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Plastids rely on multiple phosphate (Pi) transport activities to 
support and control a wide range of metabolic processes, including 
photosynthesis and carbon partitioning. Five of the six members 
of the PHT4 family of Pi transporters in Arabidopsis thaliana 
(PHT4;1-PHT4;5) are confirmed or predicted plastid proteins. 
As a step towards identifying the roles of individual PHT4 Pi 
transporters in chloroplast and non-photosynthetic plastid Pi 
dynamics, we used promoter-reporter gene fusions and quantitative 
RT-PCR studies, respectively, to determine spatial and diurnal gene 
expression patterns. PHT4;1 and PHT4;4 were both expressed 
predominantly in photosynthetic tissues, although expression of 
PHT4;1 was circadian and PHT4;4 was induced by light. PHT4;3 
and PHT4;5 were expressed mainly in leaf phloem. PHT4;2 was 
expressed throughout the root, and exhibited a diurnal pattern 
with peak transcript levels in the dark. The remaining member 
of this gene family, PHT4;6, encodes a Golgi-localized protein 
and was expressed ubiquitously. The overlapping but distinct 
expression patterns for these genes suggest specialized roles for the 
encoded transporters in multiple types of differentiated plastids. 
Phylogenetic analysis revealed conservation of each of the ortholo-
gous members of the PHT4 family in Arabidopsis and rice, which 
is consistent with specialization, and suggests that the individual 
members of this transporter family diverged prior to the divergence 
of monocots and dicots. 

Introduction

Dynamic control of stromal inorganic phosphate (Pi) levels is 
central to the specialized metabolic functions of differentiated plas-
tids. Notably, the concentration of Pi in the chloroplast stroma is 
tightly coordinated with environmental conditions to modulate both 
photosynthesis and the subsequent partitioning of fixed carbon.1,2 Pi 

concentrations in amyloplasts also are held within a critical limit to 
prevent inhibition of starch biosynthesis.3 For each plastid type, Pi 
concentrations are controlled through a combination of metabolic 
recycling in the stroma and surrounding cytosol, and the transport 
of Pi across the plastid limiting membrane. Recent data suggest that 
similar processes also link the Pi status of the chloroplast stroma and 
thylakoid lumen.4 

Plastidic Pi transport is generally attributed to members of the 
plastidic phosphate translocator (pPT) family.5 These proteins are 
located in the inner envelope membrane and mediate strict counter-
exchange of Pi for phosphorylated C3, C5 or C6 compounds. The 
triose phosphate/Pi translocator (TPT) was the first pPT protein to 
be identified, and it is expressed almost exclusively in photosynthetic 
tissues where it catalyzes transport of cytosolic Pi into the chloroplast 
in exchange for triose phosphates, the end products of photosynthesis.6 
This activity represents the major pathway for carbon allocation to 
the cytosol during the day as well as the primary route for Pi import 
into the chloroplast. Related members of the pPT family include the 
phosphoenolpyruvate/Pi translocator (PPT), glucose 6-phosphate/
Pi translocator (GPT) and xylulose 5-phosphate/Pi translocator 
(XPT).7-9 In contrast to TPT, these translocators export Pi from plas-
tids in exchange for cytosolic metabolites that serve as precursors for 
biosynthetic processes within the stroma. Moreover, PPT and XPT 
are expressed in both photosynthetic and heterotrophic tissues, and 
GPT expression is restricted to heterotrophic tissues.10 

