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Phosphate (Pi) deficiency is a major nutritional problem faced by plants in many agro-ecosystems. This deficiency results
in altered gene expression leading to physiological and morphological changes in plants. Altered gene expression is
presumed to be due to interaction of regulatory sequences (cis-elements) present in the promoters with DNA binding factors
(trans-factors). In this study, we analyzed the expression and DNA-protein interaction of promoter regions of Pi starvationinduced genes AtPT2 and TPSI1. AtPT2 encodes the high-affinity Pi transporter in Arabidopsis, whereas TPSI1 codes for a
novel gene induced in the Pi-starved tomato (Lycopersicon esculentum). Expression of AtPT2 was induced rapidly under Pi
deficiency and increased with decreasing concentrations of Pi. Abiotic stresses except Pi starvation had no affect on the
expression of TPSI1. DNA mobility-shift assays indicated that specific sequences of AtPT2 and TPSI1 promoter interact with
nuclear protein factors. Two regions of AtPT2 and TPSI1 promoters specifically bound nuclear protein factors from
Pi-sufficient plants. Interestingly, the DNA binding activity disappeared during Pi starvation, leading to the hypothesis that
Pi starvation-induced genes may be under negative regulation.

Crop productivity is often limited by phosphate
(Pi) availability (Barber, 1980). This limitation initiates a series of physiological and genetic changes
leading to increased survival of plants under these
conditions (Raghothama, 2000). Altered morphology,
physiology, and biochemical pathways allow plants
to cope with the nutrient deficiency (Plaxton and
Carswell, 1999). It is becoming clear that a coordinated expression of genes during Pi starvation is the
underlying factor in all these responses. Many genes
including Pi transporters, phosphatases, RNases,
␤-glucosidase, and others of unknown function are
induced during Pi starvation (Raghothama, 1999).
Interestingly, the deficiency of Pi sets these molecular
events in motion. One can envision that the Pi
starvation-mediated signaling pathway results in
specific interactions of trans-factors with conserved
cis-elements in Pi deficiency-induced genes. This
type of interaction is the basis for activation of suites
of genes involved in Pi starvation rescue mechanism
in yeast and bacteria.
In yeast, both positive and negative regulatory elements control the expression of Pi starvationinduced genes (Oshima, 1997). A key positive regulator, Pho4, controls the expression of multiple genes
including phosphatases and Pi transporters. Pho4
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has an amphipathic helix-loop-helix-type DNA binding domain that interacts with specific promoter sequences of PHO genes (Okamura et al., 2000). Under
Pi sufficiency a complex of two negative regulators,
Pho80 (cyclin) and Pho85 (cyclin-dependent protein
kinase), render Pho4 inactive by hyper-phosphorylation, thus preventing its nuclear localization
(O’Neill et al., 1996). During Pi deficiency the Pho81
another member of PHO regulon, inhibits the function of the Pho80/Pho85 complex, thus allowing
Pho4 to interact with cis-elements (Ogawa et al.,
1995; Lenburg and O’Shea, 1996). A similar type of
gene regulation has also been described in Neurospora
crassa (Metzenberg, 1998). In Escherichia coli, at least
30 genes are involved in scavenging Pi during the
starvation response. PhoB, a regulator, and PhoR, a
sensor, act in concert as a two-component system that
responds to the cell’s need for Pi (Wanner, 1997).
Plants have a much more complex system of regulating Pi uptake and homeostasis (Raghothama,
2000). It is presumed that intricate gene regulatory
circuits similar to the PHO regulon may be involved
in the Pi starvation response mechanism (Goldstein
et al., 1989). A computer search of the plant DNA and
protein databases revealed the presence of genes similar to PHO genes of yeast. In addition, the major
molecular determinants of the Pi starvation response,
Pi transporters and phosphatases, are activated
in a manner very similar to that of yeast. The
high-affinity Pi transporters is among the wellcharacterized Pi starvation-induced genes in plants
(Muchhal et al., 1996; Mitsukawa et al., 1997; Smith et
al., 1997). They are regulated at the level of transcription and expressed preferentially in roots (Muchhal
and Raghothama, 1999; Karthikeyan et al., 2000).
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There are nine full-length sequences of high-affinity
Pi transporter homologs in the Arabidopsis sequence
databases. Thus far, the expression of only two genes
(AtPT1 and AtPT2) has been described (Muchhal et
al., 1996; Smith et al., 1997; Okumura et al., 1998).
Another novel gene that is specifically induced under
Pi starvation is TPS11 of tomato (Lycopersicon esculentum; Liu et al., 1997). Members of the TPSI1 family
are also found in Medicago truncatulata (Burleigh and
Harrison, 1997), Arabidopsis (Burleigh and Harrison,
1999; Martin et al., 2000), tobacco (Nicotiana tabacum),
soybean (Glycine max), Lotus japonicas, and rice (Oryza
sativa; expressed sequence tag databases). Expression
of TPSI1 and its homologs has been extensively studied (Burleigh and Harrison, 1997, 1999; Liu et al.,
1997; Biddinger et al., 1998). The promoter region of
TPSI1 contains several conserved cis-elements found
in yeast and N. crassa PHO genes (Liu et al., 1997). At
present, very little is known about the transcriptional
regulation of Pi starvation-induced genes in plants.
The promoter regions of the Pi starvation-induced
gene ␤-glucosidase showed specific interactions with
protein factors (Malboobi et al., 1998). Some of the
conserved cis-sequences in this promoter are similar
to Pho4 and cAMP response element binding sites of
PHO gene promoters of yeast.
Here, we report the detailed analysis of promoters
of two Pi starvation-induced genes, AtPT2 and TPSI1
from Arabidopsis and tomato, respectively. The temporal and concentration-mediated expression of Arabidopsis Pi transporters is also analyzed in this
study. The nature of the cis-elements present in both
the promoters and their interactions with the nuclear
protein factors are discussed. It is interesting that the
data suggests a possible negative regulation of genes
under Pi starvation.
RESULTS
Promoters of AtPT2 and TPSI1 Share
Conserved Sequences

