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Mineral nutrient deficiencies constitute major limitations for plant growth on agricultural soils around the world. To identify
genes that possibly play roles in plant mineral nutrition, we recently generated a high-density array consisting of 1,280 genes
from tomato (Lycopersicon esculentum) roots for expression profiling in nitrogen (N) nutrition. In the current study, we used
the same array to search for genes induced by phosphorus (P), potassium (K�), and iron (Fe) deficiencies. RNA gel-blot
analysis was conducted to study the time-dependent kinetics for expression of these genes in response to withholding P, K,
or Fe. Genes previously not associated with P, K, and Fe nutrition were identified, such as transcription factor, mitogen-
activated protein (MAP) kinase, MAP kinase kinase, and 14-3-3 proteins. Many of these genes were induced within 1 h after
withholding the specific nutrient from roots of intact plants; thus, RNA gel-blot analysis was repeated for specific genes
(transcription factor and MAP kinase) in roots of decapitated plants to investigate the tissue-specific location of the signal
triggering gene induction. Both genes were induced just as rapidly in decapitated plants, suggesting that the rapid response
to the absence of P, K, or Fe in the root-bathing medium is triggered either by a root-localized signal or because of root
sensing of the mineral environment surrounding the roots. We also show that expression of Pi, K, and Fe transporter genes
were up-regulated by all three treatments, suggesting coordination and coregulation of the uptake of these three essential
mineral nutrients.

Mineral nutrient deficiencies constitute major lim-
itations for crop plant growth on agricultural soils
around the world. Among the essential mineral nu-
trients, P and K are the macronutrients (along with
N) that require the greatest agricultural investment
with regard to fertilizer inputs, and Fe is the micro-
nutrient that is most limiting to agricultural produc-
tion worldwide (Kochian, 2000). Hence, there has
been considerable research over the past decade in-
vestigating molecular and physiological mechanisms
of P, K, and Fe acquisition and use. Much of the
progress from this research has involved the identi-
fication of structural genes of primary importance for
mineral nutrition, including mineral ion transporters
and enzymes involved in nutrient assimilation. As
researchers have gained a more detailed understand-
ing of these mineral nutrition-related genes and the
proteins they encode, there has been a growing
awareness that mineral nutrient acquisition and ho-
meostasis is a highly regulated and complex set of

processes. It is becoming clear that changes in plant
mineral nutrient status result in signals that ulti-
mately are transduced into alterations in expression
of mineral nutrition-related genes and proteins, re-
sulting in changes in plant mineral nutrition that are
beneficial to the plant.

For example, P (primarily as phosphate [Pi]) is an
important structural component of nucleic acids,
phospholipids, and ATP. It acts as both a substrate
and regulatory factor in photosynthesis and oxida-
tive metabolism and participates in signal transduc-
tion by way of protein phosphorylation/dephos-
phorylation. Its low solubility and high sorption
capacity in soils make it relatively unavailable to
plant roots. As a consequence, Pi supply is one of the
most important constraints to crop production
worldwide (Raghothama, 1999). It has long been
known that P deficiency triggers a large number of
physiological changes in plants presumed to enhance
Pi acquisition from the soil and to deal with subop-
timal levels of P within the plant. These include
changes in root architecture and root to shoot ratio,
stimulation of root Pi absorption, increases in the
release of phosphatases and RNases from roots, and
changes in respiration that reduce the dependency in
plant metabolism on P in high energy phosphate
bonds (e.g. ATP). Molecular research into P nutrition
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has more recently indicated that P deficiency triggers
changes in gene and protein expression in a way that
indicates that a number of genes and proteins in-
volved in P nutrition are regulated by plant P status
(Liu et al., 1998; Muchhal and Raghothama, 1999;
Raghothama, 1999; Mukatira et al., 2001).

The challenge now facing researchers in the field of
molecular plant nutrition is to begin to identify and
characterize the components of signaling cascades
that plants use to sense changes in both their internal
mineral status and the rhizosphere mineral environ-
ment and subsequently to transduce these signals to
facilitate mineral nutrient homeostasis. In this paper,
we have employed a cDNA array as a preliminary
screening tool to rapidly identify genes involved in P,
K, and Fe nutrition that had not previously been
identified as such, with particular interest in candi-
date genes involved in mineral nutrient homeostasis.
We recently generated a high-density array consist-
ing of 1,280 mineral nutrition-related genes from to-
mato (Lycopersicon esculentum) roots that was used for
gene expression profiling and resulted in the identi-
fication of a number of novel nitrate-induced genes
that play roles in N nutrition (Wang et al., 2001). In
the current study, we used the same cDNA array as
a preliminary screening tool to identify mainly reg-
ulatory or signaling genes induced by specific min-
eral nutrient deficiencies (P, K, and Fe). More de-
tailed investigation using RNA gel-blot analysis was
subsequently used to study the time courses for ex-
pression of these genes in response to withholding P,
K, or Fe. A set of putative regulatory genes associated
with P, K, and Fe nutrition were identified, including
genes that could play a role in mineral nutrition
signal transduction such as transcription factor,
mitogen-activated protein (MAP) kinase, and 14-3-3
proteins, as well as ion transporters up-regulated by
all three deficiencies. Selected genes were also stud-
ied for their expression in decapitated plants to begin
to determine whether the signal(s) triggering gene
induction are localized to the shoot or root, or are
attributable to root sending of the rhizosphere min-
eral status.