Data mining of plant genome sequences coupled with plastid 
envelope proteomics has revealed additional classes of plastidic 
Pi transporters that are unrelated to members of the pPT family. 
PHT2;1 was identified in Arabidopsis based on its similarity with 
Na+/Pi symporters from mammals and fungi.11 Functional analyses 
in yeast, however, suggest that PHT2 proteins catalyze H+-dependent 
Pi transport.11-13 GFP translational fusions with PHT2 proteins 
from Arabidopsis, Medicago truncatula, spinach and potato are 
targeted to the chloroplast envelope,12-15 and localization within the 
inner envelope membrane is supported by subcellular proteomics 
and membrane fractionation/immunodetection.14 In addition to 
a putative role in Pi import into the chloroplast, the presence of 
PHT2;1 transcripts within the root stele suggests that the encoded 
protein also functions in a subset of non-photosynthetic plastids.15 
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promoters. In leaves and cotyledons, GUS expression driven by the 
PHT4;3 and PHT4;5 promoters was restricted to the veins (Fig. 
1e). Differential interference contrast (DIC) imaging of transverse 
leaf sections revealed that expression in these organs was limited 
to the phloem portion of the vascular bundle (Fig. 1l). Although 
tissue specificity for the PHT4;3 and PHT4;5 promoters appeared 
identical in leaves, expression differed in roots and flowers. In roots, 
weak GUS activity was detected at the root tip in plants carrying 
the PHT4;3 promoter-GUS construct (Fig. 1h), whereas no activity 
was detected in roots harboring the PHT4;5 reporter construct. In 
flowers, the PHT4;3 promoter generated no detectable staining, but 
the PHT4;5 promoter directed GUS expression that was restricted 
to sepals, essentially the same pattern seen with the PHT4;1 and 
PHT4;4 promoters (Fig. 1c).

PHT4;6 is the only member of the PHT4 family that is targeted 
to the Golgi apparatus rather than plastids.16 We examined the tissue 
specificity of this promoter to determine whether PHT4;6 might 
serve as a marker for potential heterogeneity of Golgi functions 
in different plant tissues. No such specificity was observed. GUS 
activity was detected in every part of transgenic seedlings (Fig. 1f ), as 
well as sepals, stamens and carpels of mature flowers (Fig. 1d).

Light and circadian control of PHT4 gene expression. TPT 
and PHT2;1 are expressed primarily in photosynthetic tissues, and 
expression is induced by light.12,15,24 To determine whether light also 
influences expression of PHT4 genes, we used quantitative RT-PCR 
to monitor transcript levels in rosette leaves of 3-wk-old plants that 
had been held in the dark for 3 d and at defined time points after 
re-exposure to light (Fig. 2). PHT2;1 served as a positive control for 
light-induced expression.12,15 As expected, PHT2;1 transcript levels 
increased rapidly after exposure to light. PHT4;1 and PHT4;4 tran-
script levels also increased during the 7 hr light treatment, 20-fold 
and 10-fold, respectively, although transcripts for both genes accu-
mulated only after a 3 hr lag. In contrast, the light treatment had 
no obvious effect on expression of PHT4;3, PHT4;5 or PHT4;6. 
PHT4;2 transcript levels were extremely low, i.e., maximum levels 
were less than 2% of the lowest value obtained for the other genes 
(data not shown). This low expression was consistent with promoter-
GUS results indicating that PHT4;2 is expressed almost exclusively 
in roots (Fig 1b). Consequently, we evaluated PHT4;2 transcript 
levels in roots harvested from the same plants. As shown in Figure 
2, PHT4;2 transcript levels decreased nearly 80% during the light 
treatment, and like PHT4;1 and PHT4;4, the change in transcript 
abundance occurred only after a 3 hr lag. 

Although PHT2;1 expression is not under circadian control,15 

it was possible that the changes in PHT4;1, PHT4;4 and PHT4;2 
transcript levels during the light treatment (Fig. 2) reflect rhythmic 
expression rather than a response to light. To distinguish between 
these possibilities, transcript levels in rosette leaves of 3-wk-old plants 
maintained with a 14 hr light: 10 hr dark cycle (LD) were compared 
to those in plants that had been transferred to constant light (LL). 
Plants were harvested at time points corresponding to the midpoint 
and end of the subjective light and dark phases of two consecutive 
diurnal cycles. As shown in Figure 3, PHT4;1 and PHT4;4 both 
exhibited a diurnal expression pattern under LD conditions, but this 
rhythmic pattern persisted in LL only for PHT4;1. Thus, PHT4;1 
exhibits a circadian expression pattern with peak expression during 
the light phase of the diurnal cycle. Consistent with this circadian 

The Arabidopsis genome also encodes six PHT4 proteins, all 
of which mediate Pi transport in yeast with high specificity.16 The 
effects of pH and protonophores on transport activities suggest that 
PHT4 transporters, like PHT2 proteins, catalyze H+-dependent Pi 
transport. Functional studies in Escherichia coli suggest that at least 
one of these, PHT4;1, can also mediate Na+-dependent Pi transport.4 

