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Our aim was to generate and prove the concept of “smart” plants to monitor plant phosphorus (P) status in Arabidopsis.
Smart plants can be genetically engineered by transformation with a construct containing the promoter of a gene up-
regulated specifically by P starvation in an accessible tissue upstream of a marker gene such as �-glucuronidase (GUS). First,
using microarrays, we identified genes whose expression changed more than 2.5-fold in shoots of plants growing hydro-
ponically when P, but not N or K, was withheld from the nutrient solution. The transient changes in gene expression
occurring immediately (4 h) after P withdrawal were highly variable, and many nonspecific, shock-induced genes were
up-regulated during this period. However, two common putative cis-regulatory elements (a PHO-like element and a TATA
box-like element) were present significantly more often in the promoters of genes whose expression increased 4 h after the
withdrawal of P compared with their general occurrence in the promoters of all genes represented on the microarray.
Surprisingly, the expression of only four genes differed between shoots of P-starved and -replete plants 28 h after P was
withdrawn. This lull in differential gene expression preceded the differential expression of a new group of 61 genes 100 h
after withdrawing P. A literature survey indicated that the expression of many of these “late” genes responded specifically
to P starvation. Shoots had reduced P after 100 h, but growth was unaffected. The expression of SQD1, a gene involved in
the synthesis of sulfolipids, responded specifically to P starvation and was increased 100 h after withdrawing P. Leaves of
Arabidopsis bearing a SQD1::GUS construct showed increased GUS activity after P withdrawal, which was detectable before
P starvation limited growth. Hence, smart plants can monitor plant P status. Transferring this technology to crops would
allow precision management of P fertilization, thereby maintaining yields while reducing costs, conserving natural
resources, and preventing pollution.

Phosphorus (P), an essential mineral nutrient for
plants, is required in large amounts to maintain
growth (Raghothama, 1999; Abel et al., 2002). Plants
acquire P in the form of phosphate from the soil
solution via their roots. Phosphate exists in the soil
solution as one of three orthophosphate species
(H3PO4, H2PO4

�, and HPO4
2�) depending on the pH

(Bohn et al., 1979). The predominant form taken up
by plants is thought to be H2PO4

� (Ullrich-Eberius et
al., 1984; Schachtman et al., 1998). Plants have
evolved many morphological and enzymatic adapta-
tions to tolerate low phosphate availability. Increased
root to shoot ratios (Lynch, 1995; Williamson et al.,
2001), production of roots in P-rich patches (Drew,
1975; Robinson, 1994), and the proliferation of long

root hairs (Bates and Lynch, 2001; Jungk, 2001) are
often observed when plants are starved of P. These
adaptations enhance the exploitation of the soil vol-
ume. In addition, the associations of some plant spe-
cies with symbiotic mycorrhizal fungi are stimulated
by P starvation (Harrison, 1999). The transcription
and activity of RNases (Bariola et al., 1994) and acid
phosphatases (Goldstein, 1992; Duff et al., 1994; del
Pozo et al., 1999; Haran et al., 2000; Baldwin et al.,
2001; Miller et al., 2001; Li et al., 2002) are increased
by P starvation. These enzymes release phosphate
from both cellular (Bariola et al., 1994) and extracel-
lular (Duff et al., 1994) organic compounds. The roots
of P-deficient plants also exude organic acids into the
soil solution to increase the availability of phosphate
bound to soil particles and from phosphate salts (Lip-
ton et al., 1987; Holford, 1997; Raghothama, 1999;
López-Bucio et al., 2000). The transcripts and activity
of phosphate transporters are increased to optimize
uptake and remobilization of phosphate in P-deficient
plants (Muchhal et al., 1996; Daram et al., 1999; Kai et
al., 2002; Karthikeyan et al., 2002; Mudge et al., 2002;
Versaw and Harrison, 2002). The internal P economy
of P-starved plants is also improved by increasing the
activity of enzymes that replace P in metabolites (Mal-
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boobi and Lefebvre, 1997; Plaxton and Carswell, 1999;
Ciereszko et al., 2001) and structural compounds, for
example the proteins involved in the replacement of
chloroplast phospholipids with sulfolipids encoded
by the SQD genes (Essigmann et al., 1998; Yu et al.,
2002). It is thought that these morphological and en-
zymatic responses to P starvation are coordinated by
both general stress-related and P-specific signaling
cascades.

It has been suggested that manipulating the expres-
sion of genes to optimize root morphology for ex-
ploiting the soil volume, to maximize the uptake of
phosphate, or to improve P use efficiency could re-
duce the phosphate fertilizer requirement of crops
(López-Bucio et al., 2000; Vance, 2001; Brinch-
Pedersen et al., 2002). This has stimulated research
toward the identification of genes and signaling cas-
cades involved in responses to P starvation through,
for example: (a) homologies with genes to the
phosphate-up-regulated (pho) regulon in yeast (Gold-
stein et al., 1988; Raghothama, 1999; Abel et al., 2002),
(b) differential screens of P-starved and -replete
plants (Martı́n et al., 2000; Kai et al., 2002; Wang et al.,
2002), and (c) screening for mutants with aberrant
root morphology (Bates and Lynch, 2000), uptake, or
distribution of P within the plant (pho1 and pho2;
Poirier et al., 1991; Delhaize and Randall, 1995; Ham-
burger et al., 2002), altered root exudate composition
(López-Bucio et al., 2000), or acid phosphatase activ-
ity (pup1 and pho3; Trull and Deikman, 1998; Zakhle-
niuk et al., 2001). Recently, the mutagenesis of trans-
genic Arabidopsis, bearing a construct in which the
promoter for a gene induced by P starvation (AtIPS1)
controlled the expression of a marker gene (�-
glucuronidase [GUS]), was used to identify genes in
the signaling cascades initiated by P starvation (Ru-
bio et al., 2001). These included PHR1, which encodes
an MYB transcription factor (Rubio et al., 2001). Such
global regulators coordinating pleiotropic responses
to P starvation are likely to prove extremely useful in
transgenic strategies to improve P efficiency in crops.
The development of similar smart plants with con-
trasting promoters would enable further dissection of
the signaling cascades by which plants sense and
respond in a coordinated manner to P starvation.

In addition to their use in laboratory studies to
elucidate the signaling cascades initiated by P star-
vation, smart plants also have a practical use. To
realize the growth potential of crop plants, the phos-
phate concentration in the rhizosphere must be max-
imized, and to maintain crop yields and quality, the
horticultural and agricultural industries in the
United States and western Europe routinely apply
excessive amounts of phosphate fertilizer (Goldstein,
1992). This leads to the leaching or erosion of phos-
phate bound to soil particles into watercourses (Na-
tional Research Council, 1989; Sharpley, 1995; With-
ers et al., 2001), which results in nutrient imbalance
and contributes to the process of eutrophication in

aquatic environments (Raghothama, 1999). World-
wide, the application of phosphate fertilizers ac-
counts for 90% of the total mineral phosphate used
(Bieleski and Ferguson, 1983). Unfortunately, the
nonrenewable nature of phosphate fertilizers means
that cheap sources, such as phosphate rocks, will be
exhausted within the next 60 to 90 years (Runge-
Metzger, 1995). To prevent environmental problems
and to reduce the consumption of a nonrenewable
resource, phosphate fertilizers must be used sustain-
ably. This might be achieved by various strategies
including (a) the cultivation of crops that require less
phosphate fertilizer, because they either acquire or
use P more efficiently (Fageria and Baligar, 1999;
Baligar et al., 2001), (b) the use of cultural techniques
to maintain phosphate levels in the soil, such as crop
rotation and intercropping (Frossard et al., 2000;
Vance, 2001), and (c) the use of computer programs
to inform the quantity and temporal application of
phosphate fertilizers (Greenwood et al., 2001). Smart
plants complement decision support systems by al-
lowing farmers to monitor crop P status from the
expression of a nontoxic, easily assayed marker gene
in situ. It is important, therefore, that marker gene
expression should increase specifically in response to
P deficiency before P starvation restricts growth and
reduces yield. The detection of marker gene activity
would report a physiological P requirement and
would indicate the need for remedial phosphate
fertilization.