RESULTS

The high-density array containing the 1,280 min-
eral nutrition-related genes was screened with cDNA
probes made from mRNA isolated from roots of to-
mato plants exposed to �Pi, �K, or �Fe hydroponic
medium for 0, 1, 3, 6, 12, 24, or 48 h to identify
candidate genes that were then studied in more de-
tail via RNA gel-blot analysis for their possible
role(s) in mineral nutrient homeostasis. To date, we
have sequenced and annotated 657 of the 1,280
cDNAs on this array. The annotated list of these
sequenced genes is contained in supplemental Table
I by Wang et al. (2001; this supplemental data can be
viewed at www.plantphysiol.org). When unse-

quenced cDNAs are found to exhibit strong changes
in gene expression in response to changes in plant
mineral status, these clones are then sequenced as
part of the subsequent analysis. The screening of the
array was used as a tool to rapidly identify candidate
genes up-regulated by withholding P, K, or Fe from
the nutrient medium. Candidate genes were chosen
as ones that were rapidly (within hours) induced by
any (or all) of the three nutrient treatments compared
with full-nutrient control plants. These candidate
genes were then used for more detailed analysis us-
ing RNA gel-blot analysis. In our initial differential
screening of the mineral nutrition cDNA array, a
total of 195 genes exhibited significant changes in
expression either in response to alterations in plant
status of a specific mineral nutrient (P, K, or Fe) or in
response to more than one of these mineral status
alterations. The great majority of the overall pool of
197 cDNA clones exhibited increased expression,
which should be expected because the original sub-
tractive libraries were designed to be enriched in
genes up-regulated by changes in plant mineral sta-
tus (many of these genes are also metabolism relat-
ed). Within this set of clones were a number of genes
that would be expected to be up-regulated by with-
holding a specific mineral nutrient, such as the Pi
transporters LePT1 and LePT2 in response to �Pi
conditions, the K� transporters LeKC1 and LeHAK5 in
response to �K� conditions, and the Fe transporter
LeIRT1 in response to �Fe conditions. Recovery of
genes previously reported to be induced by these
same specific changes in plant mineral status was
viewed as validation of the strategy used in this
research.

To select a reasonable number of genes for further
study, we focused on genes that: (a) exhibited the
strongest increase in expression; (b) exhibited the
most rapid increase in expression to begin to identify
candidate genes for roles in signaling aspects of min-
eral nutrient homeostasis; and (c) exhibited increases
in expression in response to changes in plant status
for all three mineral nutrients, to identify candidate
genes that might play a general role in mineral nu-
trition or represent signaling components common to
regulation of all three mineral nutrients. On the basis
of these criteria, we narrowed our focus to a set of 17
genes identified by array analysis and subsequently
confirmed via RNA gel blots (Table I). In this group
are a number of putative regulatory genes that re-
sponded to all three deficiency treatments. These
include a Leu-zipper transcription factor (nutrient-
induced transcription factor [Nitf]), MAP kinase,
MAP kinase kinase (MEK1), and 14-3-3 proteins.
They exhibited the strongest and most rapid increase
in expression in response to changes in plant status
for all three mineral nutrients. We also found that a
specific transporter for one mineral nutrient often
was induced by the absence of the other nutrients.
This “cross talk” phenomenon was also reported in
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our previous study on nitrate-induced genes in to-
mato roots in that we found that withholding P, K, or
Fe induced root nitrate transporters (Wang et al.,
2001).

Regulatory and Signaling Genes

Several genes encoding proteins that could play a
role in signal transduction pathways linking signals
resulting from changes in plant nutrient status to
altered expression and activity of mineral ion trans-
porters and assimilation enzymes were found to be
up-regulated very rapidly (between 1 and 3 h) after
withholding Pi, K, or Fe. These genes include MAP
kinases, a MAP kinase kinase (MEK1), a putative
transcription factor (Nitf), and a 14-3-3 protein that
were investigated in more detail via RNA gel-blot
analysis.

MAP Kinases

In response to Pi, K, and Fe deficiency treatments,
a gene exhibiting significant sequence homology to a
tobacco (Nicotiana tabacum) wound-inducible protein
kinase (WIPK) was induced very rapidly and
strongly (within 1 h after exposure to �P, �K, or �Fe
nutrient solution; Fig. 1). This WIPK homolog be-
longs to the family of MAP kinases. This gene exhib-
ited a stronger (5- to 7-fold) increase in expression in
response to K and Fe deficiency that was transient in
nature, lasting approximately 3 h, whereas its re-
sponse to Pi deficiency was more sustained (Fig. 1). A
MAP kinase kinase, MEK1 was also rapidly and tran-

siently induced within 1 h after exposure to the de-
ficiency conditions (Fig. 2). This gene has previously
been found to be induced by leaf senescence and
wounding in tomato (Hackett et al., 1998).