Bioinformatics and localization of PHT4-GFP protein fusions indi-
cate that five members of this family (PHT4;1 through PHT4;5) are 
targeted to plastids,16-18 and the sixth, PHT4;6, resides in the Golgi 
apparatus.16 Proteomic analysis of the chloroplast envelope and 
envelope membrane fractionation studies confirmed that PHT4;4 
is located in the chloroplast inner envelope membrane.4,17,18 In 
contrast, PHT4;1 is located in the thylakoid membrane.4 Despite 
the localization of these two proteins to chloroplast membranes, 
transcripts for all of the Arabidopsis PHT4 genes have been detected 
in roots as well as leaves suggesting that the encoded plastid-targeted 
proteins also function in non-photosynthetic plastids.16 Previous 
studies have not distinguished whether these transporters are redun-
dant or have unique specificities for different plastid types. Here 
we present evidence for differences in spatial expression patterns 
and regulation with respect to light and circadian rhythm, which 
suggest specialized roles for the encoded Pi transporters in different 
plastid types and highlight the diversity of plastids that are present in 
heterotrophic tissues. Moreover, comparative analyses of Arabidopsis 
and rice PHT4 protein sequences suggest that these transporters and 
their respective roles are conserved. 

Results

Tissue specificity of Arabidopsis PHT4 genes. To analyze the 
spatial expression patterns of the PHT4 genes throughout plant 
development we used a promoter-reporter strategy in which each 
promoter was cloned upstream of the β-glucuronidase (GUS) 
reporter gene. The transcriptional fusion constructs were introduced 
into Arabidopsis plants, and progeny of the transgenic plants were 
evaluated for GUS activity using a histochemical assay.

PHT4;1 and PHT4;4 promoters conferred nearly identical GUS 
expression patterns. Reporter activity was detected throughout the 
green tissues of seedlings (Fig. 1a), and in sepals of mature flowers 
(Fig 1c). In sections prepared from rosette leaves, GUS activity 
appeared to be present in all cell types but was not uniformly distrib-
uted in the epidermis (Fig. 1i). To examine expression in epidermal 
cells more directly, we isolated and stained leaf epidermal peels. GUS 
expression was detected only in guard and subsidiary cells (Fig. 1j). 
In all cases, GUS activity co-localized with chlorophyll autofluo-
rescence (red signal, Fig. 1k), indicating that PHT4;1 and PHT4;4 
are expressed predominantly in chloroplasts of photosynthetic cells. 
GUS activity was, however, also detected at low levels in the root 
stele of seedlings containing the PHT4;1 promoter-GUS fusion 
(Fig. 1g). Despite previous detection of PHT4;4 transcripts in roots 
by RT-PCR,16 no GUS activity was detected in roots of plants that 
carried the PHT4;4 promoter-GUS fusion.

GUS expression driven by the PHT4;2 promoter was detected 
throughout the root (Fig. 1b), but was not detected in either leaf or 
floral tissues.

Plants harboring the PHT4;3 and PHT4;5 promoter-GUS 
fusions also exhibited similar expression patterns, but these patterns 
clearly differed from those directed by the PHT4;1 and PHT4;4 



Specialized roles for plastidic PHT4 Pi transporters

786 Plant Signaling & Behavior 2008; Vol. 3 Issue 10

in LD but not under LL conditions (Fig. 3). Transcripts for all three 
of these genes were more abundant in the light than dark. 

To determine whether PHT4;2 expression also exhibited a diurnal 
pattern, we compared transcript levels in roots of plants grown 
under LD and LL conditions. As shown in Figure 3, transcript levels 
appeared rhythmic in LD with a 2.5-fold difference between the light 
and dark. However, the phase of this rhythm was opposite to those 
of the other genes. That is, PHT4;2 transcripts were more abundant 
in the dark than light. This expression pattern did not persist in LL 
suggesting that the pattern in LD is related to exposure of the shoot 
tissues to light rather than circadian control. 

pattern, two copies of the CIRCADIAN CLOCK ASSOCIATED 
1-binding site (CBS: AAAAATCT), which is important for morning-
specific circadian expression,25,26 are located in the PHT4;1 promoter. 
One CBS is located -17 bp relative to the translation start, and the 
other is located -281 bp and is on the complementary strand. No 
CBS motifs were found in the promoters of the other PHT4 genes.

