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To maintain a stable cytosol phosphate (Pi) concentration, plant cells store Pi in their vacuoles. When the Pi concentration in the
cytosol decreases, Pi is exported from the vacuole into the cytosol. This export is mediated by Pi transporters on the tonoplast. In
this study, we demonstrate that SYG1, PHO81, and XPR1 (SPX)-Major Facility Superfamily (MFS) proteins have a similar
structure with yeast (Saccharomyces cerevisiae) low-affinity Pi transporters Phosphatase87 (PHO87), PHO90, and PHO91.
OsSPX-MFS1, OsSPX-MFS2, and OsSPX-MFS3 all localized on the tonoplast of rice (Oryza sativa) protoplasts, even in the
absence of the SPX domain. At high external Pi concentration, OsSPX-MFS3 could partially complement the yeast mutant
strain EY917 under pH 5.5, which lacks all five Pi transporters present in yeast. In oocytes, OsSPX-MFS3 was shown to
facilitate Pi influx or efflux depending on the external pH and Pi concentrations. In contrast to tonoplast localization in
plants cells, OsSPX-MFS3 was localized to the plasma membrane when expressed in both yeast and oocytes. Overexpression
of OsSPX-MFS3 results in decreased Pi concentration in the vacuole of rice tissues. We conclude that OsSPX-MFS3 is a low-
affinity Pi transporter that mediates Pi efflux from the vacuole into cytosol and is coupled to proton movement.

Phosphorus (P) is an important macronutrient for
growth and development in plants. As a sessile organism,
plants have evolved a sophisticated signaling network to
obtain phosphate (Pi) from the environment where Pi

concentration varies greatly and is often below that re-
quired for optimal growth (Chiou andLin, 2011;Wuet al.,
2013). The difference in Pi concentrations of plant tissues
can be up to 10-fold when grown in Pi-sufficient and
-deficient conditions. This large variation of Pi concen-
tration in plant tissues is mainly due to differences in the
Pi content of the vacuole (Lambers et al., 2011). Under Pi-
sufficient conditions, a large amount of Pi is stored in the
vacuole. The vacuolar Pi can be transported into the cy-
tosol when external available Pi concentration decreases
to a threshold level (Pratt et al., 2009). Although a number
of molecular components of Pi uptake, mobilization, and
utilization have been identified and functionally charac-
terized, transporters of Pi import and export from the
vacuole remain undefined inplants (Chiou andLin, 2011).

The SYG1, PHO81, and XPR1 (SPX) domain (Pfam
PF03105) is named after the Suppressor of Yeast
G-protein a-subunit1 (SYG1), the yeast (Saccharomyces
cerevisiae) Phosphatase81 (PHO81), and the human
Xenotropic and Polytrophic Retrovirus receptor1
(XPR1). Normally, the SPX domain is localized at the
N-terminal region of proteins. Depending on the char-
acteristics to the C terminus domain of the SPX pro-
teins, these proteins are divided into four subfamilies in
plants (Secco et al., 2012a). Interestingly, members from
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all subfamilies have been shown to be involved in Pi
homeostasis in plants (Hamburger et al., 2002; Wang
et al., 2009, 2012, 2014; Kant et al., 2011; Secco et al., 2012a;
Puga et al., 2014). Phosphate1 (PHO1), the first members
characterized, contains a SPXdomain and anEXSdomain
(named after Early Responsive to Dehydration1 [ERD1],
XPR1, and SYG1) and regulates Pi loading into the xylem
(Hamburger et al., 2002). A ubiquitin E2 ligase, Ubiquitin
Conjugase24 (UBC24), interacts with the SPX domain of
PHO1 and mediates the degradation of PHO1 (Liu et al.,
2012). The second family of proteins contains only the SPX
domain and negatively regulates Pi starvation signaling
in plants (Wang et al., 2009; Liu et al., 2010). It has been
reported that OsSPX4 inhibits the nuclear localization of
transcription factor OsPHR2 by physical interaction with
Phosphate Response2 (OsPHR2) in rice (Oryza sativa; Lv
et al., 2014). OsSPX1/OsSPX2 was recently shown to di-
rectly interact with PHR2 in nucleus through its SPX do-
main, inhibiting its binding to the PHR1 binding sequence
(GNATATNC; Wang et al., 2014). While the third family
of SPX proteins, SPX-Major Facility Superfamily (SPX-
MFS) subfamily, has been reported to be involved in
regulation of Pi homeostasis in rice, thedetailedmolecular
mechanism is unclear (Lin et al., 2010; Wang et al., 2012).
The fourth SPX protein family contains a protein called
Nitrogen Limitation Adaptation (NLA), first identified
by its role in nitrogen starvation resistance (Peng et al.,
2007). Later, a combination of physiology and genetic
studies demonstrated that NLA regulates nitrate-
dependent Pi homeostasis in Arabidopsis (Arabidopsis