In this paper, we have identified Arabidopsis genes
whose expression increases specifically in response
to P starvation, when the P content of plant tissues
begins to decline but before the lack of P affects
growth. The promoters for these genes are suitable
for the generation of smart plants. We have gener-
ated transgenic Arabidopsis bearing a construct con-
taining a marker gene (GUS) under the control of the
promoter sequence for one of these P-sensitive genes
(SQD1), and we demonstrate that these smart plants
can be used to monitor P deficiency in plants. Trans-
ferring this technology to crop plants will help to
manage the application of phosphate fertilizers for
sustainable agriculture.

RESULTS

We are interested in developing smart plant tech-
nology as both a practical tool to monitor crop P
status and as a laboratory tool to discover the regu-
latory cascades that alter gene expression in response
to P deficiency. Smart plants can be genetically engi-
neered by transformation with a construct containing
the promoter of a gene up-regulated by P starvation
upstream of a gene encoding a visible marker. De-
tection of the visible marker in the leaves of smart
plants indicates P stress and the need for fertilizer
application. Because any period of P deficiency that
reduces crop growth incurs a yield penalty (Broadley
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et al., 2002), it is important to detect P deficiencies in
crops before they become acute and impact on
growth. Thus, the P-sensitive promoter driving
marker gene expression in the smart plant must be-
come active early enough in response to phosphate
depletion to enable remedial fertilizer application.
Transcript profiling of Arabidopsis leaves using
high-density oligonucleotide arrays was used to
identify promoters active in the early stages of incip-
ient P deficiency.

Phosphate Starvation Reduces Shoot P
Concentration and Plant Growth

The effects of removing P supply on shoot P con-
centration and growth was determined on 28-d-old
Arabidopsis growing hydroponically (Fig. 1). The
shoot fresh weight of plants growing in a solution
lacking P (�P solution) was comparable with that of
control plants grown in a complete nutrient solution

for at least 72 h after P was withdrawn. However, the
shoot fresh weight of plants grown without P was
significantly (P � 0.001) lower than plants grown in
a complete nutrient solution 216 h after P was with-
drawn. A decline in P concentration was observed in
shoots of Arabidopsis growing in �P solutions. A
significant decrease in shoot P concentration in
plants lacking a P supply was observed before there
was any significant difference in the shoot fresh
weight of plants growing in complete and �P solu-
tions. There was no significant difference in the shoot
P concentrations of plants growing in complete and
�P solutions 24 h after P was withdrawn. However,
the shoot P concentrations of plants grown in a �P
solution for 72 h were significantly less than those of
plants grown in a complete nutrient solution. Thus,
between 24 and 72 h after P withdrawal, Arabidopsis
grown in �P solutions had a significantly lower
shoot P concentration but retained comparable
growth to plants grown in a complete nutrient solu-
tion. Hence, promoters from genes with up-regulated
expression between 24 and about 72 h after P with-
drawal could be used to drive the expression of a
marker gene in smart plants because they would
allow the plant to respond to P deficiency before
growth was affected.

Shoot Gene Expression Changes during
Phosphate Starvation

To study changes in the Arabidopsis shoot tran-
scriptome in response to P withdrawal, total RNA
samples from shoot material were used to challenge
Affymetrix GeneChips representing 8,100 Arabidop-
sis genes. Total RNA was isolated from rosette leaves
of Arabidopsis accession Columbia-5 (Col-5) at
growth stage 3.90 (Boyes et al., 2001). Rosette leaves
were harvested 4, 28, and 100 h after P withdrawal,
and transcript levels were analyzed in two biological
replicates at each time point.

Between 3,483 and 5,043 transcripts were declared
present in the RNA samples used to challenge the
Affymetrix GeneChips. Changes in transcript abun-
dance after P starvation were calculated as their
abundance in mRNA from shoots of plants grown in
�P solutions divided by their abundance in control
plants grown in complete nutrient solutions and har-
vested at the same growth stage. Differentially regu-
lated transcripts were defined as those with a -fold
change � 2.5 in two biological replicates. To reduce
the number of transcripts falsely classified as differ-
entially regulated, GeneChip signal values less than
20 were reset to 20 (see “Materials and Methods”).

For the majority of genes represented on the Gene-
Chip, expression levels appeared unchanged after
phosphate withdrawal (Fig. 2). The expression of no
gene was differentially regulated at all time points
after P withdrawal, and only 10 genes overlapped
between two time points (Fig. 2; Tables I and II). The

Figure 1. The effect of P withdrawal on shoot fresh weight (A) and
shoot P concentration expressed on a dry weight basis (B). Arabidop-
sis plants were grown hydroponically in a complete nutrient solution
(F) or a solution lacking P (E). Plants were 28 d old at the beginning
of the experiment. Data are expressed as mean � SE (n � 3
experiments).

Hammond et al.
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expression of 64 genes was altered �2.5-fold in two
biological replicates 4 h after withdrawing P (Table
I). This group of genes was termed “early” P re-
sponse genes. Sixty genes increased their expression
(between 2.5- and 59.6-fold), and four genes de-
creased their expression. There was great variability
in the relative expression of some genes at this time
point. This can be attributed to biological variability
and may be a consequence of the heterogeneous or
asynchronous responses of individual plants to P
withdrawal. The differences in gene expression be-
tween biological replicates are unlikely to arise from
experimental error, because the microarray data were
normalized and neither biological replicate showed
consistently greater changes in expression. Also,
variability in expression was observed for genes that
were highly expressed. Twenty-eight h after P was
withdrawn, the expression of only four genes dif-
fered between shoots of plants grown in �P solutions
and shoots of plants grown in complete nutrient
solutions (Table II). This lull in differential gene ex-
pression has also been observed several hours after
other environmental challenges (Reymond et al.,
2000; Kreps et al., 2002; Ramonell et al., 2002). One
hundred hours after P was withdrawn, the expres-
sion of 61 genes differed between the shoots of plants
grown in �P solutions and the shoots of plants
grown in complete nutrient solutions (Table II).
Forty-nine of these genes were up-regulated in plants
grown without P, and 12 genes were down-
regulated. Because the expression of so few genes
differed between shoots of plants grown in �P solu-
tions and shoots of plants grown in complete nutrient
solutions at the 28-h time point, these genes were
grouped with genes whose expression was altered
100 h after P withdrawal. This combined group was
termed the late P response genes. There was only one
gene (At2g04160; AIR3) that was up-regulated at
both 28 and 100 h after P withdrawal (Table II).