In contrast to the circadian expression of PHT4;1, expression of 
PHT4;4 appears to be induced by light, both after a long dark period 
(Fig. 2) and in standard LD conditions (Fig. 3). PHT4;3 and PHT4;5 
transcript levels, which were unaffected by light exposure treatment 
after a long dark treatment (Fig. 2), varied with the light/dark cycle 

Figure 1. Localization of promoter-GUS gene fusions in transgenic A. thaliana plants. (a) Seedling representative of PHT4;1-GUS and PHT4;4-GUS plants. 
(b) PHT4;2-GUS seedling. (c) Flower representative of PHT4;1-GUS, PHT4;4-GUS and PHT4;5-GUS plants. (d) PHT4;6-GUS flower. (e) Leaf and cotyledon 
representative of PHT4;3-GUS and PHT4;5-GUS plants showing vascular-specific GUS activity. (f) PHT4;6-GUS seedling. (g) Root of PHT4;1-GUS seedling. 
(h) Root of PHT4;3-GUS seedling. (i) Transverse leaf section representative of PHT4;1-GUS and PHT4;4-GUS plants. (j) Leaf epidermal peel representative of 
PHT4;1-GUS and PHT4;4-GUS plants. (k) Chlorophyll autofluorescence in epidermal peel shown in (j). (l) Transverse leaf section representative of PHT4;3-
GUS and PHT4;5-GUS plants showing GUS activity in phloem. Bars in (g, h) = 100 μm; bars in (i–l) = 20 μm.
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the Arabidopsis and rice proteins, the sequences were aligned with 
ClustalX and M-Coffee,28 and neighbor joining was used to generate 
an unrooted phylogram (Fig. 4). The topology of this phylogram is 
supported by 100% bootstrap values. Furthermore, maximum parsi-
mony analysis with the same alignments yielded trees with identical 
topologies (not shown). Six groups of proteins are inferred from the 
phylogram, each consisting of a single Arabidopsis protein and, in 

Conservation of the PHT4 family in Arabidopsis and rice. 
Searches of the GenBank sequence database revealed putative PHT4 
homologs in multiple plant species, including rice, tomato, maize, 
grape and barley, suggesting that these transporters are widely 
conserved. However, it is difficult to determine orthology because 
this gene family may have undergone differential expansion in 
each species. The availability of the complete genome sequences for 
Arabidopsis and rice allowed us to address this issue for two distantly 
related plant species. We identified seven protein sequences through 
searches of the TIGR rice genome database (http://rice.tigr.org/)27 

that shared 70–80% similarity to Arabidopsis PHT4 proteins. 
Iterative searches with the rice sequences revealed no additional 
homologs, indicating that these seven proteins comprise the rice 
PHT4 family. To estimate the phylogenetic relationship between 

Figure 2. Effect of light on expression of PHT4 genes. Mature plants were 
held in the dark for 3 d before re-exposure to light. Expression levels were 
determined at the indicated time points by real-time RT-PCR and normalized 
to EIF-4A2. For each gene, expression values are relative to the maximum 
value, which was set at 1. The values plotted are averages of two biologi-
cal replicates, and error bars indicate the replicate values. For analysis of 
PHT4;2, RNA was isolated from root tissues. For all other genes, RNA was 
isolated from rosette leaves. PHT2;1 serves as a positive control for light 
induction.