thaliana; Kant et al., 2011). The NLA protein contains an
SPX and ring domain andmediates the degradation of Pi
transporters under Pi-sufficient conditions (Lin et al.,
2013; Park et al., 2014).

Pi uptake and signaling regulation is well character-
ized in yeast and involves the participation of several SPX
domain proteins (Secco et al., 2012b). There are five Pi:H+

symporters characterized in yeast, including two high-
affinity Pi transporters (Pho84 and Pho89) and three
low-affinity Pi transporters (Pho87, Pho90, and Pho91).
Interestingly, the low-affinity Pi transporters share a sim-
ilar structure with a SPX domain in the N terminus and a
transmembrane (TM) region in the C terminus. PHO87
and PHO90 are plasma membrane proteins and mediate
Pi uptake into cells under replete Pi condition. Although
the expression of these low-affinity Pi transporters is in-
dependent of Pi status, PHO87 and PHO90 are targeted to
the vacuole and degraded under Pi starvation conditions
(Ghillebert et al., 2011). The PHO91 protein is localized on
the tonoplast and is responsible for transport of Pi from the
vacuole lumen to the cytosol (Hürlimann et al., 2007).
Deletion of all five Pi transporters causes lethality in yeast
but viability can be rescued by overexpression of any one
of the five Pi:H+ transporters (Wykoff and O’Shea, 2001).

Plants appear to have more complex Pi transport
systems than yeast. A number of Pi:H+ symporters have
been identified and characterized in plants. The ma-
jority of these transporters are Phosphate Transporter1
(PHT1)-type Pi transporters that are localized on the
plasma membrane (Javot et al., 2007; Nussaume et al.,

Figure 1. Subcellular localization of full-
length OSPSX-MFS proteins and truncated
MFS domains in rice protoplasts. N-terminal
GFP fusion constructs were transformed with
isolated rice protoplasts. The green signals in-
dicate GFP, and the red signals indicate plasma
membrane marker AtPIP2A::mCherry. The ΔMFS1
(1-222), ΔMFS2 (1-222), and ΔMFS3 (1-222)
lack the N-terminal 222 amino acid corre-
sponding to the SPX domain. Bars = 10 mm.
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2011), and althoughmost are implicated in uptake Pi into
cells, some have also shown Pi efflux activity and regu-
late Pi remobilization (Preuss et al., 2010). Two other
families of Pi:H+ symporters are the plastidic PHT2-type
Pi transporters and the mitochondrial PHT3-type Pi
transporters (Versaw and Harrison, 2002; Hamel et al.,
2004). In addition to Pi:H+ symporters, mitochondria and
plastid contain Pi antiporters or translocators to exchange
Pi with various phosphorylated intermediates (Javot et al.,
2007; Palmieri et al., 2008). The PHT4-type Pi transporters
share similarity with the human Solute Carrier17
(SLC17) and exhibit Na+-dependent Pi transport (Guo
et al., 2008). Five of the PHT4-type Pi transporters
reside in the plastidic envelope, while the PHT4;6 is
localized on the Golgi membrane (Guo et al., 2008). In
addition to the Pi transporters mentioned above, it is
reported that PHO1 and PHO1-like proteins influence
cellular Pi homeostasis and export inorganic Pi from
cells (Stefanovic et al., 2011). Although these proteins
were localized in the membrane of Golgi and endo-
plasmic reticulum, the exact biochemical properties of
these proteins are lacking.

