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The Down-Regulation of Mt4-Like Genes by Phosphate
Fertilization Occurs Systemically and Involves Phosphate
Translocation to the Shoots’
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Mt4 is a cDNA representing a phosphate-starvation-inducible
gene from Medicago truncatula that is down-regulated in roots in
response to inorganic phosphate (Pi) fertilization and colonization
by arbuscular mycorrhizal fungi. Split-root experiments revealed
that the expression of the Mt4 gene in M. truncatula roots is
down-regulated systemically by both Pi fertilization and coloniza-
tion by arbuscular mycorrhizal fungi. A comparison of Pi levels in
these tissues suggested that this systemic down-regulation is not
caused by Pi accumulation. Using a 30-bp region of the Mt4 gene as
a probe, Pi-starvation-inducible Mt4-like genes were detected in
Arabidopsis and soybean (Glycine max L.), but not in corn (Zea
mays L.). Analysis of the expression of the Mt4-like Arabidopsis
gene, At4, in wild-type Arabidopsis and pho7, a mutant unable to
load Pi into the xylem, suggests that Pi must first be translocated to
the shoot for down-regulation to occur. The data from the pho7 and
split-root studies are consistent with the presence of a translocat-
able shoot factor responsible for mediating the systemic down-
regulation of Mt4-like genes in roots.

Phosphate is an essential mineral nutrient for plant
growth and development and is acquired from the soil by
Pi transporters located in the roots (Bieleske, 1973). Trans-
location of phosphate within the plant is predominantly
unidirectional, moving from the root to the shoot via the
xylem; however, a considerable amount of phosphate is
also retranslocated to the root via the phloem (Jeschke et
al., 1997). The source is likely to be from both xylem-
derived Pi and inorganic and organic sources from old
leaves (Schachtman et al., 1998). This retranslocation pro-
cess assists root growth (Smith et al., 1990) and may help
reduce the buildup of toxic levels of phosphate in the shoot
(Schjerring and Jensén, 1984).

The phosphate status of the shoot is known to control the
root processes involved in Pi uptake and its subsequent
translocation; however, the precise mechanisms of this con-
trol are unknown). The retranslocation of phosphate from
the shoot to the root is likely to be involved, acting as a
feedback-regulatory mechanism responsible for mediating
the shoot control of phosphate levels within the plant
(Drew and Saker, 1984; Schjerring and Jensén, 1984; Marsch-
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ner and Cakmak, 1986). Feedback mechanisms regulating
the movement of ions between the root and the shoot have
also been proposed for sulfate (Jensén and Konig, 1982)
and potassium (Pitman, 1977). Retranslocated Pi and or-
ganic derivatives of phosphate (Hall and Baker, 1972) may
have dual functions both as nutrients for root processes
and as signaling molecules (Drew and Saker, 1984). The
precise points of regulation in the root are unclear, al-
though some evidence implies that the loading of Pi in the
xylem is central to the regulation of phosphate flux in the
plant (Drew and Saker, 1984). The Arabidopsis mutant pho1l
(Poirier et al., 1991) exhibits normal Pi uptake rates from
the soil to the root, but is blocked in the loading of Pi into
the xylem, which is genetic evidence for at least partial
regulation of Pi transport by xylem loading.

Plants respond to decreasing Pi in the environment by
increased root growth, increased expression of Pi trans-
porters (Muchhal et al., 1996; Leggewie et al., 1997; Liu et
al., 1998b), and alterations in metabolism, including secre-
tion of acid phosphatases (Lefebvre et al., 1990) and
RNAses (Bariola et al., 1994), which assist in the liberation
of Pi from the rhizosphere. Internally, phosphate retrans-
location from the shoot to the root increases (Lefebvre et
al., 1990; Heuwinkel et al., 1992; Jeschke et al., 1997). Re-
cently, however, it has been shown that in Pi-starved
plants, a larger percentage of retranslocated phosphate is
returned to the shoot, indicating that phosphate cycling
occurs (Jeschke et al., 1997).