Transcription Factor

A putative transcription factor, Nitf, was found to
be very strongly induced by all three nutrient defi-
ciencies (Fig. 3). Nitf exhibited a 4- to 10-fold increase
in expression within 1 h after withholding Pi, K, or
Fe. In a previous study, we also found this gene to be
strongly induced by nitrate resupply (Wang et al.,
2001). Its expression was not altered by exposure of
tomato plants to salt or cold stress (data not shown),
suggesting that its enhanced expression may be spe-
cific to changes in plant mineral nutrition. Further-
more, an analysis of its tissue-specific expression
showed that Nitf is preferentially expressed in roots,
with a decreased level in flowers and younger leaves
and a much lower expression in stems, older leaves,
and unripe fruits (Fig. 4). Comparison of the amino
acid sequence for Nitf with homologs from other
plant species indicated it was 80% identical to the
tobacco bZIP transcription factor, TGA1a (Katagiri et
al., 1989). It has been reported that TGA1a can selec-
tively activate transcription of target genes in re-
sponse to auxins and auxin analogs, and TGA1a has
been implicated as playing a role in the expression of
plant genes involved in chemical defense (Pascuzzi et
al., 1998). TGA1a has also been found to be highly
expressed in tobacco root (Katagiri et al., 1989), es-

Table I. Genes induced by Pi, K, or Fe deficiencies in tomato roots and confirmed by northern analysis

Except for dwarf1, all other genes were up-regulated by nutrient treatments. See text for details.

Clone ID Gene (Induction) Homology/Function Accession No. GenBank Hit Reference

D22-1 MAP kinase (up 1–3 h) Tobacco WIPK/signaling AW979631 D61377 Seo et al. (1995)
H10-1 Nitf (up 1–6 h) Tobacco TGA1a/regulatory AAK71287 X16450 Katagiri et al. (1989)
K20-1 MEK1 (up 1 h) Tomato gene/signaling AW220008 CAA04261 Hackett et al. (1998)
O22-1 14-3-3 (up 3–12 h) Tomato gene/signaling AW218217 AF079450

X95905
Roberts and Bowles (1999);

Pnueli et al. (2001)
27L1 LePT1 (up 3–12 h) Tomato gene/Pi transporter AF022873 AF022873 Liu et al. (1998)
E13-1 LeHAK5 (up 1 h) Arabidopsis HAK5 /K� transporter AW979921 AF129478
G22-1 LeKC1 (up 3–12 h) Carrot Kdc1/K� channel AW218955 AJ249962 Downey et al. (2000)
I20-1 LeIRT2 (3–24 h) Tomato gene/iron transporter AW219515 AF246266 Eckhardt et al. (2001)
1A16 Nicotianamine synthase

(up 3–6 h)
Tomato gene /nicotianamine bio-

synthesis
BG791292 CAB42052 Ling et al. (1999)

N5-2 Glu decarboxylase
(up 1–6 h)

Tobacco GAD/GABA biosynthesis BG713805 AAB40608

I17-2 Enolase (up 1–12 h) Tomato gene/glycolyis BG791245 X58108 Van der Straeten et al.
(1991)

A4-4 ATHP3 (up 1–6 h) Arabidopsis ATHP3
/phosphorelay mediator

BG791212 BAA37112 Miyata et al. (1998)

D11-1 ERF3 (up 1–3 h) Tobacco ERF3 /regulatory AW979604 AB024575
G20-2 SKD1 (up 3–24 h) Human SKD1 /membrane trans-

port
AW621245 AAF17203 Scheuring et al. (1999)

G19-1 bet3 (up 12–48 h) Mouse bet3/vesicular transport AW218945 AF041433 Jiang et al. (1998)
N3-1 dwarf1 (down after 1 h) Arabidopsis dwarf1/cell elongation BG791226 U12400 Takahashi et al. (1995)
B2-1 MAP kinase 6 (up 3–6 h) Tobacco MAPK 6/signaling AW980007 X83879 Wilson et al. (1995)
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pecially in the root tip meristems (Klinedinst et al.,
2000).

14-3-3 Protein

In eukaryotes, 14-3-3 proteins play important roles
in the import of nuclear-encoded chloroplast pro-
teins, assembly of transcription factor complexes,
and regulation of enzyme activity in response to
intracellular signal transduction cascades (Roberts,
2000). In plants, 14-3-3 proteins have been shown to
play a role in regulating important metabolic en-
zymes such as nitrate reductase and Suc phosphate
synthase, in addition to activation of the plasma
membrane H�-ATPase (for review, see Chung et al.,
1999). In this study, a putative 14-3-3 protein was
found to respond to Pi, K, and Fe deprivation (Fig. 5).
This tomato 14-3-3 protein responded most strongly

to K and Fe deprivation, whereas its response to �Pi
treatment is more moderate.