Genes Regulated Specifically by P Starvation

Smart plant technology to monitor crop P status
requires promoters that increase the expression of a
marker gene specifically in response to P starvation.
It was therefore necessary to confirm that the genes
up-regulated by P starvation in our experiments
were unaffected by the withdrawal of other mineral
elements (K and N). The shoot K concentration of
plants grown in solutions lacking K for 28 h (73.2
�mol g�1 fresh weight) was lower than the shoot K
concentration of plants grown in full nutrient solu-
tion (83.6 �mol g�1 fresh weight). However, the
shoot N concentration of plants grown in solutions
lacking N for 28 h was not significantly lower than
the shoot N concentration of plants grown in full
nutrient solution (3.93% dry weight), although it de-
clined to 3.71% dry weight 100 h after N was with-
drawn. The P concentrations in shoots of plants
starved of K or N for 28 h did not decline (data not
shown). Thus, the changes in gene expression 28 h
after the withdrawal of K or N will be responses to a
decline in the shoot concentration of K or N specifi-
cally. Only one of the early genes (At1g75040; Table
I) and three of the late genes (At4g21620, At1g21250,
and At2g17840; Table II) responding to P withdrawal
responded also to K or N withdrawal (Fig. 2). Fur-
thermore, only two genes responding to P with-
drawal (At5g64100 and At1g21750) were found to
respond to S starvation (Nikiforova et al., 2003).

A literature survey revealed that the expression of
several genes that responded to P withdrawal was
also affected by other environmental challenges (Ta-
bles I and II). Many genes responding to P with-
drawal also increased after wounding or pathogen
attack (Uknes et al., 1992; Potter et al., 1993; Epple et
al., 1995; Reuber and Ausubel, 1996; Rouse et al.,
1996; Somssich et al., 1996; Century et al., 1997; de A
Gerhardt et al., 1997; Winge et al., 1997; Torres et al.,

Figure 2. Venn diagrams showing the numbers of genes differentially expressed in shoots of Arabidopsis plants in response
to 4, 28, and 100 h of P starvation (A); 28 � 4 h of P starvation (late P-responsive genes), 28 h of K starvation, and 28 h N
starvation (B); 4 h of P starvation (early P-responsive genes), 28 h of K starvation, and 28 h of N starvation (C). Differentially
expressed genes were defined as those with a -fold difference in expression in two biological replicates of 2.5 between
shoots of plants grown in solutions lacking specific elements and control plants grown in complete nutrient solutions and
harvested at the same growth stage. The identities of genes that were differentially expressed in response to P, K, or N
starvation are given in Tables I and II.
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1998; Fujimoto et al., 2000; Chen et al., 2002; Ma-
halingam et al., 2003). Several genes responding to P
withdrawal also responded to anoxia, heat shock,
cold, drought, salinity, or plant growth regulators
(Gil et al., 1994; Abel et al., 1995; Nover et al., 1996;
Rouse et al., 1996; Xu et al., 1996; Fujimoto et al., 2000;
Reymond et al., 2000; Fowler and Thomashow, 2002;
Goda et al., 2002; Klok et al., 2002; Kreps et al., 2002).
The expression of a phytochelatin gene increased
after exposure of plants to heavy metals (Vatamaniuk
et al., 1999) and several genes that responded to P
withdrawal also responded to oxidative stress
(Sharma and Davis, 1994; Desikan et al., 2001). With
the exception of At2g40000, the expression of these
genes were found to respond early to P withdrawal.
The gene for the blue copper-binding protein
(At5g20230) was previously shown to be induced in
high-light environments (Rossel et al., 2002), and the
expression of a putative peroxidase gene (At3g49120)
increased in response to ozone and aluminum stress
(Sharma and Davis, 1994; Richards et al., 1998). Sev-
eral genes whose expression changed in response to
P withdrawal were up-regulated by mechanical or
gravitational stimulation (Moseyko et al., 2002) or
showed significant fluctuation during the cell cycle
in suspension cells (Menges et al., 2002). Interest-
ingly, with the exception of At2g17500, At2g38870,
At4g16260, and At4g22470, all of the latter genes had
maximal expression during the S phase. The majority
of genes that were up-regulated during the cell cycle
and changed their expression early in response to P
withdrawal were involved in cell defense and detox-
ification. By contrast, those genes that were up-
regulated during the S phase and changed in expres-
sion late in response to P withdrawal were
predominantly involved in cellular metabolism. Pro-
moters from none of these genes would be suitable
for use in smart plant technologies to monitor crop P
status.

Promoters from genes whose expression is in-
creased by P withdrawal but is unaffected by other
environmental or developmental challenges can be
used in smart plant technologies. The expression of
13 early genes increased specifically in response to P
withdrawal (Table I). These encoded proteins with
diverse cellular functions, including transcriptional
regulation (At2g28710). However, the increase in
their expression was transient. Consequently, smart
plants based on their promoters would not be suit-
able for the periodical monitoring of plant P status.
The expression of 18 genes was increased 100 h after
P withdrawal and appeared unaffected by other
stimuli (Table II). One of these genes, a subtilisin-like
Ser protease (At2g04160; AIR3), was up-regulated
both 28 and 100 h after P withdrawal. Twelve late
genes encoded proteins involved in aspects of cellu-
lar metabolism (At1g09500, At1g16410, At1g17020,
At1g17740, At2g04400, At2g15090, At2g22780,
At2g43820, At4g16190, At4g35630, At4g36670, andTa
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At5g50850). A further late gene, whose expression
responded solely to P withdrawal, encoded a
scarecrow-like transcription factor (At4g17230;
SCL13). Because increased expression of late genes
was sustained and their up-regulation occurred as
tissue P declined but before growth was compro-
mised, their promoters would be suitable for smart
plant technologies.

The Functions of Genes Regulated by P Starvation

The functional categories of the gene products
whose expression was altered by P starvation were
obtained from the Munich Information on Protein
Sequences (MIPS) database using their AGI identifier
(Tables I and II). When no category was assigned by
functional characterization, the most probable cate-
gory based on sequence homology was assigned.
Approximately 20% to 30% of both the early and late
P response gene products were assigned no known
function (Fig. 3), which is comparable with the 38%
of the 8,100 gene products represented on the Af-
fymetrix GeneChip whose function is unknown.

The early gene products (Table I) were dominated
by those involved in metabolism (31%) and in cell
rescue and defense (20%). Of the 20 metabolism
genes, 13 were involved in primary metabolic func-
tions, such as amino acid metabolism and carbohy-
drate metabolism, and seven were involved in the
production of secondary metabolites involved in
plant defense, such as alkaloids and phenylpro-
panoids. The gene products involved in cell rescue
and defense included five chitinases, four peroxi-
dases, a PR-1-like protein, and a tobacco (Nicotiana
tabacum) hin-1 homolog. Other significant functions
of the early gene products included transcription
(6%), protein fate (3%), cellular communication (2%),
and transport facilitation (2%).