A 4.2-kb genomic DNA fragment containing AtPT2
gene was subcloned and sequenced (Mukatira et al.,
1997). The transcription start site of the gene was
mapped by primer extension analysis to the nucleotide 172 bp 5⬘ upstream of the translation initiation
codon (Fig. 1). The 1,604-bp open reading frame of
AtPT2 is flanked by a 172 and 163 bp of 5⬘- and
3⬘-untranslated region, respectively. Primer extension
analysis of TPSI1 indicated that transcription start site
is located 91 bp upstream of the translational start site
ATG (Fig. 1). The complete sequences of TPSI1 and
AtPT2 are accessible in GenBank database (accession
nos. X99214 and AF022872, respectively). Promoter
analysis of the TPSI1 gene using the transcription
factor database revealed several protein binding domains and, more interestingly, a sequence (CACGTG)
similar to the Pho4 binding domain. Pho4 is a positive
regulator of the PHO regulon in yeast (Oshima, 1997).
Plant Physiol. Vol. 127, 2001

Figure 1. Primer extension analysis transcription start sites of AtPT2
and TPSI1. The transcription start site was mapped to 172 and 91 bp
upstream of the translational start site for AtPT2 and TPSI1, respectively. The total RNA isolated from Pi-sufficient (P⫹) and -deficient
(P⫺) seedlings were used for mapping transcription start site of
AtPT2. The poly(A⫹) RNA (a) and total RNA (b) isolated from Pistarved roots of tomato were used to map TPSI1 transcriptional start
site. DNA sequencing ladders were used to determine the size of the
primer extended products.

The cis-element CACGTG that binds with Pho4 is also
a well-conserved stress regulatory element in plants.
This element seems to be conserved in other Pi
starvation-induced genes of Arabidopsis and M. truncatulata (Table I). Another interesting cis-element in
the TPSI1 promoter region is the NIT-2 [TATCT(/A/
G/T)] binding domain. The NIT-2 is a positive regulatory factor involved in nitrate acquisition in N.
crassa. The AtPT2 promoter also contains two sequences similar to NIT-2 binding domain, in addition
to other zinc finger protein binding sequences (Fig. 2;
Table I). The other conserved element observed between the two promoters is ATGCCAT. The septamer
Table I. cis-Regulatory regions on the TPSI1 and Pi transporter
promoters
Promoter analysis of TPSI1, AtPT1, and AtPT2 using the transfactor
database (Heinemeyer et al., 1998) led to the identification of sequences found in various promoter elements of the yeast PHO
regulon genes. Positions of the Pho4 regulatory domain, consensus
Pho box-like domain (helix-loop-helix), and an NIT-2 regulatory
domain were mapped 5⬘ of the putative start codon. The locations of
these sequences are indicated along with a comparative analysis of
the promoters of TPSI1 orthologs Mt4 and At4.
Sequence