Figure 3. Expression of PHT4 genes under light/dark and constant light con-
ditions. Expression levels were measured at the indicated times by real-time 
RT-PCR and normalized to EIF-4A2. For each gene, expression values are 
relative to the maximum value, which was set at 1. The values plotted are 
averages of two biological replicates, and error bars indicate the replicate 
values. The light and dark bars at the top of the figure indicate the respective 
light conditions. For analysis of PHT4;2, RNA was isolated from root tissues. 
For all other genes, RNA was isolated from rosette leaves.
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Discussion

Phylogenetic analysis suggests that members of the PHT4 Pi 
transporter family diverged prior to the monocot-dicot split that is 
estimated to have occurred 140–150 Myr ago.30 Surprisingly, all six 
of the ancestral members have been preserved in Arabidopsis and 
rice, and only one ortholog appears to have undergone duplica-
tion. This level of conservation was unexpected given that multiple, 
large-scale duplication and deletion events have occurred since the 
divergence of monocots and dicots.31,32 Indeed, a similar analysis of 
PHT1 Pi transporters revealed orphan homologs in both Arabidopsis 
and rice, as well as differential expansion of ancestral orthologs.33 

The simplest explanation for the conservation of individual PHT4 
orthologs is that each has unique physiological roles. The overlapping 
but distinct expression patterns for the Arabidopsis genes support 
this hypothesis. 

The PHT4;1 promoter was active predominantly in photosyn-
thetic tissues, and in the leaf epidermis, activity was restricted to cells 
that contain chlorophyll. This tissue and cell specificity is consistent 
with the recent finding that the protein is targeted to the chloroplast 
thylakoid membrane.4 This location positions PHT4;1 for a role in 
recycling Pi from the thylakoid lumen to the stroma. Pi is generated 
in the thylakoid lumen through hydrolysis of nucleotides, including 
the PsbO-mediated hydrolysis of GTP, which regulates dephos-
phorylation and turnover of the photosystem II reaction center D1 
protein.34,35 Coordination of PHT4;1 activity with D1 protein 
turnover is an intriguing possibility given that the prerequisite events, 
expression of PHT4;1 and phosphorylation of the D1 protein, are 
both controlled by a circadian rhythm with peak activities in the 
light.36 Circadian regulation is critical for many aspects of photo-
synthesis and plant growth,37 but to our knowledge, this is the first 
example of circadian control of a plant Pi transporter gene. 

The stimulatory effect of low pH on Pi transport catalyzed by 
PHT4;1 in heterologous systems would favor export of Pi from 
the acidic lumen.4,16 However, at this time we cannot rule out the 
possibility that PHT4;1 transports stromal Pi into the lumen. It has 
been suggested that if such an activity sequesters stromal Pi below the 
Km of the thylakoid ATP synthase, the resulting decrease in proton 
conductivity could serve as a means of down regulating photosyn-
thetic light capture.4,38

The PHT4;1 promoter also exhibited weak activity in the root stele 
(Fig. 1g), which corroborates previous results indicating that endoge-
nous transcripts are present in roots at low levels.16 The physiological 
significance of this expression is unclear because root plastids have 

limited internal membranes,39 and the 
metabolic contributions of plastids within 
the root stele have not been defined. We 
hypothesize that the internal membranes 
of these plastids represent a metabolically 
active compartment and that PHT4;1 is 
involved in its Pi homeostasis. 

Chloroplasts rely on the import of Pi 
from the cytosol to support the synthesis of 
ATP through photophosphorylation and 
to control the subsequent partitioning of 
fixed carbon. Pi import is mediated mainly 
by TPT with strict counterexchange of 

all but one group, a single orthologous rice protein. The exception 
was the group containing PHT4;6, which includes two paralogous 
rice sequences. The presence of both Arabidopsis and rice proteins in 
each group indicates that divergence of the PHT4 family occurred 
prior to the divergence of monocots and dicots.

Like the Arabidopsis PHT4 proteins, all of the rice orthologs 
have poorly conserved, N-terminal sequences that share features 
with organellar targeting sequences. Predictions of the subcellular 
localization of these proteins using TargetP,29 as well as consensus 
predictions derived from multiple other programs (ARAMEMNON 
database, http:arememnon.botanik.uni-koeln.de/), suggest that each 
rice protein is targeted to the same organelle as its corresponding 
Arabidopsis ortholog (Table 1). The locus identifiers for the rice 
PHT4 sequences and the corresponding assignments from the 
International Rice Genome Sequencing Project (IRGSP, http://rgp.
dna.affrc.go.jp/IRGSP/) are also listed in Table 1.

Figure 4. Neighbor joining tree of Arabidopsis and rice PHT4 Pi transporter 
proteins. Rice sequences are indicated by TIGR locus assignments. The 
numbers at the branches of the tree are bootstrap values (1,000 replicates). 
Scale bar indicates substitutions per site.