There were nine gene products common to both
early and late responses. These included a cyto-
chrome P450 (At4g37370), two glutathione-S-
transferases (At1g02920, At2g29460), a FAD-linked
oxidoreductase (At1g30700), two peroxidases
(At5g64120 and At4g37520), the tobacco hin-1 ho-
molog (At2g35980), and a lectin (At3g15356). Curi-
ously, the expression of no chitinase or endochitinase
genes remained elevated 100 h after P withdrawal. In
a way similar to the early gene products, roles in
metabolism (33%) and cell rescue and defense (16%)
dominated the late gene products (Table II). At this
time, however, the number of gene products in-
volved in secondary metabolism (11) was greater
than those involved in primary metabolism (10). The
gene products involved in cell rescue and defense
included three peroxidases, a non-race-specific dis-
ease resistance protein (NDR1), a putative nematode-
resistance protein, thionin, and a respiratory burst
oxidase protein. A greater proportion of the late gene
products was involved in transcription (8%), proteinTa
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fate (5%), cellular communication (6%), and transport
facilitation (5%). Interestingly, the identity of these
genes differed between 4 and 100 h after P with-
drawal (Tables I and II). For example, the expression
of five transcription factors (three zinc finger proteins,
a heat shock transcription factor, and a blue copper-
binding protein) was up-regulated 4 h after P with-
drawal, but the expression of two other transcription
factors (for SCL13 and EREB2) was up-regulated, and
three other transcription factors (IAA5, a SUPERMAN-
like protein, and a putative transcription factor pro-
tein) were down-regulated 100 h after P withdrawal.
Because auxin orchestrates plant morphology, it is
noteworthy that four of the 12 genes whose expression
was down-regulated after 100 h of P starvation were
potentially auxin regulated.

Verifying the Temporal Expression Patterns of
Target Genes

To confirm the gene expression patterns observed
using microarray technology, quantitative PCR was
performed. The expression of several genes with po-
tentially contrasting magnitude and relative changes
in expression during P starvation was monitored (Ta-
ble III). Genes with contrasting levels of expression
that responded to the withdrawal of P but not K or N
were chosen, which were identified as up-regulated
(At4g12470) or down-regulated (At1g10060) solely at
the 4-h time point, up-regulated (At2g22780;
At5g26340; At1g17740; At4g35630; At1g61800) or
down-regulated (At2g18890) solely at the 100-h time
point, or up-regulated at both the 4- and 28-h time
points (At2g02990) in the microarray analyses. The
expression of two genes previously identified as being
up-regulated immediately (IPS1; Martı́n et al., 2000) or
slowly (SQD1, At4g33030; Essigmann et al., 1998) and
specifically to P starvation were also included as pos-

itive controls in the quantitative PCR assays. The
rRNA 18S gene was used to quantitate transcript
abundance.

In general, the results from the quantitative PCR
experiments confirmed the changes in gene expres-
sion after the withdrawal of P observed using mi-
croarray technology (Table III). The temporal
changes in gene expression after P withdrawal fol-
lowed similar patterns of change in experiments us-
ing microarrays and quantitative PCR, but the mag-
nitude and kinetics of these changes apparently
differed. This difference may be a consequence of
using different biological samples, contrasting prim-
ers, or normalizing data to different genes. Most of
the discrepancies between experiments performed
using microarrays and quantitative PCR occurred at
the 4-h time point. This probably reflects biological
variability and may be a consequence of the general
nature of any initial shock response to an environ-
mental perturbation (Desikan et al., 2001; Fowler and
Thomashow, 2002; Kreps et al., 2002). Data were
more consistent at later time points, which was pre-
sumably because plant physiology responded specif-
ically to P starvation. Both techniques indicated a
decrease in the expression of LEA76 (At1g10060) and
the pEARLI 1-like (At4g12470) gene as shoot P con-
centration declined and indicated an up-regulation of
RNS1 (At2g02990) after P withdrawal. The same tem-
poral changes in the expression of the protein kinase
(At2g18890) gene were observed using both microar-
rays and quantitative PCR techniques. With the ex-
ception of glycosomal malate dehydrogenase
(At2g22780), whose expression was apparently re-
duced at the 28-h time point according to the mi-
croarray data, and the hexose transporter gene
(At5g26340), whose expression was apparently re-
duced at the 100-h time point according to quantita-
tive PCR, the expression of all up-regulated late

Figure 3. The MIPS functional categories of
genes whose expression had changed early (4 h;
Table I) or late (28 or 100 h; Table II) after the
withdrawal of P from 28-d-old hydroponically
grown Arabidopsis. The AGI number for each
gene was used to identify its functional category
from the MIPS database (http://mips.gsf.de/proj/
thal/db/tables/tables_func_frame.html). When
no functional category was given by MIPS, the
first predicted category identified in PENDANT
was used.
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genes showed increased expression both 28 and 100 h
after P withdrawal when assayed by either technique.

Proving the Smart Plant Concept

Promoters for genes that are expressed early
enough in response to P starvation to enable reme-
dial fertilizer application (� 100 h after withdrawing
P), but whose expression is not affected by transient
vagaries in environmental conditions (� 4 h after
withdrawing P) or by other stimuli are suitable for
the generation of smart plants. One such gene is
SQD1 (Table III), a gene involved in sulfolipid bio-
synthesis, originally isolated from a cDNA library
with probes homologous to the bacterial sqdB genes
by Essigmann et al. (1998). Expression of this gene is
increased when Arabidopsis are grown under
P-limiting conditions (Essigmann et al., 1998) and
also when P is withdrawn from Arabidopsis growing
hydroponically (Table III). To generate a smart plant,
we isolated the promoter for SQD1 through inverse
PCR of genomic DNA using nested primers to the
published cDNA sequence (AF022082).

Transgenic Arabidopsis harboring constructs con-
taining the promoter for SQD1 driving the expres-
sion of a GUS marker gene showed a gradual in-
crease in leaf GUS activity after P withdrawal (Fig. 4).
No GUS activity was observed 20 h before the with-
drawal of P. Four hours after P was withdrawn, GUS
activity had increased noticeably and appeared to
remain constant as plants approached incipient P

Figure 4. The activity of GUS in the leaves of two independent
transgenic Arabidopsis lines bearing constructs containing the GUS
marker gene under the control of the promoter sequence for the
P-sensitive gene, SQD1. Plants were grown hydroponically and fully
expanded leaves were harvested 20 h before and 4, 28, 100, and
220 h after withdrawing P. Excised leaves were vacuum infiltrated
with staining solution containing 520 mg L�1 5-bromo-4-chloro-3-
indolyl �-D-glucopyranoside and incubated overnight at 37°C. To
assist the visualization of the blue product, chlorophyll was removed
from leaves by stepwise replacement of the staining solution with
ethanol and mounted in a solution containing 50% (v/v) glycerol. The
transgenic lines were GUS13/4 (top) and GUS22/1 (bottom).Ta
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deficiency (28–100 h). A further marked increase in
GUS activity was observed 220 h after the with-
drawal of P. These observations demonstrate the po-
tential for smart plant technology based on the
SQD1::GUS construct to monitor plant P status.