Name of the Element

CACGTG/C
-772
-373
CAT(/G)A(/C)TG
-889, -1143
-1951, -685
-341
TATCA(/T)A(/T)
-230, -594, -1117, -1377
-500, -786
-64, -1141, -2754
-333, -737, -621, -1521, -2053
-1623, -2053, -2180

PHO element
TPSI1
Mt4
Helix-loop-helix element
TPSI1
MT4
At4
NIT 2 element
TPSI1
Mt4
At4
AtPT1
AtPT2
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Figure 2. Nucleotide sequence of promoter region of the AtPT2 gene. The putative transcription start site indicated by the
bold letter is numbered ⫹1. The promoter fragments interacting with nuclear factors are shown in bold. The underlined
palindromic sequence ATGCCAT represents the conserved motif. The sequences showing similarity to the NIT-2 binding
domain found in the regions of the promoter interacting with proteins are shaded.

is also found in the promoter region of another Pi
transporter (AtPT5) of Arabidopsis. This palindromic
sequence may be of some significance in the transcription factor interactions during Pi deficiency.
Expression of TPSI1 and Pi Transporters Is
Regulated by Pi

Our earlier studies provided evidence that TPSI1
and AtPT2 are Pi starvation-induced genes (Muchhal
et al., 1996; Liu et al., 1997). In this study, the specificity of TPSI1 induction to Pi starvation and the
response of AtPT2 to altered Pi concentration were
further examined. Total RNA was extracted from
leaves and roots of tomato plants subjected to different abiotic stresses including Pi starvation. RNA-blot
analysis data clearly shows that TPSI1 is specifically
induced in response to Pi starvation and that other
abiotic stresses have little or no effect on expression
of this gene (Fig. 3).
The effect of altered Pi levels in the medium on the
expression of AtPT1 and AtPT2 was determined using
liquid culture-grown Arabidopsis plants. The low levels of AtPT1 transcripts that were detectable at 250 m
Pi increased significantly with decreasing concentration of Pi. In contrast, the AtTP2 transcript levels were
very low in plants supplemented with higher concentration of Pi. A distinct increase in AtPT2 transcripts
was observed when the concentration of Pi in the
medium was reduced below 50 m (Fig. 4A). Both the
genes were induced rapidly in response to Pi defi1856

ciency (Fig. 4B). Transcript abundance of both genes
was noticeable following 12 h of Pi starvation. This
confirmed our earlier observation that plants are able
to respond rapidly to changes Pi levels by altering the
expression of Pi starvation-induced genes.
Nuclear Protein Factors Interact Specifically with the
Promoter Regions of TPSI1 and AtPT2

Eukaryotic gene expression is typified by the interaction of cis-acting regulatory sequences with the
trans-acting factors. Binding of a factor may induce
or inhibit gene expression. Subsequently, the release
of transcription factor(s) from its target sequence

Figure 3. TPSI1 is specifically induced under Pi starvation. Hydroponically grown tomato plants were exposed to 4°C (Cold), 37°C
(Heat), desiccation (Des.), salt stress (Salt), and Pi starvation (P⫺) for
4 d. RNA extracted from leaves and roots was subjected to northernblot analysis with 32P-labeled TPSI1 cDNA fragment as the probe.
The ethidium bromide stained gel below shows uniform loading of
RNA samples.
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that the DNA binding factors are conspicuously absent or incapable of binding to the promoter elements
during Pi deficiency. These interactions were consistently observed over several replications with different protein extracts for both TPSI1 and AtPT2 promoter fragments.
Nuclear Proteins Interact Specifically with
Promoter Elements

To confirm the specificity of interaction between
the nuclear factors and DNA fragments, competition

