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To cope with low phosphate (Pi)
availability, plants have to adjust its

gene expression profile to facilitate Pi
acquisition and remobilization. Sensing
the levels of Pi is essential for reprog-
ramming the gene expression profile to
adapt to the fluctuating Pi environment.
AtPHR1 in Arabidopsis and OsPHR2
in rice are central regulators of Pi signal-
ing, which regulates the expression of
phosphate starvation-induced (PSI)
genes by binding to the P1BS elements
in the promoter of PSI genes. However,
how the Pi level affects the central regu-
lator to regulate the PSI genes have puz-
zled us for a decade. Recent progress in
SPX proteins indicated that the SPX
proteins play important role in regulat-
ing the activity of central regulator
AtPHR1/OsPHR2 in a Pi dependent
manner at different subcellular levels.

Phosphorus (P) is an important plant
nutrient. To cope with low phosphate (Pi)
availability, plants have evolved sophisti-
cated developmental strategies to facilitate
Pi acquisition and remobilization. Sensing
the levels of external and internal Pi is
essential for reprogramming the gene
expression profile and adapting to the
fluctuating Pi environment. As we known,
a large proportion of Pi starvation-
induced (PSI) genes are under the control
of PHR1 (PHOSPHATE STARVA-
TION RESPONSE REGULATOR 1) in
Arabidopsis (AtPHR1).1,2 Just like
AtPHR1 is central regulator in Arabidop-
sis, its homolog, OsPHR2 is a central reg-
ulator of phosphate signaling in rice,
which enhanced the expression of phos-
phate starvation-induced (PSI) genes
and resulted in the enhancement of Pi

acquisition under Pi deficiency condition.
This occurred via AtPHR1/OsPHR2
binding to a cis-element named the PHR1
binding sequences (P1BS).3,4 However,
the transcription level of AtPHR1/
OsPHR2 was not responsive to Pi starva-
tion, raising the question as to how plants
sense changes in cellular Pi levels to acti-
vate the central regulator and then initiate
the reprograming of gene expression.

Recent works in our lab published in
Proc Natl Acad Sci USA (PNAS), Plant
Cell and J. Exp. Bot. and the work in Ara-
bidopsis published in Prof. Javier Paz-
Ares’ lab indicate that SPX proteins play
very important role in sensing the levels
of external and internal Pi level and
negatively regulating Pi homeostasis in
plants.5-8 SPX domain is a conservative
domain named after SYG1 (suppressor of
yeast gpa1), Pho81 (CDK inhibitor in
yeast PHO pathway), and XPR1 (xenotro-
pic and polytropic retrovirus receptor).9

In plants, proteins harboring the SPX
domain are classified into 4 families based
on the presence of additional domains
in their structure, namely the SPX,
SPX-EXS, SPX-MFS and SPX-RING
families.10

In Arabidopsis, 20 SPX domain-con-
taining proteins have been identified.9 Six-
teen members contain SPX domain and
another domain, while the other 4 pro-
teins contain only SPX domain.11 There
are 15 SPX domain-containing proteins
identified in rice genome. Nine of them
contain SPX domain and additional
domain, while the other 6 proteins con-
tain only SPX domain.10 SPX proteins are
referenced as proteins exclusively harbor-
ing the SPX domain.10 Four SPX proteins
in Arabidopsis (named AtSPX1-AtSPX4)
and 6 SPX proteins in rice (named
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OsSPX1-OsSPX6) have been identi-
fied.11,12 Phylogenetic analysis showed
that the SPX proteins can be grouped into
3 subclades. Among which OsSPX1 and
OsSPX2 in rice and AtSPX1 and AtSPX2
in Arabidopsis were grouped in the same
subclade, OsSPX4 and AtSPX4 were
grouped in a second subclade, while
OsSPX3, OsSPX5, OsSPX6 and AtSPX3
were grouped into the third subclade.10,12

SPXs Proteins Act as Negative
Regulator of Pi Signaling

In plants, SPX proteins were first
noticed as Pi starvation induced genes.
All the SPX genes were Pi starvation
induced except OsSPX4 in rice and
AtSPX4 in Arabidopsis.11,12 SPX pro-
teins were found to be negative regula-
tor of Pi signaling in plants. It was
found that overexpression of OsSPX1,
OsSPX2, OsSPX3, OsSPX4, OsSPX5 can
counteract the phenotype of PHR2
overexpression. In which Pi accumu-
lated in the leaf tips and also necrosis
in the leaf tips with Pi starvation
induced genes such as IPS1 and PT2
were highly induced in the OsPHR2
overexpression transgenic lines. While
the double mutants showed normal Pi
level and expression level of PSI genes
comparable to that of wild type.5-7 On
the contrary, knockout lines of the
OsSPX1, OsSPX2, OsSPX4 showed