DISCUSSION

Changes in Gene Expression after P Withdrawal

Changes in gene expression in Arabidopsis shoots
during P starvation assayed using microarray tech-
nology (Tables I and II) were confirmed using quan-
titative PCR techniques (Table III). When P was with-
held from Arabidopsis plants growing hydroponically,
changes in gene expression occurred that were either
specific to P starvation or common to a variety of en-
vironmental perturbations (Tables I and II). The expres-
sion of 60 genes was transiently up-regulated 4 h after
withdrawing P. Many of these genes are ubiquitous
“shock” response genes up-regulated by various patho-
gens and environmental perturbations (Table I; Desi-
kan et al., 2001; Fowler and Thomashow, 2002; Kreps et
al., 2002). Several of the genes transiently up-regulated
4 h after withdrawing P are involved in cell rescue and
defense (Table I; Fig. 3), which is consistent with the
common horticultural observation that plants subject to
a mild P stress are less susceptible to pathogens. These
included five chitinases, four peroxidases, a PR-1-like
protein, which may be induced by peroxidase activity
(Mackerness et al., 2001), and a homolog of a harpin-
induced gene (hin-1) in tobacco. Harpin has been
shown to induce peroxidase activity (Wang and Liu,
1999). Other genes that are up-regulated by oxidative
stress were also transiently up-regulated 4 h after with-
drawing P (Table I; Desikan et al., 2001). These included
a cytochrome P450 (At4g37370), a C2H2-type zinc fin-
ger protein (Att5g04340), and a blue copper-binding
protein (At5g20230; Table I). It is noteworthy that phos-
phate deficiency has been shown to induce the produc-
tion of reactive oxygen species (Gonzàlez-Meler et al.,
2001). Interestingly, the expression of the alternative
oxidase 1a precursor (At3g22370) was up-regulated
100 h after P withdrawal, with 2.2- and 3.2-fold changes
in the two replicate experiments. This may reduce the
production of harmful reactive oxygen species by in-
creasing electron transport through the alternative ox-
idase pathway.

Surprisingly, the expression of only four genes dif-
fered between nutrient-replete plants and plants
starved of P for 28 h (Table II). This lull in differential
gene expression has also been observed in the time
course of changes in gene expression after other envi-
ronmental perturbations (Reymond et al., 2000; Kreps
et al., 2002; Ramonell et al., 2002) and may demarcate
the progression from an initial common shock re-
sponse to a more specific response associated with
each perturbation. One hundred hours after with-
drawing P, the expression of 49 genes was greater in
plants starved of P than in nutrient-replete plants.

Many of these genes appeared to be specific for P
starvation, and several are involved in P metabolism
(Table II). Curiously, the expression of none of the five
genes present on the Affymetrix GeneChip previously
found to be up-regulated by P starvation in Arabidop-
sis (At2g02990, RNS1; At2g32830, Pht1;5; At3g26570,
PHT2;1; At5g43350, Pht1;1; and At2g27190, PAP12)
was classified as up-regulated 100 h after withdrawing
P by the criteria employed here. However, the expres-
sion of RNS1 (At2g02990), which is up-regulated dur-
ing P starvation in Arabidopsis leaves (Bariola et al.,
1994), was observed to be significantly up-regulated
after 4 h (Table I) and 28 h (7.27- and 2.27-fold in-
creases in the two replicate experiments) of P starva-
tion and marginally up-regulated after 100 h of P
starvation (2.69- and 1.07-fold increases in the two
replicate experiments). Genes for the phosphate trans-
porters Pht1;5 (At2g32830) and PHT2;1 (At3g26570)
are also expressed in the shoots of Arabidopsis and
show increased expression in P-starved plants (Daram
et al., 1999; Mudge et al., 2002; Versaw and Harrison,
2002). Unfortunately, transcripts of Pht1;5 could not be
detected in our study, but the expression of PHT2;1
was increased in one of the replicate experiments
100 h after the withdrawing P (0.76- and 2.87-fold
changes in the two replicate experiments). The gene
encoding the phosphate transporter Pht1;1
(At5g43350) appears to be only expressed in Arabi-
dopsis roots (Muchhal et al., 1996; Mudge et al., 2002),
and consequently, no transcripts for this gene were
detected in our study. The expression of PAP12
(At2g27190), which encodes a purple acid phospha-
tase, has been shown to increase in Arabidopsis sus-
pension cells starved of P (Li et al., 2002). In our
experiments the expression of PAP12 was marginally
increased 100 h after withdrawing P in shoots of Ara-
bidopsis (2.76- and 1.76-fold increases in the two rep-
licate experiments), which is in agreement with the
data presented by Li et al. (2002).

Plant P Status Can Be Monitored Using Smart Plants

Smart plants can be used to assay crop P status.
They can be genetically engineered in transgenic
plants by harnessing a phosphate-sensitive promoter
to the expression of a gene encoding a visible marker.
Typical marker genes that could be used are GUS or
green fluorescent protein. Detection of the visible
marker in the leaves of a smart plant would indicate
a physiological P stress and the need for fertilizer
application. It is important that the expression of the
marker gene responds solely to P and increases as
tissue P concentration declines but before P starva-
tion affects plants growth. In the experiments de-
scribed here, the shoot P concentration of Arabidop-
sis plants had decreased without an effect on growth
between 24 and 72 h after P withdrawal (Fig. 1).
Promoters for genes whose expression is increased
during this time period are suitable for smart plant
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technology. One such gene is SQD1 (Table III; Essig-
mann et al., 1998).

The smart plant concept was tested using the pro-
moter from the gene SQD1 to control the expression
of the GUS marker gene. It was observed that GUS
expression in leaves of transgenic Arabidopsis bear-
ing the SQD1::GUS construct increased after the
withdrawal of P (Fig. 4) and that an increase could be
detected before P starvation affected plant growth.
However, because the GUS activity continued to in-
crease with acute P starvation, smart plants based on
the SQD1::GUS construct would require careful cali-
bration. In practice, a grower may also need to know
whether P stress had been relieved after remedial P
fertilization. Therefore, it would be necessary for the
expression of any marker gene in a smart plant to
return rapidly to basal levels after the application of
P. This was not investigated in the present study, but
the responsiveness of SQD1 promoter activity to re-
medial P fertilization is under investigation. In addi-
tion, the marker gene product itself would need to
have a rapid turnover time that would allow the
grower to determine quickly whether remedial P fer-
tilization had been successful. A maximal half-life on
the order of a few days is probably necessary.

The Identification of cis-Regulatory Elements in the
Promoters of P-Responsive Genes

It is possible that promoters for other P-responsive
genes might be used for smart plant technologies.
Because P stress can be induced by a variety of
factors and because many different signaling and
metabolic pathways are implicated, it might be wise
to identify a suite of promoters responding differen-
tially to P starvation to allow plant P stress to be
monitored in all environments. These promoters
could be stacked in a single construct in which each
controlled the expression of a different marker gene,
for example other colored or fluorescent proteins,
such as yellow fluorescent protein, cyan fluorescent
protein, and red fluorescent proteins (Lansford et al.,
2001; Visser et al., 2002), in a single smart plant. To
identify cis-regulatory elements in the promoters of
P-responsive genes that may be involved in the up-
regulation of gene expression in P-starved plants, we
searched for common sequences contained within the
promoters of the genes whose expression changed
either early or late in response to P withdrawal (Table
IV) using the GeneSpring program (Silicon Genetics,
Redwood City, CA). These sequences may act as
cis-regulatory elements binding a common transcrip-
tion factor. Two novel sequences were present signif-
icantly (P � 0.05) more frequently in the promoters of
genes up-regulated early in response to P withdrawal
than in the promoters of all genes represented on the
Affymetrix GeneChip (Table IV). The first promoter
consensus sequence (CGCGTGGG) had similarities
to a PHO element (Mukatira et al., 2001), and the

second promoter consensus sequence (TATAAATA)
had similarities to TATA box elements (Rossel et al.,
2002). The promoters of three genes (At2g02930,
At4g25810, and At1g30720) that were up-regulated
early in response to P withdrawal contained both
putative cis-regulatory elements. The promoter re-
gions of several genes whose expression changed in
P-starved plants in our experiments also contained
cis-regulatory elements previously identified as com-
mon to genes whose expression responds to P star-
vation (Mukatira et al., 2001; Rubio et al., 2001; Table
IV). However, only the PHO element CACGT(G/C)
was present slightly more often in the promoters of
genes up-regulated in response to P withdrawal than
in the promoters of all genes represented on the
Affymetrix GeneChip. The four other cis-regulatory
elements we surveyed occurred at a similar fre-
quency in the genes we identified as responding to P
withdrawal as in the regulatory sequences of all
genes on the Affymetrix GeneChip (Table IV). Other
cis-regulatory elements in promoters that respond to
P starvation might be identified as the targets of
transcription factors whose expression is increased
by P stress (Tables I and II; Rubio et al., 2001).