Table 1	 Members of the rice PHT4 family

Arabidopsis	 TIGR locus	 IRGSP locus	 Accession	 Predicted
ortholog				    localizationa

PHT4;1	 LOC_Os01g17240	 Os01g0279700	 BAF04663	 Plastid
PHT4;4	 LOC_Os09g39680	 Os09g0570400	 BAF25900	 Plastid
PHT4;6	 LOC_Os12g07970	 Os12g0180100	 BAF29330	 Secretory system
PHT4;6	 LOC_Os11g08370	 Os11g0186800	 BAF27769	 Secretory system
PHT4;5	 LOC_Os09g38410	 Os09g0556400	 EAZ45629	 Plastid
PHT4;3	 LOC_Os01g63290	 Os01g0852200	 BAF06740	 Plastid
PHT4;2	 LOC_Os05g37820	 Os05g0451100	 BAF17619	 Plastid

aTargetP (http://www.cbs.dtu.dk/services/TargetP/)
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In summary, the results of this study have revealed differences in 
the spatial expression patterns and regulation of the plastid-localized 
members of the Arabidopsis PHT4 Pi transporter family. These 
differences provide some insight into the potential roles of these 
proteins in chloroplasts and in an unexpectedly wide range of non-
photosynthetic plastids in root and phloem tissues. The remarkable 
similarity of the PHT4 family structure between Arabidopsis and rice 
suggests that the roles for the individual family members have been 
conserved since the divergence of monocots and dicots.

Materials and Methods

Plant growth conditions. Arabidopsis thaliana (L.) Heynh. 
(ecotype Col-0) plants were grown in chambers at 21˚C with 70% 
relative humidity and, unless specified otherwise, a 14 h light (150 
μmol m-2 s-1): 10 h dark photocycle. Plants were grown in soil for 
general propagation. For gene expression studies, plants were grown 
hydroponically or on agar-solidified, half-strength MS medium19 as 
described previously.16 

Construction and analysis of PHT4 promoter-GUS fusions. 
Promoters for each PHT4 gene were amplified from Arabidopsis 
genomic DNA using Pfx high-fidelity polymerase (Invitrogen, 
Carlsbad, CA) then cloned in the binary vector pBI101.1 upstream 
of the β-glucuronidase (GUS) gene to generate transcriptional 
fusions. Promoter sequences correspond to the region immediately 
upstream of the respective ATG start codons: 1000 bp for PHT4;1, 
PHT4;2, PHT4;3 and PHT4;4, 623 bp for PHT4;5, and 1682 bp 
for the PHT4;6. The PHT4;5 promoter extends to the stop codon of 
the neighboring gene (At5g20390).

Promoter-GUS constructs were introduced into Agrobacterium 
tumefaciens strain GV3101, and the resulting strains were used to 
transform Arabidopsis via the floral dip procedure.20 Transgenic 
seedlings were selected on half-strength MS medium containing 25 
μg ml-1 kanamycin. At least 12 independent lines for each construct 
were examined for GUS activity by histochemical detection.21,22 

Briefly, seedlings were vacuum infiltrated with assay buffer (50 mM 
sodium phosphate pH 7.0, 0.1% (v/v) Triton X-100, 0.5 mM potas-
sium ferrocyanide, 0.5 mM potassium ferricyanide, 10 mM EDTA) 
containing 0.05% (w/v) 5-bromo-4-chloro-3-indolyl glucuronide 
(X-gluc) then incubated in the dark at 37˚C overnight. Green tissues 
were destained with 70% ethanol prior to observation. To prepare 
sections, tissues were briefly fixed in 4% formaldehyde prior to 
staining. After staining, tissues were fixed in assay buffer containing 
4% formaldehyde and 0.5% glutaraldehyde then dehydrated in an 
ethanol series and embedded in Steedman’s wax (polyethylene glycol 
400 distearate/ 1-hexadecanol, [9:1, w/w]).23 Embedded tissue was 
cut into 10 µm sections using a rotary microtome.