At the molecular level, relatively little is known about
the Pi-starvation response in plants and even less about its
regulation. Phosphate-starvation-inducible Pi transporters
(Muchhal et al., 1996; Leggewie et al., 1997; Smith et al.,
1997; Liu et al., 1998b), RNAses (Bariola et al., 1994), a
B-glucosidase (Malboobi and Lefebvre, 1997), and a num-
ber of genes of unknown function (Burleigh and Harrison,
1997; Liu et al.,, 1997) have been cloned and provide a
starting point from which to analyze the signal transduc-
tion pathways involved. The molecular mechanisms by
which the shoot regulates Pi uptake and translocation are
also unknown. As demonstrated by pho2, an Arabidopsis
mutant that accumulates toxic levels of Pi in the shoot

Abbreviations: AM, arbuscular mycorrhizal; ORF, open reading
frame; RT, reverse transcription.
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(Delhaize and Randall, 1995), at least one plant gene is
involved in how plants sense or respond to shoot Pi levels.

One of the most widespread responses to Pi deprivation
is the development of an association with AM fungi. These
obligate symbionts share a symbiotic relationship with ap-
proximately 80% of angiosperm species, enhancing plant
growth by transferring Pi from the soil to the plant. AM
fungi have been forming associations with plants for at
least 400 million years (Smith and Read, 1997). Conse-
quently, the co-evolution of Pi-acquisition strategies by
plants and the AM fungal symbiosis should be considered
in the study of the Pi-starvation response in plants.

We have previously cloned a cDNA (Mt4) from Medicago
truncatula, which is induced in roots in response to Pi
starvation (Burleigh and Harrison, 1997). The Mt4 gene is
down-regulated by both Pi fertilization and AM fungal
colonization and as such may provide the means to study
these two closely linked processes at the molecular level.
The Mt4 ¢cDNA is 0.5 kb (Burleigh and Harrison, 1997) and
shares sequence identity with a Pi-starvation-inducible
gene from tomato (Lycopersicon esculentum L.), TPSI1 (Liu et
al., 1997), although identity is limited to a 30-bp sequence
located in the center of both transcripts. Both genes are
composed of numerous short, overlapping ORFs (Liu et al.,
1997; Burleigh and Harrison, 1998), which is similar to the
structure of ENOD40, a plant gene encoding a peptide
signal involved in nodule development (van de Sande et
al., 1996). Whereas the functions of Mt4 and TPSI1 are
unknown, their sensitivity to Pi fertilization and their po-
tential to encode small peptides make them good candi-
dates as signaling molecules involved in the Pi-starvation
response (Liu et al., 1997; Burleigh and Harrison, 1998).

Here we present evidence for the systemic down-
regulation of the Mt4 gene by both Pi fertilization and AM
colonization, identify Mt4-like genes in Arabidopsis and
soybean, and demonstrate that At4 from Arabidopsis is not
down-regulated in the Pi-accumulation mutant phol in re-
sponse to Pi fertilization. From these results we propose
that a translocatable shoot factor may be involved in the
Pi-mediated systemic down-regulation of Mt4-like genes.

MATERIALS AND METHODS

Growth of Plants under Pi-Limiting and
Pi-Sufficient Conditions

The plants used in the experiments were Medicago trun-
catula Gaertn cv Jemalong, line A17, soybean (Glycine max.
L. cv Harisoy), corn (Zea mays L. cv Iochief), tomato (Lyco-
persicon esculentum L. cv Rutgers), Arabidopsis (Columbia
ecotype), and the Arabidopsis Pi-accumulation mutant
phol (Poirier et al., 1991). Seeds of M. truncatula, soybean,
corn, and tomato were germinated on filter paper for 1
week, planted in sterile Turface (A.H. Hummert Seed, St.
Louis, MO). Arabidopsis seeds were germinated and
grown on sterile sand. All of the plants were fertilized with
one-half-strength Hoagland solution (Arnon and Hoag-
land, 1940), pH 6.0, containing 0 (—Pi) or 1.0 mm (+Pi)
KH,PO, and grown for 4 weeks before harvest. Root sam-
ples were harvested for the preparation of RNA from all
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species, except Arabidopsis, for which whole plants were
harvested. Shoot samples were harvested for Pi assays for
all but the Arabidopsis samples.