Potential for Smart Plants

Smart plants can be used as a basic research tool as
well as for more applied ends. In the laboratory,
smart plants could be used (a) after mutation of the
transgenic lines to identify components of signaling
cascades impacting on nutrient-specific gene regula-
tion (Martı́n et al., 2000), (b) in conjunction with a
screen of mutants or ecotypes, to identify plants with
enhanced nutrient use efficiency, which could be used
in breeding programs, (c) to investigate the role of root
and/or soil structure in the acquisition of P from soils
with low P availability, and (d) as experimental ma-
terial to assist and ratify computer predictions for the
application of P fertilizers on crop P status. Transfer-
ring smart plant technology to crops would provide a
rapid bioassay for P availability to plants in situations
where existing chemical tests provide unclear results
(Smethurst, 2000). Thus, sentinel plants monitoring
the P status of crops will allow efficient temporal and
spatial applications of P fertilizer and further the de-
velopment of decision-making systems for precision
farming. Ultimately, these will lower costs, reduce
pollution, and enhance biodiversity.

MATERIALS AND METHODS

Plant Material and Growth Conditions

Seeds of Arabidopsis accession Col-5 were obtained from the Notting-
ham Arabidopsis Stock Centre (N1644; Nottingham, UK). Seeds were
washed in 70% (v/v) ethanol-water, rinsed in distilled water, and surface
sterilized using 50% (v/v) domestic bleach-water. Seeds were then rinsed
and imbibed for 3 to 5 d at 4°C in sterile distilled water to break dormancy.

After imbibition, seeds were sown in un-vented, polycarbonate culture
boxes (Broadley et al., 2001). Seedlings were grown aseptically for 21 d on
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perforated black polycarbonate discs (diameter 91 mm) placed on 75 mL of
0.8% (w/v) agar containing 1% (w/v) Suc and a basal salt mix (Murashige
and Skoog, 1962). Roots grew into the agar, but shoots remained on the
opposite side of the disc. Seedlings were grown with a 16-h photoperiod at
a constant temperature of 24°C. Illumination was provided by a bank of
100-W 84 fluorescent tubes (Philips, Eindhoven, Netherlands) giving a
photon flux density between 400 and 700 nm of 50 to 80 �mol photons m�2

s�1 at plant height.
After 21 d, plants were transferred, still on polycarbonate discs, to a

hydroponics system situated in a Saxcil growth cabinet (S.K. Saxton Ltd.,
ARC Works, Cheshire, UK). Plants were grown with a 16-h photoperiod at
a temperature of 24°C during the day and 16°C at night. Illumination was
provided by a bank of OSRAM L 58 W/23 fluorescent tubes (OSRAM,
Langley, UK) giving a photon flux density between 400 and 700 nm of 75
�mol photons m�2 s�1 at plant height. Relative humidity was approxi-
mately 80%. Each polycarbonate disc containing plants was placed on a
light-proof 500-mL beaker over 450 mL of aerated complete nutrient solu-
tion (pH 5.6) containing: 8.0 mm NO3

�, 4.025 mm Ca2�, 0.764 mm SO4
2�,

0.75 mm K�, 0.75 mm Mg2�, 0.25 mm H2PO4
2�, 0.1 mm FeNaEDTA, 0.05 mm

Cl�, 0.03 mm H2BO3
�, 0.01 mm Mn2�, 0.001 mm Na�, 0.001 mm Zn2�, 0.003

mm Cu2�, and 0.0005 mm MoO4
2�. Nutrient solution was recirculated using

a peristaltic pump at a flow rate of 30 mL min�1 (M045 OEM peristaltic
pump, Autoclude, Essex, UK) through four beakers and a central reservoir
of 6 L. Four hydroponic units could be operated simultaneously. Nutrient
solutions were replaced twice a week. Plants were grown hydroponically for
7 d in complete nutrient solution before experimentation.

Analysis of Plant Growth and Mineral Content

To determine the effects of removing the P, K, or N supply on shoot
growth and mineral content, the complete nutrient solution was replaced
with nutrient solutions lacking these elements. These are referred to as �P,
�K, and �N solutions. In solutions lacking P, KH2PO4 was replaced with
KH2SO4 to maintain potassium levels. In solutions lacking K, KH2PO4 and
KOH were replaced with Ca(H2PO4)2 to maintain phosphate levels. In
solutions lacking N, Ca(NO3)2 was replaced with CaSO4 to maintain calcium
levels.

In the first experiment, which was repeated three times, plants were
harvested 1, 3, 8, and 11 d after P was removed from the nutrient solution.
At each harvest, the fresh weights of the shoots of 25 plants were deter-
mined. The shoot material was then dried at 80°C for 48 h, and the dry
weights of individual shoots were determined. Shoot P, K, and N contents
were determined from bulked samples of 25 plants. To determine P and K,
samples were ashed overnight at 490°C, and the ash was dissolved in 1 mL
of nitric acid and 5 mL of water. Solutions were filtered through No. 5 paper
(Whatman, Kent, UK) and analyzed for P and K by inductively coupled
plasma optical emission spectrophotometry (J Y Horiba Ultima 2 ICP-OES,

Jobin Yvon, Middlesex, UK). To determine N, an aliquot of the bulked
sample was loaded directly into a combustion analyzer (CN 2000, LECO
UK, Stockport, Cheshire, UK) and analyzed for percentage of N via an
internal thermal conductivity detector.

In the second experiment, which was also repeated three times, plant
material was harvested 1, 3, 8, and 11 d after removing N or K from the
nutrient solution and also in nutrient-replete plants. Shoot fresh and dry
weights and shoot P, K, and N contents were determined as described
above.

Profiling Gene Expression under Nutrient Starvation

To determine changes in gene expression in response to phosphate
starvation, the complete nutrient solution was replaced by �P nutrient
solution 4 h before the midpoint of the light-period 28 d after sowing. Shoot
material was harvested 4, 28, and 100 h after the phosphate supply was
removed, mid-way through the light period. Shoot material from control
plants supplied with complete nutrient solution was also harvested at these
time points and also 20 h before P starvation.

To identify genes up-regulated specifically in response to P starvation,
rather than as a nonspecific response to mineral deficiency, the complete
nutrient solution was replaced by �K or �N nutrient solutions. Again, the
nutrient solutions were changed 4 h before the midpoint of the light period,
and shoot material was harvested 28 h after K or N was removed, mid-way
through the light period.

At each harvest, shoot material from eight to 12 plants from each treat-
ment was bulked into 1.5-mL colorless, sterile, screw-cap polypropylene
tubes and was snap-frozen in liquid nitrogen. Tissue samples were stored at
�70°C before the extraction of total RNA. The entire experiment was
performed twice.