Quantitative RT-PCR analysis. Total RNA was isolated from 
rosette leaves or roots of 3-wk-old plants with TRI reagent (Sigma-
Aldrich, St. Louis, MO), and traces of DNA were removed with 
TURBO DNA-free (Ambion, Austin, TX). Two biological repli-
cates consisting of tissues pooled from two plants were used for 
each analysis. One microgram RNA was used to make cDNA with 
SuperScript first-strand cDNA synthesis kit (Invitrogen, Carlsbad, 
CA). PCR was performed with Power SYBR Green Master Mix 
(Applied Biosystems, Foster City, CA) using the ABI Prism 7500 
sequence detection system (Applied Biosystems). Expression levels 
were normalized to EIF-4A2 (At1g54270) and fold changes were 

stromal triose phosphates.40 Surprisingly, plants with reduced levels 
of TPT have no substantial growth phenotype or reduction in photo-
synthetic capacity when grown under ambient conditions.41-46 Such 
plants do, however, exhibit increased rates of starch turnover and 
export of neutral sugars to compensate for the defect in carbon allo-
cation, which suggests that redundant or compensatory mechanisms 
also exist for the coupled defect in Pi import. PHT4;4 and PHT2;1 
are candidates for this activity. Like TPT, both of these Pi transporters 
are located in the chloroplast inner envelope membrane.14,18 Also, 
transcript levels for the genes increased when plants were exposed 
to light, although the delay in PHT4;4 transcript accumulation may 
reflect regulation by photosynthates rather than a direct response to 
light. It is formally possible that PHT4;4 and PHT2;1 also maintain 
stromal Pi concentrations through export. That is, these transporters 
may serve as two-way valves with transport direction dependent 
on the Pi electrochemical gradient and proton-motive force. Such 
flexibility would enable fine control of stromal Pi levels, which 
may be necessary to sustain high rates of transitory starch synthesis. 
Experimental evaluation of this hypothesis is needed.

Unlike chloroplasts, non-photosynthetic plastids cannot synthe-
size ATP or precursor metabolites for anabolic processes such as the 
synthesis of starch, fatty acids and amino acids.47 The import and 
subsequent assimilation of these compounds can lead to an imbal-
ance in stromal Pi, which must be countered by a Pi export activity 
that is not directly coupled to the transport of phosphorylated 
carbon compounds, i.e., unidirectional Pi transport.48 Several of the 
PHT4 transporters, as well as PHT2;1, may contribute to this role 
in different heterotrophic tissues. In roots, GUS activity driven by 
the PHT4;2 promoter was observed throughout the entire organ, 
whereas expression under the control of the PHT4;3 and PHT2;1 
promoters was restricted to the root cap and stele, respectively. These 
expression patterns suggest that PHT4;2 functions in all root plas-
tids and that Pi transport catalyzed by PHT4;3 and PHT2;1 may 
be needed to supplement that of PHT4;2 in distinct plastid types, 
including amyloplasts in root cap columella cells. Although PHT4;4 
and PHT4;5 transcripts have been detected in roots by RT-PCR16 
and the corresponding promoter-GUS lines described here exhibited 
strong activity in green tissues, no GUS activity was detected in roots. 
This suggests that PHT4;4 and PHT4;5 are expressed in root tissues 
at levels below the limit of detection by histochemical staining, and 
therefore, may have limited roles in root plastids. 

Non-photosynthetic plastids are not typically associated with 
aerial tissues. However, such plastids have been identified in the 
sieve elements and companion cells that comprise phloem.49,50 

Promoter-GUS fusions used in this study revealed that PHT4;3 
and PHT4;5 were expressed in the phloem tissue of leaves and 
cotyledons, but not roots. Expression of both PHT4;3 and PHT4;5 
in leaves was diurnal with transcripts more abundant in the light. 
Transcript abundance was not induced by light after a 3 d dark treat-
ment suggesting that the diurnal pattern may be related to instability 
of the transcripts in the dark. Little has been reported on the meta-
bolic functions of phloem plastids, although they may be the primary 
sites of tryptophan biosynthesis,51 and at least some of these plastids 
accumulate starch.50 Given that amino acid and starch synthesis are 
ATP consuming and Pi liberating processes, we hypothesize that 
PHT4;3 and PHT4;5 contribute to Pi export from phloem plastids. 
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