Ion Transporters

The expression of the tomato Pi transporter, LePT1,
was up-regulated in response to all three deficiency
treatments in a similar time-dependent manner in
that it was up-regulated between 3 to 12 h after
imposition of the specific mineral deficiency (Fig. 6).
It was interesting to note that LePT1 expression was
increased more strongly in response to K and to Fe
deficiencies than it was in response to Pi deficiency.
An earlier study of LePT1 expression did not find a
change in its expression in response to K and Fe
deficiencies when the deficiency was imposed for 5 d
(Liu et al., 1998), suggesting that K and Fe deficiency
induction of the gene was transient in nature. LePT2
was found to be strongly induced by Pi deficiency,
but induction by K and Fe deficiencies was not sig-
nificant (data not shown). Overall, transcript level of
LePT2 was markedly lower than that of LePT1 based
on intensity of hybridization signal.

Expression of a K� channel homolog (LeKC1) of the
carrot (Daucus carota) K� transporter, Kdc1 (Downey
et al., 2000), was increased rapidly in response to
withholding all three mineral nutrients (Fig. 7). Ex-
pression of LeKC1 was increased most rapidly in
response to Pi and K deficiencies (1 h), whereas
increased expression in response to �Fe conditions
was seen after 3 h of treatment. Kdc1 was recently
shown to be a voltage- and pH-dependent inwardly
rectifying K� channel that is expressed in carrot roots
(Downey et al., 2000). Another K� transporter, LeHAK5,

Figure 1. RNA gel-blot profile for tomato root MAP kinase induced
by deprivation of Pi, K, or Fe. The MAP kinase is homologous to
tobacco WIPK and is rapidly induced by withholding Pi, K, and Fe
from the plant. A, RNA gel blot. In this and subsequent experiments,
RNA abundance for roots of treated plants was compared with gel
blots for roots of control (nutrient-sufficient) plants analyzed at the
same time points to ensure that the changes in transcript abundance
were not attributable to a diurnal response. In none of the experi-
ments did the control plants show significant changes in gene ex-
pression over the 48-h time period used for these experiments. B,
Quantitative expression data for the RNA gel blot depicted in A. In
Figure 1B and the subsequent figures (except Fig. 4), the autoradio-
graph of the RNA gel blot was scanned, and the image was computer
digitized. The gel-blot intensities were quantified using the NIH
ImageJ program. Changes in gene expression were quantified as a
relative signal ratio, which was determined by dividing the quantified
gel-blot intensity at each time point by the RNA-blot intensity for the
0-h nutrient-sufficient plants.

Figure 2. Up-regulation of the tomato MAP kinase kinase, MEK1,
induced by Pi, K, or Fe deprivation. A, RNA gel blot. B, Quantitative
expression data for the RNA gel blot depicted in A.
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was also rapidly induced by all three deficiencies
(data not shown).

Expression of the tomato Fe transporter, LeIRT1,
was also up-regulated by all three mineral deficien-
cies (Fig. 8). It has been previously shown that LeIRT1
expression was induced most strongly in response to
Fe deficiency (Eckhardt et al., 2001). Compared with
other transporter genes (LeKC1, LePT1, and LeHAK5),
the overall transcript abundance of LeIRT1 was also
considerably lower.

Gene Induction Experiments Using Decapitated Plants

The induction of many of these genes within 1 h
after withholding P, K, and Fe suggests that the
signal triggering this response may be root localized
and may not arise from the shoot as often hypothe-
sized (Liu et al., 1998; Burleigh and Harrison, 1999). It
would not be expected for these rather large,
1-month-old tomato plants grown under luxury nu-
trient conditions that withholding P, K, or Fe for 1 h
would cause a significant decline in shoot mineral
nutrient status. To investigate this further, RNA gel-
blot analysis was repeated for Nitf, because it was the
gene most strongly and rapidly induced by all three
nutrient deficiencies. Because we were using root
systems separated from the shoot and thus removed
from their primary source of energy in photosyn-
thates transported from the roots, the experiments
were limited to 0-, 1-, 3-, and 6-h time points. As

shown in Figure 9, Nitf was strongly induced over
the first 3 h with a pattern similar to that seen for
roots of intact plants (Fig. 3). At the 6-h time point, a
decline in Nitf transcript abundance was seen for all
treatments, suggesting a general decline in root me-
tabolism. It is interesting to note that in the nutrient-
sufficient decapitated root systems, Nitf expression
declined rapidly after excision, compared with no
change in expression in intact, nutrient-sufficient
roots (compare Fig. 3 with 9).

