which is a
sulfur responsive promoter that does not con-
tain SURE elements. However, the function
of SEFsin sulfate signaling has not been deter-
mined (7). Identification of transcription fac-
tor binding sites and the factors that bind to
the SURE elements will help in assembling
the signal transduction cascade in response to
sulfate deficiency and perhaps provide links to
other signal networks.
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SUMMARY POINTS

1. Some of the signal transduction pathways in response to nutrient deprivation are
beginning to be elucidated and transcriptional responses from microarray studies as
well as other approaches are providing insight into possible components of these
networks.

2. Interactions between nutrients are commonly observed and suggest that significant
cross talk will be identified in signal transduction networks for responses to the de-
privation of different nutrients.

3. More work is needed to determine the role of early and late signals in signal trans-
duction networks.

4. ROS production in roots is observed in response to the deprivation of several
macronutrients and may be an important component in signaling nutrient depri-
vation.

5. The PHR1 transcription factor is a central regulator of plant responses to phosphate
deprivation.

FUTURE ISSUES

1. The relative importance of short- and longer-term responses to nutrient deprivation
needs to be determined.

2. Cross talk between responses to the deprivation of NPKS and other mineral nutrients
is likely, but the extent and importance of these overlapping pathways is notyet known.

3. Nutrient sensors have not yet been identified in plants.

4. Will plant scientists be able to use this basic information on sensing and signaling of
nutrient deficiencies to create plants that grow better in low-nutrient environments
while maintaining relatively high yields?
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