Figure 4. Concentration-dependent and temporal expression of Pi
transporters. A, Arabidopsis plants grown in liquid culture for 7 d
were transferred to medium containing indicated amounts (M) of Pi.
Five days after the treatment, plants were harvested and stored at
⫺70°C. Total RNA extracted from the plants was subjected to northern analysis with AtPT1 and AtPT2 cDNAs as probes. The ethidium
bromide-stained gel below shows uniform loading of RNA samples.
B, Seven-day-old Arabidopsis plants grown in liquid culture were
subject to Pi starvation for indicated time. Total RNA was extracted
and subjected to northern analysis with labeled AtPT1 and AtPT2
cDNAs as probes

could also result in altered gene expression. To understand the interaction of nuclear proteins with the
promoter element(s) of the Pi starvation-induced
genes, gel retardation experiments were performed.
The DNA fragments used for binding assays encompassed 1.2 and 1.15 kb of the AtPT2 and TPSI1 promoters, respectively. Promoter fragments representing the 5⬘-regulatory regions of AtPT2 and TPSI1
were subject to electrophoretic gel mobility-shift assay. The nuclear extracts were incubated with
double-stranded 32P-labeled DNA probes representing six fragments of AtPT2 promoter from Arabidopsis (Fig. 5A) and the TPSI1 promoter of tomato (Fig.
5C). To avoid non-specific binding, 2 g of poly(dIdC) was added to all reactions. The mobility-shift
assays revealed the formation of specific DNAprotein complexes by fragments 2 and 4 of AtPT2,
and fragment IV of TPSI1 promoters (Fig. 5, B and D).
Ten micrograms of the nuclear extract was determined to be optimal for the formation of DNAprotein complexes of TPSI1 and AtPT2 promoter
fragments. Because TPSI1 is also expressed in the
leaves upon Pi starvation, nuclear proteins extracted
from tomato leaf tissue were used in binding studies.
These experiments revealed that nuclear proteins
from leaves interacted with fragment III of TPSI1
promoter (Fig. 5E). Perhaps the most significant result from these studies is that only protein factors
derived from Pi-sufficient plants interacted specifically with the promoters of these genes. This suggests
Plant Physiol. Vol. 127, 2001

Figure 5. Nuclear protein factors are not associated with promoters
during Pi starvation. A, Map of the different promoter fragments of
AtPT2 used in gel-shift assays. Dotted lines indicate fragments that
interacted with protein factors. The location of an intron and the
transcriptional start site (1⫹) are also shown. B, Labeled upstream
fragments (1–6) of the promoter of AtPT2 were incubated with nuclear protein extracts (10 g) obtained from Pi-sufficient (ⴙ) and
-deficient (⫺) Arabidopsis plants. The reaction mix was analyzed on
a polyacrylamide gel. C, Map of the different promoter fragments of
TPSI1 used in gel-shift assays. Bold lines indicate the fragments
interacting with protein factors. The transcriptional start site is
marked as ⫹1. D, Labeled upstream fragments (I–VI) were mixed
with nuclear extracts (10 g) isolated from Pi-sufficient (ⴙ) and
-deficient (⫺) tomato roots. The reaction mix was analyzed on a
polyacrylamide gel. E, Fragment III of the TPSI1 promoter interacted
with leaf proteins extracted from Pi-sufficient plants, whereas the
other fragments showed no interaction (data not shown).
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experiments were performed. Unlabeled fragments
representing 1 to 100 times molar excess of the labeled probe were added to the DNA-protein interaction reaction mixture. A 20-fold molar excess of fragment IV of TPSI1 promoter was sufficient to reduce
or inhibit the DNA-protein complex formation (Fig.
6A). A similar competition was also observed with
labeled and unlabeled fragments of AtPT2 promoter
(data not shown). A proportional decline in binding
in response to increasing specific competitors indi-

cates that the DNA-protein interaction is specific. The
pBluescript plasmid digested with HhaI and Sau3A
was added as a non-specific competitor to the reaction mix. A 100-fold molar excess of non-specific
competitors had little or no effect on DNA-protein
interaction of the promoter fragments of TPSI1 gene
(Fig. 6B). A similar type of interaction was also observed with the promoter fragments of AtPT2 (data
not shown). This further confirmed the specific binding of the nuclear factors with target sequences. After
clarifying the specific nature of the DNA-protein
binding, the proteinaceous nature of the binding factors was determined. The nuclear extract was subject
to ProteinaseK and RNaseI treatment for 10 min before incubation with the promoter fragments. The
nuclear proteins were also subjected to boiling and
heated to 65°C for 10 min to denature proteins. The
DNA-protein interaction was observed only with
RNaseI treated and non-denatured proteins. Heat
and ProteinaseK treatments that denature proteins
completely abolished the binding with DNA fragments (Fig. 6C). These result shows that the binding
factors are indeed proteinaceous in nature as expected of transcription factors.
DISCUSSION