Genes Induced by Specific Mineral Deficiencies

Pi Deficiency

A number of additional genes were up-regulated
specifically in response to withholding Pi from the
nutrient solution (Table I). Several of these play roles
in plant metabolism and or plant stress responses. A
Glu decarboxylase gene homologous to petunia (Pe-
tunia hybrida) GAD (Baum et al., 1993) was induced 1
to 6 h after imposition of �Pi conditions. GAD is a
calmodulin-binding protein and catalyzes the con-
version of Glu to �-aminobutyric acid, a four-carbon,
non-protein amino acid. Levels of �-aminobutyric
acid in plant can be increased severalfold in response
to many diverse stimuli, including heat shock, me-
chanical stimulation, hypoxia, and phytohormones
(Shelp et al., 1999). A homolog of barley (Hordeum
vulgare) nicotianamine synthase, a gene involved in
biosynthesis of phytosiderophores in grasses (Herbik

Figure 3. The transcription factor Nitf was induced by Pi, K, and Fe
deprivation in tomato roots. A, RNA gel blot. B, Quantitative expres-
sion data for the RNA gel blot depicted in A.

Figure 4. Tissue-specific expression of the transcription factor, Nitf,
in different tissues and organs of tomato seedlings grown under
nutrient-sufficient hydroponical conditions. Lanes 1 and 2, Roots.
Because the root system was relatively large, different parts of the
roots were harvested and bulked. Lane 3, Older leaves harvested
from below middle trusse of the plants. These are completely func-
tioning leaves, healthy, not showing any aging symptoms. Lane 4,
Young leaves harvested from the top of the plants. They were barely
fully expanded. Lane 5, Flowers. Lane 6, Old stems. Main stems
harvested from bottom part of the plants, directly above the root.
Lane 7, Young stems. Main stems harvested from the top part of the
plants. Lane 8, Unripe fruits. Green tomato fruits of various sizes. All
tissues were harvested from the same plants at the same physiolog-
ical age.
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et al., 1999; Higuchi et al., 1999; Ling et al., 1999), was
up-regulated in roots of Pi-deprived seedlings. The
gene was expressed at a high level (13-fold increase)
3 to 24 h after withholding Pi. Nicotianamine syn-
thase was previously shown to be regulated by Fe in
monocots (Higuchi et al., 2001). Finally, a gene en-
coding enolase (2-phospho-d-glycerate hydratase)
was also induced rapidly, between 1 and 12 h after
withholding Pi. Enolase is an key enzyme in glycolysis

and catalyzes the interconversion of 2-phosphogly-
cerate to PEP. In maize (Zea mays), one of the enolase
genes (ENO1) was shown to be induced after 24 h of
anaerobic treatment (Lal et al., 1998).

There were several other genes that could play a
role in nutrient regulation/signaling that were in-
duced by Pi deficiency. A cDNA clone that is 63%
identical and 78% similar to Arabidopsis ATHP3 was
up-regulated 1 to 6 h after Pi deprivation (Table I).
ATHP3 functions as a two-component phosphorelay

Figure 5. RNA gel blot for a gene encoding a 14-3-3 protein induced
by Pi, K, and Fe deprivation. A, RNA gel blot. B, Quantitative
expression data for the RNA gel blot depicted in A.

Figure 6. Expression of the tomato Pi transporter, LePT1, was
strongly up-regulated in roots of plants subjected to Pi, K, and Fe
deprivation. A, RNA gel blot. B, Quantitative expression data for the
RNA gel blot depicted in A.

Figure 7. Expression of a K� channel homolog of carrot Kdc1, LeKC1
was up-regulated by Pi, K, and Fe deprivation. A, RNA gel blot. B,
Quantitative expression data for the RNA gel blot depicted in A.

Figure 8. Expression of the tomato Fe transporter, LeIRT1, was up-
regulated by Pi, K, and Fe deprivation. A, RNA gel blot. B, Quanti-
tative expression data for the RNA gel blot depicted in A.

Wang et al.
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mediator between a sensor His kinase and response
regulators and was previously found to be expressed
more strongly in roots than in other tissues (Miyata et
al., 1998). Also, a homolog of an Arabidopsis
ethylene-responsive element binding factor (ERF)
was rapidly induced in response to Pi deficiency.
ERF is a member of a novel family of transcription
factors that are specific to plants. It is interesting to
note that the Arabidopsis ERF 3 gene (ATERF3) was
not induced by ethylene, but was moderately in-
duced by drought, wounding, and salt (NaCl) stress
and by exposure to the protein synthesis inhibitor,
cycloheximide (Fujimoto et al., 2000).

K and Fe Deficiencies

There were several genes, the expression of which
was increased specifically to K or Fe deprivation. In
response to �K conditions, a homolog of the mouse
SKD1 gene was up-regulated very rapidly (within
1 h) and strongly (8- to 18-fold; Table I). This tomato
gene shares 75% identity and 85% similarity to SKD1
in mice, where SKD1 has been implicated in the
transport of membrane vesicles from endosomes to
the vacuole and is thought to regulate membrane
traffic through endomembrane compartments. SKD1
is a “housekeeping” gene in mice, and in mice, it is
expressed ubiquitously (Scheuring et al., 1999). An-
other cDNA clone specifically up-regulated by K de-
privation was a homolog of the bet3 gene (56% iden-
tity and 77% similarity). Bet3 expression was found to
be highest at the end of the �K treatment (48 h).
BET3 is required for vesicular transport between the
endoplasmic reticulum and Golgi complex in yeast
(Jiang et al., 1998).