To compare expression of At4 in leaves and roots of cv
Columbia and the phol mutant, the Arabidopsis plants
used in the experiment were germinated and grown in
Metro Mix (Scott, Marysville, OH) for 3 weeks. Approxi-
mately 20 plants per treatment were transplanted to sterile
sand in 11-cm pots, fertilized with one-half-strength Hoag-
land solution (Arnon and Hoagland, 1940), pH 6.0, con-
taining 0 (—Pi) KH,PO, and grown for an additional 3
weeks before harvest. Root and shoot samples were har-
vested for the preparation of RNA.

Split-Root Experiments

For the Pi split-root experiments, seedlings were pre-
pared and grown in Turface for 10 d as described above.
The roots of individual plants were separated into two
equal parts, placed into separate containers, fertilized
weekly with nutrient solution containing either 0.02 mm
(low Pi) or 1.0 mmM (high Pi) KH,PO, (see Fig. 1), and grown
for an additional 4 weeks. The controls included a split-
root treatment in which both halves of the root system
received low-Pi fertilizer and a split-root treatment in
which both halves received high-Pi fertilizer. At harvest,
roots were frozen in liquid nitrogen for RNA extraction.
Root and shoot samples were also harvested for Pi assays.

The design of the mycorrhizal split-root experiment was
identical to that of the Pi split-root experiment, except that
mycorrhizal spore inoculum was added to one-half of the
split-root system at the initiation of the experiment, all
treatments received fertilizer containing 0.02 mm KH,PO,,
and plants were grown for 5 weeks before harvest. Details
of plant inoculation and quantitation of fungal colonization
were described previously (Harrison and Dixon, 1993).
Glomus versiforme spores were collected from colonized
leek plants, surface-sterilized, washed three times in sterile
distilled water, quantified, and placed on the roots of treat-
ment plants at the initiation of the experiment. Included
were two replications of the mycorrhizal split-root treat-
ment, a nonmycorrhizal control, and a control in which
one-half of the split-root system was mock inoculated with
the water used to prepare the fungal spore inoculum. At
harvest, roots were frozen in liquid nitrogen for RNA
extraction. Shoot samples were harvested for Pi assays.
Root samples were harvested and colonization assessed by
the modified gridline-intersect method, as described pre-
viously (Harrison and Dixon, 1993).

Southern- and Northern-Blot Analyses

The isolation of total RNA and genomic DNA was as
described previously (Burleigh and Harrison, 1997). The
preparation of probes and both Southern and northern
blotting and hybridization were carried out as described by
Sambrook et al. (1989) using 1 and 10 g of DNA and RNA
per treatment, respectively. Blots were hybridized at 42°C
in 50% formamide, 4X SSPE, 1% SDS, 0.5X Denhardt’s
solution, and 100 ug mL ™' salmon-sperm DNA. The final



Systemic Regulation of Mt4 Genes by Phosphate 243

washing conditions were 2X SSPE, 1% SDS at 65°C. North-
ern blots were hybridized with a labeled 185 rRNA probe
(pSR1-2B3) (Eckenrode et al., 1985) to provide a control for
loading and transfer and to allow for the comparison of
expression levels between treatments of the same blot.