Figure 6. Nuclear proteins interact specifically with promoter fragments. A, Labeled DNA fragment IV of TPSI1 promoter was mixed
with nuclear extracts obtained from Pi-starved (⫺) or -sufficient (ⴙ)
Arabidopsis tissue. Indicated mass excess of unlabeled fragment IV
was added as specific competitors. Increasing concentrations of the
competitor progressively reduced the binding of the labeled fragment. B, Increasing quantities of pBluescript DNA digested with HhaI
and Sau3A were added to the DNA (TPSI1 promoter fragment IV)protein interaction mix. Lack of competition with increasing mass
excess of non-specific competitor indicated that the interaction between the DNA and the nuclear proteins is specific. C, The DNA
binding factors are proteinaceous in nature. Nuclear proteins from
Pi-sufficient tomato roots were subject to RNaseI and ProteinaseK
(PK) treatments and heat denaturation (65°C and 100°C) for 10 min.
The treated nuclear proteins were used in gel retardation reactions
with the TPSI1 promoter fragment IV. The treatments that denature
proteins resulted in a loss of DNA-protein interaction, whereas
RNaseI treatment did not affect binding.
1858

Regulation of gene expression is in part due to the
interaction of nuclear-localized transcription factors
with the cis-elements of a gene. The genome sequencing efforts have shed light on the promoter region
(cis-elements) of genes from various organisms. It
has been hypothesized that a relatively small number
of divergently oriented promoter elements regulate
gene expression in plants (Somerville and Somerville, 1999). Because several genes share common
cis-elements, coordinated expression of those genes
may indeed be a valid assumption. This may be
particularly true in case of genes involved in similar
function(s) across the species and/or among genes
that are regulated by signal transduction pathways
triggered by a common stimulus (Oshima, 1997). The
large scale sequencing efforts of various genomes
shows that the protein coding regions are much more
conserved across the genomes, whereas promoters
are highly divergent. This is clearly evident in the
open reading frames of plant Pi transporters. They
share a high degree of nucleotide and amino acid
sequence identity, whereas their promoters and 3⬘untranslated regions are highly divergent. Because Pi
transporters are among the most evolutionarily conserved proteins (Pao et al., 1998), divergences in the
promoter are presumed to be important for differential gene expression, including tissue specificity.
In plants, Pi starvation results in coordinated expression of genes with diverse biological functions
(Raghothama, 1999). It is likely that these genes may
share some common regulatory sequences as observed in the Pi starvation-induced genes of microorganisms (Oshima, 1997; Metzenberg, 1998). Here
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we studied the expression of Pi starvation-induced
genes and the interaction of their promoter with nuclear factors. The detailed analysis of TPSI1 expression under abiotic stresses further confirmed its specific responsiveness to Pi. Our earlier studies have
suggested that among the different essential nutrients tested, only Pi deficiency leads to the expression
of TPSI1 (Liu et al., 1997; Biddinger et al., 1998). The
widespread distribution of TPSI1-like genes in many
plant species and their induction under Pi starvation
suggest a conserved role for this gene family in the
stress response. The Pi transporter genes AtPT1 and
AtPT2 exhibited different sensitivity to changing concentrations of Pi in the medium. AtPT1 was strongly
induced when the Pi concentration in the medium
was reduced to 125 m, whereas distinct accumulation of AtPT2 transcripts was observed when Pi concentration was reduced below 50 m (Fig. 4). The
induction of both genes was rapid in response to Pi
starvation. A similar type of temporal induction of
AtPT1 (APT1) and enhanced uptake of Pi was also
observed in hydroponically grown Arabidopsis
plants (Dong et al., 1999). The responses of the two
high-affinity transporters to changes in nutrient concentration is indicative of the plant’s ability to differentially regulate one or more genes involved in nutrient acquisition based on its needs and availability
of nutrients.
The data on gene regulation during Pi starvation
indicate that the plants are always monitoring cellular Pi levels and that the response to any changes in
Pi levels is rapid and specific. This specific response
may result from interactions of Pi starvation-specific
promoter elements (cis-elements) with nuclear protein factors (trans-factors) produced and/or activated under Pi deficiency. Such an interaction was
examined in detail by DNA-protein interaction studies using gel-shift assays. Nuclear protein factors
from seedlings of Arabidopsis grown under Pisufficient conditions interacted with two labeled
fragments of the AtPT2 promoter. In the case of
TPSI1 promoter, the cis-elements interacted with nuclear factors isolated from roots and leaves of Pisufficient plants. The DNA-protein interaction is specific, and the binding factors are proteinaceous in
nature. Even 100-fold molar excess of non-specific
DNA fragments did not affect the interactions. It is
interesting that the binding is conspicuously absent
in nuclear extracts obtained from Pi-deficient tissues.
A lack of binding of nuclear proteins from Pideficient tissues was observed with the promoter
elements of two different genes belonging to two
different plant species. In another study, a similar
type of protein-DNA interaction was observed with
the promoter of a ␤-glucosidase isolated from Brassica nigra (Malboobi et al., 1998). This gene is specifically induced under Pi starvation, and it is presumed to play a role in Pi starvation rescue process.
In addition, differential expression analysis of genes
Plant Physiol. Vol. 127, 2001