In response to Fe deficiency, a cDNA clone homol-
ogous to the tobacco MAP kinase 6 (91% identical)
was induced 3 to 6 h after initiation of the �Fe
conditions (Table I). Finally, a homolog of the dwarf1
gene, which is required for cell elongation in Arabi-
dopsis (Takahashi et al., 1995), was found to be rap-
idly down-regulated within 1 h in response to Fe
deficiency.

DISCUSSION

Previous studies strongly suggest that changes in
plant status for different mineral nutrients are linked
to expression of mineral nutrition-related genes in a
manner that facilitates mineral nutrient homeostasis
(for reviews, see Grossman and Takahashi, 2001;
Kochian, 2000; Raghothama, 2000). Therefore, we are
interested in identifying genes that may play a role in
plant responses to changes in mineral status. Seven-
teen different mineral deficiency-induced genes were
identified and confirmed by RNA gel-blot analysis,
along with genes previously reported to be induced
specifically by P, K, and Fe deficiency in plants.
These previously reported genes include phosphate
transporters (LePT1 and LePT2; Liu et al., 1998) in-
duced in response to �P conditions, K transporters
(LeHAK5 and LeKC1) induced by K deprivation, and
an Fe transporter (LeIRT1, Eckhardt et al., 2001) in-
duced by �Fe conditions. LeKC1 reported here is a
different gene from LKT1 (accession no. CAA65254)
reported previously by Hartje et al. (2000) in tomato
and is 48% identical to Arabidopsis K� inward-
rectifying channel AtKC1 (AAC98810). LeHAK5 and
LeKC1 have not been reported previously in tomato.

Genes that could play roles in signaling and/or
regulation were induced very rapidly (1–3 h) by
withholding P, K, or Fe. These include MAP kinase
and MAP kinase kinase (MEK1) genes, a transcrip-
tion factor, and a gene encoding a 14-3-3 protein. This
is the first report, to our knowledge, in plants for
induction of MAP kinases (a WIPK homolog and
MEK1) by changes in plant mineral status. In both
Brewer’s yeast (Saccharomyces cerevisiae) and fission
yeast (Schizosaccharomyces pombe), MAP kinase path-
ways have been found to be activated in response to
limited nutrient availability, and have been impli-
cated in survival responses to nutrient limitation
(Widmann et al., 1999). In tobacco, expression of
WIPK has been shown to be induced by other
stresses such as wounding, viral infection, and fungal
elicitors (Seo et al., 1995; Zhang and Klessig, 1998;
Zhang et al., 2000), whereas induction of MEK1 has
been associated with leaf senescence and wounding
(Hackett et al., 1998). In plants, MAP kinase path-
ways have previously been found to function in sig-
nal transduction in response to mechanical perturba-
tion, wounding, abiotic stresses (heat, cold, drought,
and osmotic), and pathogen attack (Meskiene and
Hirt, 2000).

A transcription factor (Nitf, a homolog of tobacco
TGA1a) was induced rapidly (in less than 1 h) and
most strongly by all three nutrient deficiencies (Fig.
3). Nitf exhibits strong amino acid sequence identity
(80% identical) to the tobacco TGA1a transcription
factor. TGA1a has been found to interact with PR-1, a
group of pathogenesis-related proteins strongly in-
duced in plants by pathogen attack, salicylic acid,
and developmental cues, and by changes in nutrient
status (Strompen et al., 1998). We previously found

Figure 9. Expression of Nitf to Pi, K, and Fe deprivation in decapi-
tated plants. Control plant is the same RNA blot run with RNA from
roots of decapitated plants under nutrient-sufficient conditions. A,
RNA gel blot. B, �-Tubulin loading control.
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that the Nitf transcription factor that was shown here
to be induced rapidly by P, K, or Fe deprivation, also
was induced by nitrate resupply (Wang et al., 2001).
This is coincidental with the observation that nitrate
resupply (Wang et al., 2001) and P, K, and Fe depri-
vation all were found to induce expression of nitrate,
Pi, K, and Fe transporters. Furthermore, we found
that Nitf was not induced by salt or cold stress,
suggesting that its expression may be mineral nutri-
ent specific. The induced expression of Nitf appears
to precede the expression of the mineral ion trans-
porters, and leads us to speculate that it may play a
role in the early mineral nutrient response pathway.
This possibility is the subject of current research.