RT-PCR

The RT-PCR technique used to identify At4 transcripts in
RNA preparations from roots, leaves, or whole plants of
wild-type Arabidopsis and the mutant phol was carried
out according to the method of Kawasaki (1990). One
microgram of total RNA was reverse transcribed using
Superscript reverse transcriptase (GIBCO-BRL) and oligo-
nucleotide-(dT),5 primers. These RT reactions were then
standardized based on their ribosomal cDNA content. To
assess ribosomal content, RT reactions were amplified by
PCR using the ribosomal primer pair NS1/NS21 (Simon et
al., 1992) under nonlimiting reaction conditions and the
products separated by gel electrophoresis, blotted, and
probed with a *?P-labeled pSR1-2B3 cDNA (185 rRNA)
(Eckenrode et al., 1985). Band intensities were quantified
using a phosphor imager (Molecular Dynamics, Sunnyvale,
CA). The standardized RT reactions were then amplified
by PCR using the Arabidopsis primer pair (see Fig. 4) and
probed using either the >*P-labeled At4 cDNA or a **P-end-
labeled oligonucleotide based on the conserved sequence
(GGAAAGGGCAACTTCGATCCTTTGGCATTT) of the
Mt4 ¢cDNA sequence. The PCR reactions consisted of an
initial denaturation step at 94°C for 5 min followed by 26
(ribosomal cDNA) or 28 cycles (At4) of melting at 94°C for
30 s, annealing at 48°C (ribosomal cDNA) or 63°C (At4) for
30 s, and extension at 72°C for 30 s using a Geneamp 2400
thermal cycler (Perkin-Elmer). For a comparison of At4
levels in roots and shoots, the PCR reactions with the At4
primers were taken to 35 cycles. End labeling of the oligo-
nucleotide was carried out according to the method of
Sambrook et al. (1989). Hybridization with the end-labeled
oligonucleotide was carried out at 55°C in 6 X SSPE, 10 mm
NaH,PO,, 1 mm EDTA, 0.5% SDS, 100 png/mL denatured
salmon-sperm DNA, and 0.1% nonfat dry milk. The final
washing conditions were 2X SSPE, 1% SDS at 42°C.

Pi Content Determinations

The Pi content of the roots and shoots was determined
using a phosphomolybdate colorimetric reaction according
to the method of Chen et al. (1956). Tissue previously
frozen in liquid nitrogen was powdered using a mortar and
pestle, air dried at 50°C, rehydrated in a solution contain-
ing 1.4% ascorbic acid, 0.36% ammonium molybdate, and
4.2% H,SO,, incubated at 50°C for 30 min, and assayed at
Aggo- The Pi content was expressed as micrograms of Pi per
milligram of dry weight and three replicate samples were
assayed for each treatment. Although this method mea-
sures Pi, it should be noted that there is some breakdown
of labile phosphate esters during this assay (Ames, 1966).

RESULTS

Systemic Down-Regulation of Mt4 in Response to Pi
Fertilization and to Colonization by an AM Fungus

We initiated a series of split-root experiments to deter-
mine whether the down-regulation of Mt4 by Pi fertiliza-
tion occurs systemically. A M. truncatula plant was grown
with its root system divided equally between two contain-
ers and these received either low-Pi or high-Pi fertilizer
(Fig. 1A). The two halves of the root system were harvested
separately and Mt4 transcript levels were assessed by
northern-blot analyses. We were unable to detect tran-
scripts in either the high-Pi or the low-Pi half of the split-
root system (Fig. 1B). Mt4 transcripts were abundant in
roots in which both halves of the root system received
low-Pi fertilizer and were absent in roots in which both
halves received high-Pi fertilizer. This indicates that Pi
fertilization of one-half of the root results in the systemic
down-regulation of Mt4 expression throughout the whole
root system.

The levels of Pi in the leaves reflected the two fertiliza-
tion regimes (Table I, experiment A). Pi levels were rela-
tively low in roots in which both halves of the root system
received low-Pi fertilizer and were relatively high in roots
in which both halves received high-Pi fertilizer. However,
the treatment in which one-half of the split roots received
low-Pi fertilizer and the other half received high-Pi fertil-
izer had a differential response; the half receiving low-Pi
fertilizer did not accumulate high levels of Pi, despite the
accumulation of Pi in the fertilized half of the root system
and in the leaves. These results suggest that Pi accumula-
tion was not responsible for the systemic down-regulation
of Mt4 gene expression.

A similar experimental design was used to determine
whether the down-regulation of Mt4 by mycorrhizal colo-
nization occurs systemically. Transcript levels were high in

Figure 1. The systemic down-regulation of Mt4 by Pi fertilization. A,
Illustration of a split-root plant. B, Northern blot of total RNA isolated
from the roots of M. truncatula grown in a split-root design with
one-half of the root system receiving high-Pi (+Pi half of split-root)
and one-half receiving low-Pi (—Pi half of split-root) fertilizer. In
split-root controls both halves received high-Pi (+Pi control) or
low-Pi (—Pi control) fertilizer. The blot was probed with a 32P-
labeled Mt4 cDNA (top panel) and a *?P-labeled pSR1-2B3 (18S
rRNA, bottom panel).
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Table I. Pi levels in roots and shoots from the homolog (A) and split-root experiments (B)

The Pi content was determined using a phosphomolybdate assay and is the average of three
determinations (n = 3). Numbers in parentheses are sp values.