Extraction of Total RNA

Tissue samples, previously stored at �70°C, were placed in liquid nitro-
gen before grinding. To each sample, 1 mL of TRIzol reagent was added,
and total RNA was subsequently extracted according to the manufacturer’s
instructions (Invitrogen Life Technologies, Paisley, UK). Due to the high
content of proteoglycans and polysaccharides in plant material, the follow-
ing modifications were made: (a) After homogenization with the TRIzol
reagent, the samples were centrifuged to remove any remaining plant
material. The supernatant was then transferred to a clean Eppendorf tube.
(b) To aid precipitation of RNA from the aqueous phase, 0.25 mL of
isopropanol and 0.25 mL of 1.2 m NaCl solution containing 0.8 m sodium
citrate were added. This procedure precipitates the RNA while maintaining
the proteoglycans and polysaccharides in a soluble form. Samples of total
RNA were then sent to AROS Applied Biotechnology (Aarhus, Denmark)

Table IV. The occurrence of novel cis-regulatory elements in the promoters of genes whose expression changed early or late in response to
P withdrawal in the experiments reported here (Tables I and II) and cis-regulatory elements previously identified as common to genes whose
expression responded to P starvation

The occurrence of these cis regulatory elements in the promoters of all genes on the Affymetrix GeneChip are given for comparison. –, not
determined.

Element Name Element Sequence

No. of Genes with Element Upstream of Start Codon

Reference
Early

P-Responsive
Genes

Late
P-Responsive

Genes

Affymetrix
GeneChip

No. % No. % No. %

Novel elements
PHO-like C(G/T/A)(C/T/A)GTGG 18 32.1 – – 588 7.1 –
TATA box-like TATAAATA 20 35.7 – – 753 9.1 –

P-responsive
elements
PHR1-binding site GNATATNC 10 16.7 9 17.6 1498 18.2 Rubio et al. (2001)
PHO element CACGT(G/C) 17 28.3 16 31.4 1574 19.1 Mukatira et al. (2001)

ATGCCAT 1 1.7 2 3.9 349 4.2 Mukatira et al. (2001)
Helix-loop-helix CA(T/G)(A/C)TG 32 53.3 23 45.1 4431 53.7 Mukatira et al. (2001)
NIT 2 TATC(A/T)(A/T) 42 70.0 36 70.6 6296 76.3 Mukatira et al. (2001)
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for labeling and Arabidopsis GeneChip analysis (Affymetrix Inc., Santa
Clara, CA).

Microarray Data Analysis

All data manipulations were performed using Microsoft Excel (Mi-
crosoft, Redmond, WA). Signal values (indicating the relative abundance
of a particular transcript) and detection call values (indicating the proba-
bility that a particular transcript is present) were generated by Microarray
Analysis Suite 5.0 software (Affymetrix Inc., Santa Clara, CA). Transcripts
called “Absent” in both experiments were removed from subsequent
analyses. Differences in transcript abundance were expressed as -fold
changes, which were calculated as the ratio of signal values in different
experiments or treatments. A difference in transcript abundance of 2.5-fold
was taken as indicating a difference in gene expression. It has been
estimated by challenging Arabidopsis GeneChips with identical RNA
samples that the frequency of false calls (differences in transcript abun-
dance 2.5-fold) due to technical reasons approximates 0.04% to 0.2%
(Fowler and Thomashow, 2002; Zhu et al., 2001). A preliminary compari-
son of the expression data from identical experiments undertaken here
indicated that the frequency of false calls due to biological/experimental
variation was higher than this and was greatest at low signal values. For
this reason, and following the precedent of Zhu et al. (2001), all signal
values � 20 were floored to 20. The frequency of false calls in the two
replicate experiments reported here was estimated to be 3% (n � 8 com-
parisons) per experiment.

The AGI numbers for transcripts present on the Affymetrix Arabidopsis
GeneChip were cross-referenced against probe sets on the GeneChip to
remove duplicates. The annotation of transcripts was confirmed using the
AGI and GenBank numbers given by Affymetrix. The target nucleotide
sequences used by Affymetrix to design probes for the GeneChip (Available
from http://www.affymetrix.com) were used to BLAST the GenBank se-
quence database to confirm the identity of the assayed transcript. A similar
confirmation of probe fidelity has been undertaken independently by Ghas-
semian et al. (2001).

The identification of cis-regulatory elements (five to 10 bases, with one or
no single nucleotide discrepancies) that occurred with a greater frequency
within the 10 to 1,000 bases upstream of genes whose expression increased
early or late after the withdrawal of P in our study, compared with the
regulatory sequences contained upstream of all genes on the Affymetrix
GeneChip (P value of 0.05), was performed by the GeneSpring subprogram
“Find potential regulatory sequences” (Silicon Genetics, Redwood City,
CA). The occurrence of cis-regulatory elements previously identified as
common to genes whose expression responds to P starvation (Mukatira et
al., 2001; Rubio et al., 2001) was also determined using GeneSpring in the 10
to 1,000 bases upstream of genes whose expression increased early or late
after the withdrawal of P in our study and of all genes present on the
Affymetrix GeneChip.

Generating Smart Plants

Primers were designed to SQD1 based on its published cDNA sequence
(GenBank accession no. AF022082). These consisted of an initial pair of
primers (CCCTTCAGTTATCTCACTTAGCAG and AAGCTGAAAGTA-
GATGCGCCAT) to perform inverse PCR (IPCR) on circularized genomic
DNA (Collins and Weissman, 1984) followed by a second “nested” pair of
primers (ACTAAGCTTCAGCAGCAGCA and GCGCCATTTTAAAGCTTT-
GTTC). The second pair was adjusted to incorporate the underlined HindIII
sites. Promoter fragments for SQD1 of approximately 0.8 kb (with DNA cut
using PstI) and 3.5 kb (with DNA cut using HindIII) were obtained by IPCR
techniques. On the first pass IPCR, no apparent major bands were present,
but on a re-PCR with the nested primers (from the purified products of the
first-pass IPCR) strong individual bands were obtained. Their sequences
corresponded to both the published cDNA sequences for SQD1 and the
bacterial artificial chromosome containing SQD1 (BAC F26P21/AL031804).

A 1.6-kb region upstream of the SQD1 gene was inserted into the
pMOG24 plasmid (Mogen International, Leiden, The Netherlands) up-
stream of the GUS marker gene. The pMOG24 plasmid was then trans-
formed into Agrobacterium tumefaciens C58 pGV3850 via electroporation
(Wei-jun and Forde, 1989) and then into Arabidopsis ecotype Col-5 by
vacuum infiltration (Bechtold et al., 1993). Seeds from transformed plants

were imbibed and surface sterilized before being sown on 0.8% (w/v) agar,
containing 1% (w/v) Suc, 50 mg L�1 kanamycin, and a basal salt mix
(Murashige and Skoog, 1962). Twenty-four transformed lines were driven to
homozygosity over three generations through selection on agar containing
kanamycin.