With regard to the identification of signaling genes
involved in linking changes in plant mineral status to
nutrient homeostasis, two very interesting observa-
tions arose. First, it was intriguing to see that many of
these genes were induced by all three mineral defi-
ciencies. This suggests that there is cross talk at the
molecular level between the plant’s systems for sens-
ing changes in P, K, and Fe status that previously
have not been recognized. For the MAP kinase and
transcription factor that were induced by exposing
roots to �P, �K, or �Fe conditions, it is possible that
these genes all play a general role in mineral nutrient
homeostasis and signaling. It could alternatively be
that there are separate signal transduction pathways
for P, K, and Fe nutrition that share elements that are
common to all three pathways. As researchers gain a
better understanding of signaling pathways trig-
gered by abiotic stresses, it is becoming clear that
there are a number of examples of cross talk between
different stresses (Knight and Knight, 2001). Many
abiotic stresses trigger increase in levels of free cyto-
solic Ca2� as a primary signal and involve protein
phosphatases and kinases (including MAP kinases).
Thus, it might not be surprising to find that signals
arising from changes in the plant status of different
mineral nutrients may share common elements.

With regard to this topic, it was interesting to see
that withholding Pi, K, or Fe all induced expression
of Pi, K, and Fe transporters. In a recent study, we
also found that resupplying nitrate to N-starved to-
mato plants induced Pi transporter and K� channel
genes, in addition to nitrate transporters, and that
imposition of �P or �K conditions increased the
expression of nitrate transporters and Pi and K�

transporters (Wang et al., 2001). These findings pro-
vide further circumstantial evidence for the synergis-
tic regulation of the nutrition of different mineral
elements. Other examples of this type of response
have recently been reported in the literature. Huang
et al. (2000) found in barley that Zn deficiency in-
duced the expression of Pi transporters in both
P-sufficient and -deficient seedlings, which may help
in explaining the long-held observation of Zn
deficiency-induced P toxicity in plants. Also in bar-
ley, K deficiency was found to increase the expres-

sion of a high-affinity P transporter (Smith et al.,
1999).

The second surprising observation concerning
plant signaling and mineral nutrient homeostasis
was the rapidity with which these genes were in-
duced by withholding specific mineral nutrients
from the root system. For several of these genes, such
as Nitf and MAP kinase, a strong increase in expres-
sion was seen at the 1-h time point for nutrient de-
privation. Previous published studies focusing on
changes in the expression of specific mineral ion
transporters by alterations in plant status for the
same mineral nutrient have all employed longer pe-
riods of nutrient deprivation. For example, in previ-
ous studies of tomato Pi transporter gene expression,
Pi is usually withheld from the plant for a period of
days, with the shortest time period for P deprivation
being 12 h (Liu et al., 1998). The organ- or tissue-
specific localization of the signal triggering nutrient
deficiency-induced responses is still poorly under-
stood. P is probably the best studied nutrient for this
topic, because P deficiency is known to trigger a wide
range of physiological responses and changes in gene
expression (Raghothama, 2000). There have been sev-
eral studies that have presented evidence in support
of the hypothesis that the signal triggering increased
P transporter expression in response to P deficiency
arises from the shoot (Liu et al., 1998; Burleigh and
Harrison, 1999). What is envisaged is that under con-
tinuing growth under low P conditions, decrease in
shoot P status triggers the transport of a signal from
the shoot to root, triggering P transporter gene in-
duction. The findings presented here and those pre-
sented in our previous report on nitrate-induced
genes (Wang et al., 2001) suggest that plants respond
very rapidly to the lack of a mineral nutrient in the
solution bathing the root. This raises the possibility
that roots may be able to “sense” changes in external
availability of mineral nutrients via currently unex-
plained mechanisms. It is alternatively possible that
changes in the mineral status of cells of the root
epidermis may provide the signal triggering changes
in gene expression, because this is the only plant
tissue that possibly could experience a significant
change in mineral status after 1 to 3 h of nutrient
deprivation. Preliminary evidence in support of ei-
ther of these possibilities comes from the experiment
with decapitated plants. Here, we saw that Nitf,
which was the gene most rapidly and strongly in-
duced by deprivation of all three mineral nutrients in
intact plants, showed a similar response in roots of
the decapitated plants. These findings do suggest
that induction of mineral nutrition-related genes by
nutrient deprivation can occur independent of shoot-
derived signals. If root-derived signals (either inside
or external to the root) do play a key role in regulat-
ing plant mineral nutrition, we speculate that this
would occur in concert with shoot-derived signals.
Thus, it is tempting to suggest that signals from the
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shoot would communicate the internal mineral status
and those generated from the root signal external
nutrient availability. This scenario fits with a current
model on systemic (which involves signals from the
shoot) and localized (such as lateral root formation)
responses for a plant’s need for mineral nutrients as
well as in response to their availability in the envi-
ronment (Forde, 2002). Further experiments are nec-
essary to test this hypothesis.