Experiment Species Tissue Treatment Average Pi Content
wg Pi mg™'dry wt

A M. truncatula Root +Pi control 3.76 (0.04)

Root —Pi control 1.23 (0.07)

Shoot +Pi control 5.13 (0.00)

Shoot —Pi control 2.47 (0.15)

Root +Pi half 3.51(0.05)

Root —Pi half 1.66 (0.02)

Shoot *Pi 6.11 (0.08)

Shoot *+Fungus 2.93 (0.09)

B Soybean Shoot +P 4.52 (0.80)

Shoot -P 1.29 (0.17)

Corn Shoot +P 2.18 (0.28)

Shoot -P 0.66 (0.10)

Tomato Shoot +P 1.67 (0.27)

Shoot -P 1.06 (0.34)

split roots from an uncolonized plant, as well as from a
plant in which one-half of the root system was inoculated
with the spore wash (Fig. 2). Split roots in which one-half
of the root system was colonized by the AM fungus had
low levels of Mt4 transcripts in both halves of the root
system, indicating that down-regulation of Mt4 transcripts
by mycorrhizal fungi also occurs systemically. This sys-
temic down-regulation of Mt4 expression was observed in
two split-root plants (Fig. 2). The level of fungal coloniza-
tion in these two plants was 54% and 50% of the root
length.

- - -

"’y .

Figure 2. The systemic down-regulation of Mt4 by mycorrhizal col-
onization. Northern blots of total RNA isolated from the roots of M.
truncatula grown in a split-root design with one-half of the root
system grown with (+F half of split-root) and one-half grown without
(—F half of split-root) G. versiforme colonization for two plants (A
and B). In split-root controls one-half of the root system was mock
inoculated or both halves were uncolonized (—F control). The blot
was probed with a *?P-labeled Mt4 c¢cDNA (top panel) and a *?P-
labeled pSR1-2B3 (18S rRNA, bottom panel).

The level of Pi in the leaves of a split-root plant in which
one-half of the root system was colonized by an AM fungus
was approximately equal to that of a plant in which both
halves remained uncolonized (—Pi control) (Table I, exper-
iment A). These results suggest that Pi accumulation was
not likely to be responsible for the observed systemic
down-regulation of Mt4 gene expression in mycorrhizal
split roots. Also, no visible growth differences were ob-
served between the treatments (data not shown). Enhanced
Pi nutrition and growth effects in mycorrhizal plants may
not be detectable in experiments of short duration or when
growth conditions limit the ability of AM fungi to
adequately accumulate trace levels of Pi present in the
substrate.

Mt4-Like Genes in Arabidopsis and Soybean

Because a Pi-starvation-inducible homolog of Mt4 has
been described in tomato (Liu et al., 1997), we searched for
Mt4-like genes in other plant species to determine whether
they may be a widely conserved component of the Pi-
deprivation responses. RNA was prepared from whole
Arabidopsis plants and from the roots of soybean, corn,
and tomato grown with either low-Pi or high-Pi fertilizer.
Initial northern-blot analyses, in which the whole Mt4 se-
quence was used as a probe, detected only Mt4 transcripts
in RNA from Pi-starved M. truncatula (Fig. 3A). However,
the use of a 30-bp oligonucleotide probe, representing the
sequence conserved between Mt4 and the tomato homolog
TPSI1, enabled the detection of Pi-starvation-inducible
transcripts in Arabidopsis and soybean. These transcripts
were approximately 0.7 and 1.0 kb in length, respectively.
The 0.5-kb transcript identified in tomato corresponded to
the size of the TPSI1 transcript (Liu et al., 1997). Transcripts
were not detected in corn receiving either low-Pi or high-Pi
fertilizer.