To determine changes in GUS activity in untransformed and transgenic
plants bearing the SQD1::GUS construct in response to phosphate starva-
tion, fully expanded leaves of hydroponically growing plants were re-
moved 20 h before and 4, 28, 100, and 220 h after complete nutrient
solution was replaced by �P nutrient solution 28 d after sowing. Excised
leaves were vacuum infiltrated with staining solution containing 520 mg
L�1 5-bromo-4-chloro-3-indolyl �-d-glucopyranoside (Melford Laborato-
ries, Ipswich, Suffolk, UK), 1.32 g L�1 potassium ferricyanide, 100 mg L�1

chloramphenicol, 0.1% (v/v) Triton X-100, and 50 mm sodium phosphate
buffer (pH 7.0) and were incubated overnight at 37°C. To assist the
visualization of the blue product, chlorophyll was removed from leaves
by stepwise replacement of the staining solution with 10%, 30%, 50%,
and finally 100% (v/v) ethanol. Leaves were kept in solutions containing
10%, 30%, and 50% (v/v) ethanol for 2 h and in 100% ethanol overnight.
Leaves were transferred to a solution containing 50% (v/v) glycerol for
mounting.

Quantitative PCR

Reverse transcription was performed on 1 �g of total RNA, isolated from
plants grown under the same conditions as those grown for microarray
analysis, using the ThermoScript RT-PCR system (Invitrogen Life Technol-
ogies). The cDNA synthesis reaction was carried out using random hexam-
ers (50 ng �L�1) according to the manufacturer’s instructions. Primers for
quantitative PCR were designed to the cDNA sequences of genes identified
by the microarray screening process and 18S rRNA gene control using the
Primer Express Software (v2.0, Applied Biosystems, Cheshire, UK; Table
IV). Analysis of transcript levels of each gene was achieved by quantitative
PCR using an ABI Prism 7900 HT sequence detector and SYBR Green
fluorescent dye. Triplicate reactions (15 �L volume) were performed for
each gene and sample (control and �P plants, 4, 28, and 100 h after the
withdrawal of P) using 384-well plates consisting of 20-ng cDNA sample, 1
�m forward and reverse primer, and 7.5 �L of 2� SYBR Green PCR master
mix (Applied Biosystems). The quantitative PCR reaction conditions were
50°C (2 min) followed by 95°C (10 min) for 1 cycle, then 95°C (15 s) followed
by 60°C (1 min) for 40 cycles. This was followed by a dissociation step of
95°C for 15 s, 60°C for 15 s and 95°C for 15 s. The dissociation step was
included to generate data for melting curve analysis so that primer dimers
or nonspecific products could be detected in the reaction. A control reaction
was carried out on each sample using 2 ng of total RNA, to confirm that
there was no contaminating chromosomal DNA in the original sample. The
expression pattern of individual genes, as suggested by microarray data,
dictated which cDNA samples were used to generate standard curves, i.e.
the standard curves for genes whose expression increased 100 h after P
withdrawal were generated from cDNA samples isolated from plants 100 h
after the withdrawal of P. Samples were diluted to give a cDNA concentra-
tion range from 10 ng �L�1 to 0.01 ng �L�1. The cycle threshold and
normalized fluorescence (�Rn) values were determined for each sample
during the quantitative PCR cycling reaction using the ABI Prism sequence
detector software (v2.0). The cycle threshold value was calculated using a
threshold value set at 0.2. Transcript levels of each gene were normalized to
the 18S rRNA control gene.

Novel Materials

All novel materials described in this publication will be made available
upon request in a timely manner for noncommercial research purposes,
subject to the requisite permission from any third-party owners of all or
parts of the material. Obtaining any permissions will be the responsibility of
the requestor.
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and its compounds. In A Läuchli, RL Bieleski, eds, Encyclopedia of Plant
Physiology, New Series, Vol 15A. Springer-Verlag, Berlin, pp 422–449

Bohn HL, McNeal BL, O’Connor GA (1979) Soil Chemistry. John Wiley &
Sons, New York

Boyes DC, Zayed AM, Ascenzi R, McCaskill AJ, Hoffman NE, Davis KR,
Görlach J (2001) Growth stage-based analysis of Arabidopsis: a model for
high throughput functional genomics in plants. Plant Cell 13: 1499–1510

Broadley MR, Burns A, Burns IG (2002) Relationships between phosphorus
forms and plant growth. J Plant Nutr 25: 1075–1088

Broadley MR, Escobar-Gutiérrez AJ, Bowen HC, Willey NJ, White PJ
(2001) Influx and accumulation of Cs� by the akt1 mutant of Arabidopsis
thaliana (L.) Heynh. lacking a dominant K� transport system. J Exp Bot
52: 839–844

Brinch-Pedersen H, Sørensen LD, Holm PB (2002) Engineering crop plants:
getting a handle on phosphate. Trends Plant Sci 7: 118–125

Century KS, Shapiro AD, Repetti PP, Dahlbeck D, Holub E, Staskawicz BJ
(1997) NDR1, a pathogen-induced component required for Arabidopsis
disease resistance. Science 278: 1963–1965

Chen W, Provart NJ, Glazebrook J, Katagiri F, Chang HS, Eulgem T,
Mauch F, Luan S, Zou G, Whitham SA et al. (2002) Expression profile
matrix of Arabidopsis transcription factor genes suggests their putative
functions in response to environmental stresses. Plant Cell 14: 559–574

Ciereszko I, Johansson H, Hurry V, Kleczkowski LA (2001) Phosphate
status affects the gene expression, protein content and enzymatic activity
of UDP-glucose pyrophosphorylase in wild-type and pho mutants of
Arabidopsis. Planta 212: 598–605

Collins FS, Weissman SM (1984) Directional cloning of DNA fragments at
a large distance from an initial probe: a circularization method. Proc Natl
Acad Sci USA 81: 6812–6816

Daram P, Brunner S, Rausch C, Steiner C, Amrhein N, Bucher M (1999)
Pht2;1 encodes a low affinity phosphate transporter from Arabidopsis.
Plant Cell 11: 2153–2166

de A Gerhardt LB, Sachetto-Martins G, Contarini MG, Sandroni M, de P
Ferreira R, de Lima VM, Cordeiro MC, de Oliveira DE, Margis-Pinheiro
M (1997) Arabidopsis thaliana class IV chitinase is early induced during the
interaction with Xanthomonas campestris. FEBS Lett 419: 69–75

Delhaize E, Randall PJ (1995) Characterisation of a phosphate-accumulator
mutant of Arabidopsis thaliana. Plant Physiol 107: 207–213

del Pozo JC, Allona I, Rubio V, Leyva A, de la Peña A, Aragoncillo C,
Paz-Ares J (1999) A type 5 acid phosphatase gene from Arabidopsis

thaliana is induced by phosphate starvation and by some other types of
phosphate mobilising/oxidative stress conditions. Plant J 19: 579–589

Desikan R, Mackerness SAH, Hancock JT, Neill SJ (2001) Regulation of the
Arabidopsis transcriptome by oxidative stress. Plant Physiol 127: 159–172

Drew MC (1975) Comparison of the effects of a localised supply of phos-
phate, nitrate, ammonium and potassium on the growth of the seminal
root system, and the shoot, in barley. New Phytol 75: 479–490

Duff SMG, Sarath G, Plaxton WC (1994) The role of acid phosphatases in
plant phosphorus metabolism. Physiol Plant 90: 791–800

Epple P, Apel K, Bohlmann H (1995) An Arabidopsis thaliana thionin gene is
inducible via a signal transduction pathway different from that for
pathogenesis-related proteins. Plant Physiol 109: 813–820
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