We also found in a separate study that a tomato
hemoglobin gene was rapidly and strongly induced
by Pi, K, and Fe deprivation and by nitrate resupply
(Y.-H. Wang, L.V. Kochian, J.F. Doyle, and D.F.
Garvin, unpublished data). This gene was most ho-
mologous to a swam oak hemoglobin II (GenBank
accession no. P23244) as well as a soybean (Glycine
max) non-symbiotic hemoglobin (accession no.
AAA97887). It also exhibits a strong homology (71%
identity and 82% similarity) to Arabidopsis AHB1,
which is a class 1 non-symbiotic hemoglobin gene.
Interestingly, Arabidopsis AHB1 was also found to
be induced by nitrate resupply (Wang et al., 2000).
The possible role of this hemoglobin gene in plant
mineral nutrition is not well understood and is also
the subject of current investigations in our lab.

CONCLUSION

In summary, we have identified a number of genes
that respond rapidly to P, K, or Fe deprivation that
previously had not been identified as associated with
P, K, or Fe nutrition. Several of these genes, including
those encoding a Leu-zipper transcription factor,
MAP kinase, MAP kinase kinase, and a 14-3-3 pro-
tein, may play a role in signal transduction pathways
linking changes in mineral status to alterations in
gene expression facilitating mineral homeostasis.
These genes were all induced rapidly (within 1–3 h)
by changes in external P, K, or Fe status, even in
decapitated nutrient-stressed plants. Furthermore,
we found that expression of Pi, K, and Fe transport-
ers was also rapidly induced by deprivation of all
three mineral nutrients. These findings suggest that:
(a) there is cross talk between signaling pathways for
plant responses to different mineral nutrients; (b)
coordination and regulation of the uptake and trans-
port of different mineral nutrients quite possibly oc-
curs; and (c) the rapid induction of these genes sug-
gests that there may be systems in plant roots
enabling this organ to sense changes in the mineral
status of the soil environment in close proximity to
the root.

MATERIALS AND METHODS

Plant Materials

Tomato (Lycopersicon esculentum) plants (TA496) were grown hydropon-
ically as described in Wang et al. (2001). In brief, plants were grown in black
plastic pots containing 2 L of modified one-fifth Johnson’s solution, which

consists of the following macronutrients: 1.2 mm KNO3, 0.8 mm Ca(NO3)2,
0.2 mm NH4H2PO4, and 0.2 mm MgSO4; and the following micronutrients:
50 �m KCl, 12.5 �m H3BO3, 1 �m MnSO4, 1 �m ZnSO4, 0.5 �m CuSO4, 0.1
�m H2MoO4, 0.1 �m NiSO4, and 10 �m Fe-EDDHA). Five plants were grown
in each pot in a controlled environment growth chamber with a 16-h light
period at 24°C and a 8-h dark period at 20°C. Modest aeration was provided
to minimize perturbation to the roots. The nutrient solution was replaced
with fresh solution after first 2 weeks and then was replaced weekly for the
following 2 weeks and then every other day after that. After 5 weeks of
growth, the control nutrient solutions were replaced by the same solutions
lacking either Pi, K, or Fe. For the �Pi solution, the 0.2 mm NH4H2PO4 was
replaced with 0.2 mm (NH4)2SO4. For the �K solution, the 1.2 mm KNO3

and 0.8 mm Ca(NO3)2 in the nutrient solution were replaced by 1.4 mm
Ca(NO3)2 and the 50 �m KCl in the micronutrient solution was replaced
with 50 �m CaCl2. For the �Fe solution, the 10 �m Fe-EDDHA was simply
left out of the nutrient solution. The five plants in a single pot were
harvested at 0, 1, 3, 6, 12, 24, and 48 h after the plants were exposed to
nutrient solutions lacking Pi, K, or Fe. Control plants grown under nutrient-
sufficient conditions were harvested at the same 0-, 1-, 3-, 6-, 12-, 24-, and
48-h time points, and roots were harvested for RNA extraction in an iden-
tical fashion to the nutrient-deprived plants. During the 48 h of the exper-
iment, the nutrient solution was replaced with fresh, identical solution after
24 h. For the experiment with decapitated plants, the shoots were excised at
the shoot base and the entire decapitated root system was handled as
described above for the experiments with intact plants. Roots and leaves
were separated, frozen in liquid N2, and stored in �80°C for RNA isolation.

mRNA Isolation, cDNA Arrays, and RNA
Gel-Blot Analysis

mRNA was isolated from root tissue using the Poly(A) Pure Kit (Ambion,
Austin, TX) following the manufacturer’s protocol as in the previous study
(Wang et al., 2001).

See Wang et al. (2001) for details concerning construction of the high-
density arrays containing 1,280 mineral nutrition-related cDNAs, as well as
array and northern hybridizations. To quantify the mRNA signal ratio from
the RNA gel-blot analysis, exposed films were scanned and plotted using
ImageJ software (National Institutes of Health) to obtain quantitative read-
ings. Relative signal ratios were calculated as the ratio of the intensity of the
treatment signal for a specific time compared with the signal intensity at
time 0 (which is for a nutrient-sufficient plant). All RNA gel-blot results
were from two different sets of treated tomato plants and repeated at least
once within each set of plants. Thus, each RNA gel-blot experiment was
replicated at least four times with two separate sets of plants, and repre-
sentative gel blots are shown in the figures.
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