The Pi levels of the soybean and corn leaves were con-
sistent with the two fertilization regimes: plants receiving
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Figure 3. Detection of Mt4-like genes in Arabidopsis, tomato, and
soybean. A, Northern blot of total RNA isolated from plants receiving
either low-Pi (—=Pi) or high-Pi (+Pi) fertilizer. The blot was probed
with the conserved sequence (Oligo), the Mt4 cDNA, the At4 cDNA,
or a *?P-labeled pSR1-2B3 (rRNA). B, Expression of At4 in Arabidop-
sis roots. RT-PCR products from RNA extracted from leaves and roots
of Pi-deprived Arabidopsis plants (wild type and phol mutant) using
At4-specific primers. The blot was hybridized with *2P-labeled
At4 cDNA.

low-Pi fertilizer had relatively low Pi levels, whereas plants
receiving high-Pi fertilizer had relatively high Pi levels
(Table I, experiment B). However, the amount of Pi in the
leaf tissue from the two tomato treatments was similar,
although plants receiving low-Pi fertilizer were stunted in
growth and the leaves were purple in color, which are
classic symptoms of Pi starvation. The Arabidopsis plants
receiving low-Pi fertilizer were also stunted relative to the
plants receiving high-Pi fertilizer (data not shown).

The Arabidopsis At4 Gene

To initiate studies of the Mt4-like gene in Arabidopsis in
which access to a number of mutants could provide the
means to further characterize Mt4-like gene expression, we
decided to isolate the Arabidopsis cDNA identified in the
previous northern-blot analyses. Using the 30-bp sequence
conserved in Mt4 and TPSI1 as the target sequence, we
searched an Arabidopsis expressed sequence tag database
and identified a cDNA, which we named At4 (accession no.
AF055372). Sequence analysis revealed that At4 was 747 bp
in length (Fig. 4). This corresponds to the size of the tran-

script identified in RNA isolated from Pi-starved Arabi-
dopsis plants using the conserved oligonucleotide probe
(Fig. 3A). This northern blot was stripped and reprobed
with the At4 ¢cDNA and it hybridized to the same Pi-
starvation-inducible transcript from Arabidopsis (Fig. 3A).
As observed with the Mt4 ¢cDNA, the At4 ¢cDNA did not
hybridize well to transcripts from other species. The Ara-
bidopsis RNA used on this northern blot was prepared
from whole Arabidopsis plants and, therefore, to deter-
mine whether At4 transcripts are present in both the leaves
and roots of Pi-deprived plants, RNA was prepared from
these tissues individually and the presence of the At4
transcript was assessed by RT-PCR followed by hybridiza-
tion with the At4 probe. The At4 PCR product was detected
in RNA samples from Arabidopsis root tissue but not in
RNA samples from leaves (Fig. 3B).

The At4 cDNA is predicted to contain numerous short,
overlapping ORFs, which is similar to Mt4 and TPSI1 (Fig.
4). However, none of the At4 ORFs share any amino acid
identity with the ORFs of Mt4 or TPSI1. The conserved
nucleic acid sequence located between bp 451 and 472 of
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Figure 4. The nucleotide and translated amino acid sequences of
At4. Bases are numbered at right. Predicted ORFs are shaded. The
region of nucleotide identity with Mt4 from M. truncatula and TPSI1
from tomato is in bold italics. The primer pair used in PCR experi-
ments is underlined.
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the At4 transcript is potentially translated in two frames,
but not the conserved amino acid sequence, WKGQLR/
LSFGI, found in both Mt4 and TPSI1 (Fig. 5).

A Southern blot of Arabidopsis genomic DNA revealed
one copy of At4 in the genome (Fig. 6). Ball digestion
resulted in two bands, as predicted by the presence of a
Ball site within the cDNA.

Expression of At4 in the Pi-Accumulation Mutant pho1

The Arabidopsis phol mutant is impaired in its ability to
load Pi into the xylem and therefore to translocate Pi to the
shoot (Poirier et al., 1991). To determine whether the down-
regulation of Mt4-like genes by Pi is dependent on Pi
translocation to the shoot, we examined the expression of
the At4 gene in the phol mutant. Because of the limited
amount of phol tissue available, we used RNA extracted
from whole plants coupled with RT-PCR and hybridization
with the At4 or conserved oligonucleotide probe. As shown
in Figure 3B, At4 is expressed in roots and not in leaves,
and therefore this approach measures expression in the
roots.