significant necrosis in leaf tips and Pi
accumulation in shoot (5, 7). Though
single mutant of OsSPX3, OsSPX5
doesn’t show significant necrosis in the
leaf tips, significant necrosis and Pi
accumulation were found in the
OsSPX3, OsSPX5 double mutant. And
the Pi starvation induced genes (e.g.
IPS1, miR399, PT2, miR827,PAP10,
SQD2) also significantly upregulated in
the double mutant.6 Similar results for
AtSPX1 and AtSPX2 in Pi signaling
were got from Arabidopsis which just
like OsPSX1 and OsSPX2 in rice Pi
signaling.8 All the results indicate that
SPX proteins act redundantly as nega-
tive regulators of Pi signaling.

SPX Proteins Localized in
Different Subcellular Organelles

The SPX proteins were localized in dif-
ferent subcellular localization. OsSPX1
and OsSPX2 and AtSPX1 and AtSPX2
were localized exclusively to the nucleus as
showed by protoplast and onion epider-
mal cells and plants.7,8,11,12 While
AtSPX4 and OsSPX4 were localized in
both cytoplasm and nucleus.5,11 The third
subclade of SPX porteins AtSPX3 were
localized in cytoplasm in some speckles
and the OsSPX3 and OsSPX5 were local-
ized in both nucleus and cytoplasm as
visualized using the fusions of SPX3-GFP
and SPX5-GFP in rice protoplast.6,11,12

SPXs Regulate PHR2 Activity
in Different Subcellular Levels

to Regulate Pi Signaling

Arabidopsis AtPHR1 and its rice
homolog OsPHR2 are known to be cen-
tral transcription factors in Pi homeosta-
sis. Our recent data showed that OsSPX1,
OsSPX2, OsSPX4 and probably other
SPX proteins were negative regulator of Pi
signaling though affect OsPHR2 function
in a Pi dependent way in rice.5-7 Similarly,
AtSPX1 and AtSPX2 were also negative
regulator of AtPHR1 in a Pi dependent
way in Arabidopsis.8 OsSPX1 and
OsSPX2 in rice and AtSPX1 and AtSPX2
in Arabidopsis function in a Pi dependent
way to inhibit OsPHR2/AtPHR1 func-
tion at high cellular Pi status.7,8 And the
SPX domain of SPX1 and SPX2 is critical
for repressing PHR2 binding to cis-ele-
ments by protein interaction.7 While
OsSPX4 also function in a Pi dependent
way to inhibit PHR2 function at high cel-
lular Pi status.5 Under Pi starvation condi-
tion, OsSPX4 would be degraded.

All the results demonstrate that SPX
proteins function as components in the
Pi-sensing mechanism to control the activ-
ity of OsPHR2/AtPHR1, the central regu-
lators of Pi starvation responses, as
depicted in our working model (Fig. 1).
Under high cellular Pi conditions, SPX4
and maybe other SPX proteins interact
with OsPHR2/AtPHR1 in the cytoplasm
which inhibit OsPHR2/AtPHR1 from
moving into nuclear, while in nucleus,
SPX1, SPX2 and also other SPXs will fur-
ther interact with OsPHR2/AtPHR1,
therefore OsPHR2/AtPHR1 can’t bind to
the promoter of PSI genes, so PSI genes
would express in a basal level. However,
under low cellular Pi conditions, SPX4
will be degraded, so OsPHR2/AtPHR1
can move into nuclear, while in nuclear,
interaction of SPX1 and SPX2 and possi-
bly other SPXs with OsPHR2/AtPHR1
was weakened and OsPHR2/AtPHR1 will
preferentially bind to the P1BS motif of
PSI gene promoters, allowing OsPHR2/
AtPHR1 to up-regulate the expression of
PSI genes, including OsSPX1 and
OsSPX2, OsSPX3, OsSPX5, and
OsSPX6. Which make sure the plant cell
to adjust itself to the changed Pi environ-
ment. The accumulation of SPXs under

Figure 1. A model of SPX proteins to regulate PHR2 (or AtPHR1) activity for Pi-starvation induced
transcription in response to the cellular Pi concentration. Negative and positive regulatory effects
are indicated by flat-ended lines and arrows. The thick arrowed lines represent enhancement.
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Pi-deficient conditions also allows plants
to shut down the OsPHR2/AtPHR1
dependent Pi starvation response rapidly
after Pi repletion. Altogether, all the data
suggesting that SPXs possibly involved in
sensing the Pi. Whether SPX proteins
function as Pi sensor is a promising ques-
tion to be investigated in the near future.
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