induced under Pi deficiency revealed that genes coding for transcription factors like MYB and b-ZIP proteins are down regulated during Pi starvation (personal communication, Drs. Carroll Vance [U.S.
Department of Agriculture-Agricultural Research
Service, University of Minnesota, St. Paul] and Deborah Allan [University of Minnesota]). Taken together, all of these observations point to a negative
regulation of gene expression during Pi starvation.
One can envision that protein factors that are abundant and able to bind promoters of Pi starvationinduced genes may suppress their transcription,
whereas during Pi deficiency DNA binding proteins
may be less abundant and/or incapable of associating with promoters due to post-translational modifications. In yeast the phosphorylation and dephosphorylation of the positive regulator Pho4 is the key
step in activation of the pho regulon genes. Furthermore repressors are known to play important roles in
plant gene expression as observed in the GCC box
binding of AtERF3 and -4 promoters (Fujimoto et al.,
2000) and negative regulation of AGAMOUS by leunig
and apetala2 in Arabidopsis (Conner and Liu, 2000).
The DNA binding factors generally recognize the
conserved or specific sequences in the promoter region of genes. The databases TRANSFAC (Wingender et al., 2000), PlantCARE (Plant cis-acting regulatory elements; Thijs et al., 2000), and TFSEARCH
(Heinemeyer et al., 1998) are quite robust in identifying and analyzing putative trans-factor binding
sites. Because the two genes under study are induced
specifically in response to Pi starvation, they may
have similar cis-regulatory regions. Sequence analyses of the promoter from Arabidopsis (AtPT2) and
tomato (TPSI1) have revealed that although certain
common elements may be shared, other putative regulatory elements are specific to each gene. The conserved sequence ATGCCAT is found in the promoter
regions of both genes interacting with protein factors.
The ATGCCAT sequence is palindromic, and hence it
has a potential to interact with protein factors as
commonly seen in the interactions between restriction enzymes and palindromic DNA sequences. Although the database revealed no known trans-factor
binding to this sequence, it is certainly worthy of
further examination because the AtPT2 and the TPSI1
promoters contain this conserved sequence (Fig. 2;
Table I). The presence of the same conserved sequence in the promoter of another Pi transporter in
Arabidopsis (AtPT5) further suggests a potential role
for this element. Such interactions may not be uncommon among plant promoters because more than
1,500 transcription factor genes are presumed to exist
in Arabidopsis (Riechmann and Ratcliffe, 2000).
Another common trans-factor binding region
shared by both promoters is the NIT-2 binding domain, [TATCT(/A/G/T)], which is a positive regulatory domain of the nitrate uptake genes of N. crassa
(Fu and Marzluf, 1990). In N. crassa, NIT-2 activates
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the expression of genes like nitrate and nitrite reductase, various transporters, and enzymes that are related to nitrogen metabolism (Tao and Marzluf,
1999). This master control gene of nitrogen regulatory circuitry encodes a GATA-type zinc finger DNA
binding domain and redundant transcription activation domains. The TATCTA sequences are found exclusively in the protein interacting regions of the
AtPT2 promoter (Fig. 1), whereas TATCAA binding
NIT-2 domain is found in the TPSI1 promoter region
interacting with protein factors from tomato. This
element may be of significance in Pi starvation response because all of the nine Pi transporter promoters from Arabidopsis contain this element (data not
shown). A major difference between the N and P
response is that during the N catabolism cascade,
NIT-2 activates the regulatory genes in N. crassa,
whereas a lack of binding of protein factors to the
promoter regions containing putative NIT-2-like
binding sites appears to be associated with activation
of Pi starvation-induced genes in plants.
Some of the other conserved elements in the TPSI1
promoter include the CACGTG(/T) sequences. This
sequence has been determined as the Pho4 binding
region in yeast (Ogawa et al., 1995) and the Pho box
described in E. coli (Wanner, 1997). All of the known
Pi starvation-induced genes belonging to the TPSI1
family of Arabidopsis, M. truncatulata, and tomato
have Pho4 binding-conserved element in addition to
other helix-loop-helix sequences (Table I) that are
attributed to various DNA binding activities (Blackwell and Weintraub, 1990). Furthermore, the presence of Pho4 binding G-box-like elements in the
members of TPSI1 family of genes and on
␤-glucosidase (Malboobi et al., 1998) may be indicative of a conserved role for this element in Pi starvation responses of bacteria, fungi and plants. These
conserved domains could be used as targets for future characterization of gene expression under Pi
starvation. Based on the results presented here and
evidence obtained from others, it appears that protein factors interacting with promoter elements may
be associated with down-regulation of genes under
Pi sufficiency conditions. During Pi deficiency the
genes coding for these DNA binding factors may
themselves be down-regulated or the factors are incapable of binding to the promoter elements. The
specific roles of the transcription factors and the
DNA domains remain to be elucidated. The completion of Arabidopsis genome sequences and development of powerful bioinformatics tools should lead to
the identification of these factors.
MATERIALS AND METHODS
Plant Materials
Arabidopsis (Columbia) plants grown in liquid culture
were used for northern analysis and nuclear protein extraction. Seeds were sterilized by rinsing with 75% (v/v) eth1860