At4 transcripts were abundant in wild-type plants re-
ceiving low-Pi fertilizer, but not in plants receiving high-Pi
fertilizer, as determined using either the At4 cDNA or the
oligonucleotide based on the conserved region as the
probes (Fig. 7). In contrast, At4 transcripts were abundant
in phol plants receiving both low-Pi and high-Pi fertilizer.
These results were observed in two independent experi-
ments (Fig. 7). Thus, the At4 transcript is not down-
regulated in response to Pi in the phol mutant, suggesting
that down-regulation is dependent on the translocation of
Pi to the shoot.

DISCUSSION

The identification of Pi-starvation-inducible Mt4-like
genes in members of the Fabaceae, Solanaceae, and Brassi-
caceae families indicates that these genes are relatively
widespread among dicots and supports the hypothesis that
these genes are a common component of the Pi-starvation
response. Surprisingly, these genes could only be identified
using a 30-bp probe, based on the region of identity be-
tween the Mt4 and TPSI1 cDNAs, and were not detected
when full-length cDNAs were used as the probes. In con-
trast, we previously identified a homolog of Mt4 in M.
sativa by northern-blot analysis using the entire Mt4 cDNA
as a probe (Burleigh and Harrison, 1997). Likewise, Liu et
al. (1997) identified homologs of TPSI1 in other solana-
ceous plants using the entire TPSI1 cDNA as a probe. As

Mt4 279 GGATTTTCTCTTTGGARAGGGCAACTTCGATCCTTTGGCATTTTTCAAT 327

TPSIl 182 TGTTTTTTTGCTTGGAAAGGGCAACTTCTATCCTTTGGCATTTTGATGG 230

Atd 433 TTTTGTTATCCCTCGTTTGGGCAACTTCGATCCTTTGGCAAGCTTCGGT 481

Lk LRk x Fok kA Aok okok Rk kok ok ok k ok kb ek *

Figure 5. Comparison of the conserved nucleotide sequences of Mt4
from M. truncatula, TPSI1 from tomato, and At4 from Arabidopsis.
Perfectly conserved nucleotides are represented by asterisks and
well-conserved nucleotides are represented by dots.
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Figure 6. Southern blot of Arabidopsis genomic DNA. Hybridization
of a *?P-labeled At4 cDNA to a gel blot of DNA digested with five
different restriction enzymes. Size markers are on the right.

might be expected, the homologs from closely related spe-
cies share greater amino acid identity than homologs from
distantly related species. The inability to detect an Mt4-like
gene in corn, a representative monocot, implies that these
genes may have a relatively recent evolutionary history.
These results may reflect subtle differences in the mecha-
nisms that monocots and dicots use in their response to Pi
starvation.

The At4 cDNA from Arabidopsis shares similarities with
both Mt4 from M. truncatula and TPSI1 from tomato: (a) all
of these genes are induced by Pi starvation, (b) they are
single-copy genes, (c) their transcripts range in size from
approximately 0.5 to 0.7 kb, (d) they are composed of
numerous short, overlapping ORFs (8 for Mt4, 6 for TPSI1,
and 12 for At4), and (e) they share a short region of nucleic
acid identity located approximately in the middle of the

A B

Columbia phol
-Pi +Pi-Pi +Pi

D -

phol Columbia
-Pi +Pi -Pi +Pi

- Oligo

Figure 7. Southern blots of RT-PCR products derived from wild-type
Arabidopsis and the Pi-accumulation mutant phol. Total RNA was
extracted from plants grown with (+Pi) or without (—Pi) phosphate
fertilization, reverse transcribed, standardized, amplified by PCR
using a primer pair based on the At4 sequence, blotted, and probed
with either a *?P-labeled At4 cDNA (At4) or an end-labeled oligo-
nucleotide identical to the conserved sequence (Oligo) for two in-
dependent experiments (A and B).
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transcript. Although initially hypothesized to encode the
conserved polypeptide sequence WKGQLR /LSFGI, the ab-
sence of a corresponding ORF in At4 now suggests that the
function of this region may not be at the protein level.
Alternatively, the other nonconserved ORFs may be impor-
tant. In mammalian systems short, overlapping ORFs are
sometimes present in the 5’ untranslated regions of genes,
where they play a role in the translational regulation of a
larger, translated ORF located at the 3’ end of the transcript
(Reynolds et al., 1996). ENOD40, a plant gene encoding a
growth regulator involved in nodule development (van de
Sande et al., 1996), is also composed of numerous short,
overlapping ORFs. It is interesting that the plant genes
ENOD40, Mt4, At4, and TPSI1 do not contain any obvious
large ORFs at their 3’ ends.