anol followed by treating them in 50% (v/v) commercial
bleach solution for 10 min. Seeds were thoroughly washed
with sterile water to remove residual bleach. Surfacesterilized seeds were vernalized for 48 h at 4°C. The liquid
culture setup of Arabidopsis consisted of sets of sterile
250-mL flasks with 30 mL of Murashige and Skoog medium (pH 5.7) placed on a gyratory shaker set at 100 rpm
under long-day conditions (16-h light/8-h dark). Approximately 30 vernalized seeds were dispersed into each flask.
After 7 d, seedlings were rinsed with sterile water and
treated in flasks containing Pi-sufficient (1.25 mm) or
-deficient Murashige and Skoog medium for another 5 d. In
some treatments the concentration of Pi in the medium was
adjusted by substituting K2SO4 for KH2PO4. Treated plants
were harvested, frozen in liquid nitrogen, and stored at
⫺80°C. The frozen tissues were used for RNA isolation and
nuclear protein extractions.
Tomato (Lycopersicon esculentum) plants were grown in
hydroponic solution essentially as described earlier (Liu et
al., 1997). Abiotic stress treatments were initiated by transferring hydroponically grown plants to 4°C and 37°C (root
zone temperature) chambers for 4 d. Some of the plants
removed from hydroponics were allowed to desiccate at
room temperature for at least 3 h. To test the effect of salt
on gene expression, plants were transferred to hydroponic
solutions containing 150 mm NaCl for 4 d. Tissues harvested after the treatments were immediately frozen in
liquid nitrogen and stored at ⫺80°C for further analysis.
Northern Analysis
Total RNA was extracted from plants as described by
Pawlowski et al. (1994). Ten micrograms of total RNA was
electrophoretically separated on a 1% (w/v) denaturing
formaldehyde agarose gel and blotted onto a BA-S nitrocellulose membrane following the manufacturer’s instructions (Schleicher & Schull, Keene, NH). The prehybridization was done for 4 h in a solution containing 50% (w/v)
formamide, 5⫻ Denhardt’s solution, 0.1% (w/v) SDS, 6⫻
SSPE, and 150 g/L denatured salmon sperm DNA at
42°C. DNA labeled with [32P]dCTP using DECA prime II
DNA labeling kit (Ambion, Austin, TX) was used to probe
the filters. Hybridization was carried out with 106 cpm of
probe per milliliter in a buffer identical to the prehybridization buffer at 42°C for 16 h. Filters were then washed
twice in 2⫻ SSC and 0.2% SDS at room temperature for 10
min, twice in 1⫻ SSC and 0.1% (w/v) SDS at 50°C for 15
min, and finally for stringent washes once in 0.1⫻ SSC
and 0.1% (w/v) SDS at 60°C for 20 min before
autoradiography.
Primer Extension Analysis of AtPT2 and TPSI1
The oligonucleotide complementary to the sequence 4 bp
downstream of translational start site of AtPT2 was endlabeled with [␥-32P]ATP using T4 polynucleotide kinase.
Similarly, an oligonucleotide complementary to the sequence 20 bp downstream of the translation start site of
TPSI1 gene was used to map the transcription start site.
Approximately 5 ⫻ 104 cpm of the labeled primer was used

Downloaded on April 20, 2021. - Published by https://plantphysiol.org
Copyright (c) 2020 American Society of Plant Biologists. All rights reserved.

Plant Physiol. Vol. 127, 2001

Negative Regulation of Phosphate Starvation-Induced Genes

to extend 10 g of total RNA extracted from either Arabidopsis or tomato. The RNA template was reverse transcribed at 37°C for 30 min, and loaded to an 8% (w/v)
sequencing gel with a sequencing ladder as a size marker
(Raghothama et al., 1993).
Analysis of Pi Starvation-Induced Gene Promoters
Promoters of Pi transporters and TPSI1 were analyzed
using several web-based programs. The TFSEARCH database was used to predict transcription factor binding
sites on TPSI1 and AtPT2 promoter sequences (http://
www.cbrc.jp/research/db/TFSEARCH.html). Another
database TRANSFAC (http://transfac.gbf.de/TRANSFAC)
provided information about transcription factors, their
binding sites, and DNA binding profiles (Wingender et al.,
2000). This database contains information about the eukaryotic cis-acting regulatory DNA elements and transacting factors. There are 2,285 non-independent transcription factors listed in this database (Heinemeyer et al., 1998).
The PlantCARE web site (http://sphinx.rug.ac.be:8080/
PlantCARE) provided information on conserved motifs between the promoters (Thijs et al., 2000). The basic assumption in all these searches is that a cluster of regulated genes
is controlled by the same transcription factors and that the
genes of a given cluster share common regulatory motifs.
Nuclear Protein Extraction
Nuclei from Arabidopsis and tomato tissues were obtained essentially as described earlier (Lawton et al.1990).
All steps were performed at 4°C. The nuclear protein extracts were prepared by the protocol described by
Miskimins et al. (1985). The nuclear proteins were dialyzed
against the buffer containing 50% (v/v) glycerol (10 mm
HEPES, pH 8.0, 1 mm MgCl2, 1 mm dithiothreitol, 50 mm
NaCl, and 0.8 mm phenylmethylsulfonylfluoride) with one
change after 8 h. The nuclear protein was dispensed in to
aliquots and frozen at ⫺80°C. Protein concentrations were
measured by the dye binding assay with bovine serum
albumin as the standard (Sigma, St Louis).
Preparation of the DNA Fragments Used in
DNA-Protein Interaction
TPSI1 (1.2 kb) and AtPT2 (1.15 kb) promoters were used
for preparing DNA probes. They were prepared by a combination of PCR amplifications and digestions with restriction enzymes. The size of the promoter fragments used in
binding studies varied from 160 to 240 bp.
Electrophoretic Mobility-Shift Assay
The promoter fragments of AtPT2 and TPSI1 were endlabeled with [␥-32P]ATP using T4 polynucleotide kinase.
Aliquots of the nuclear extracts (5–10 g) were incubated
with 3 to 5 ng (approximately 20,000 cpm) of labeled promoter fragments at 30°C for 30 min. The reactions were
carried out in a buffer containing 2 g of poly(dI-dC) as a
non-specific competitor, 500 mm NaCl, 100 mm Tris-Cl, pH
8.0, 10 mm dithiothereitol, 10 mm EDTA, and 5% (v/v)
Plant Physiol. Vol. 127, 2001

glycerol. Each labeled fragment was mixed with nuclear
proteins from plants grown under Pi-sufficient (⫹) or
-deficient (⫺) conditions. The interacting products were
analyzed on 4% (w/v) polyacrylamide gels. The dried gels
were exposed to x-ray films with intensifying screens for 12
to 24 h. For specific competition assays, indicated molar
excess of unlabeled (cold) fragment was added to the binding reaction. Non-specific competitor fragments were generated by restriction enzyme digestion of pBluescript plasmid with HhaI and Sau3A and added to the corresponding
assay mixes.
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