The phol mutant of Arabidopsis is unable to load Pi into
the xylem and therefore Pi translocation to the shoot is
severely reduced (Poirier et al., 1991). Examination of At4
expression in wild-type plants and the phol mutant re-
vealed that whereas Pi fertilization resulted in the reduc-
tion of At4 transcripts in wild-type Arabidopsis, Pi fertili-
zation did not reduce At4 gene expression in the phol
mutant. These analyses suggest that the down-regulation
of At4 in response to Pi fertilization is dependent on the
translocation of Pi to the shoot. Thus, our results not only
provide further support for the shoot control of root re-
sponses involved in phosphate nutrition (Drew and Saker,
1984; Jeschke et al., 1997), but also provide the first exam-
ple, to our knowledge, of this control operating at the level
of gene expression.

Using a split-root technique we demonstrated that the
down-regulation of the Mt4 gene by mycorrhizal coloniza-
tion was a systemic effect: colonization of one-half of a
split-root system resulted in the down-regulation of Mt4
expression in those roots and in the other half of the roots
not directly exposed to the fungus. However, in these
experiments, colonization did not significantly enhance the
Pi status of the plant, suggesting that Pi most likely was not
involved in this down-regulation. These results support
our previous suggestion that the down-regulation of the
Mt4 gene in the roots of M. truncatula is controlled by two
pathways that are at least initially independent: one depen-
dent on Pi fertilization and the other dependent on root
contact with AM fungi (Burleigh and Harrison, 1997). The
function of Mt4 in these two closely linked processes re-
mains to be determined.

Mt4 gene expression was also systemically down-
regulated by Pi fertilization. Liu et al. (1998a) have also
recently reported that Pi fertilization can systemically
down-regulate TPSI1 and two Pi transporters in tomato.
We found that Pi did not accumulate in the unfertilized
half of the split roots, despite the accumulation of Pi in the
fertilized half of the root system and in the shoot. This is
similar to the findings of Drew and Saker (1984), although
in their case it was a transitory response. Because of the
absence of Pi accumulation, we conclude that this nutrient
was not directly responsible for the observed systemic
down-regulation of Mt4 expression in the unfertilized half
of the split roots. However, it is possible that the recycling
of phosphate between the shoot and the root (Drew and

Saker, 1984; Jeschke et al., 1997), although not accumulat-
ing as Pi in the Pi-starved half of the split-root system, may
nonetheless have caused the down-regulation of Mt4 gene
expression in these roots. Alternatively, based on the re-
sults of both the phol and Pi split-root experiments, we
suggest that the translocation of Pi to the shoot results in
the production or activation of a shoot factor that is sub-
sequently translocated to the root, where it down-regulates
Mt4-like genes. Whereas Pi itself is not likely the signal,
organic forms of phosphate, such as ATP (Ziegler, 1975),
may act as signaling molecules. The proposed shoot-
derived signal molecule could be a translocating activator
of Mt4-like genes, whereby its absence or inactivation as a
result of high shoot phosphate levels results in Mt4 down-
regulation in the root. Several organic acids such as malate,
succinate, shikimate, and oxalate increase in phloem sap
during phosphate starvation (Dinkelacker et al., 1989;
Hoffland et al., 1992; Jeschke et al., 1997) and could be
candidates for this proposed factor. Finally, other shoot-
derived molecules could be influential, as is the case for
certain amino acids that act as signaling molecules in ni-
trogen uptake (Muller and Touraine, 1992).

The hypothesis that a shoot signal is responsible for the
down-regulation of Mt4 gene expression will be further
tested.
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