The vacuole represents a dynamic Pi storage organ-
elle, which may contain up to 90% of inorganic Pi of
a plant cell under Pi-sufficient conditions. Under Pi
starvation, Pi is exported from the vacuole into the
cytosol of specific cells that store Pi (mostly epidermal
cells in eudicots and mesophyll in Poales; Conn and
Gilliham, 2010), and this exportmaintains Pi equilibrium

and metabolism in the cytosol (Pratt et al., 2009). Al-
though Pi:H+ symporters localized on tonoplast
were proposed to mediate Pi import and export from
the vacuole for some time (Martinoia et al., 2007), no
distinct vacuolar Pi transporter has been identified at
the molecular level.

In this study, we show that rice SPX-MFS proteins
are localized on the vacuolar membrane. OsSPX-MFS3
complements the yeast mutant EY917 under high ex-
ternal Pi conditions. Moreover, the transport proper-
ties of OsSPX-MFS3 when expressed in Xenopus laevis
oocytes and transgenic plants overexpressing the
OsSPX-MFS3 are consistent with OsSPX-MFS3
functioning to export Pi from the vacuole into the
cytosol.

RESULTS

OsSPX-MFS Family Proteins Localized on Tonoplast

In yeast, three SPX domain proteins, PHO87, PHO90,
and PHO91, contain 12 membrane-spanning domains
in their C terminus (Secco et al., 2012b). OsSPX-MFS1,
OsSPX-MFS2, and OsSPX-MFS3 share 86% to 93% simi-
larity with each other and share 25% to 26% similarity
with PHO87, PHO90, and PHO91. Protein sequence
alignments predict that OsSPX-MFS1, OsSPX-MFS2, and
OsSPX-MFS3 contain 12 putative TM domains, similar
to PHO87, PHO90, and PHO91 (Supplemental Fig.
S1). Hydrophobicity plots (http://www.cbs.dtu.dk/
services/TMHMM/) predict 12 TMdomains in OsSPX-
MFS1, OsSPX-MFS2, and OsSPX-MFS3 consisting of
twopartially duplicated subdomains of six TM segments
similar to otherMFS family Pi transporters (Supplemental
Fig. S2). Thus, it was hypothesized that OsSPX-MFS1,
OsSPX-MFS2, and OsSPX-MFS3 may be localized on
the plasma membrane as PHO87 and PHO90 or on the
tonoplast as PHO91 (Secco et al., 2012a, 2012b).

To determine the membrane location, full-length
complementary DNAs (cDNAs) of OsSPX-MFS1,
OsSPX-MFS2, and OsSPX-MFS3 were fused to GFP
and transiently expressed in rice protoplasts. OsSPX-
MFS1-GFP, OsSPX-MFS2-GFP, and OsSPX-MFS3-
GFP all localized on the tonoplast (Fig. 1). As a
control, the Arabidopsis Plasma Membrane Intrinsic
Protein 2A::mCherry was localized on the plasma
membrane and endoplasmic reticulum (Hachez et al.,
2013). Moreover, the truncation versions of these three
proteins, where the SPX domains were deleted, desig-
nated △MFS1 (1-222), △MFS2 (1-222), and △MFS3
(1-222), showed the same localization as the full-length
proteins, suggesting the TM domains or C termini were
sufficient for the correct localizations of these proteins
(Fig. 1).

A digital expression analysis showed that the transcript
abundance of OsSPX-MFS3 is significantly higher than
that ofOsSPX-MFS1 andOsSPX-MFS2 in all tested tissues
(Supplemental Fig. S3). Thus, OsSPX-MFS3 is likely the
major vacuole Pi transporter among the SPX-MFS family.
Thus the functional analyses will focus on OsSPX-MFS3.

Figure 2. Subcellular localization of OSPSX-MFS3 proteins in yeast
cells. Localization of N-terminal GFPof OsSPX-MFS proteins in yeast
by confocal laser scanning microscopy. The green signals indicate GFP,
and the red signals indicate vacuolar membranes that were specifically
stained with the dye FM4-64. Bars = 5 mm.
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OsSPX-MFS3 Partially Complements the Yeast Pi
Transporter Mutants at High Pi Concentration

Previously, we have shown OsSPX-MFS1 could weakly
support the growth of a yeast PAM2 mutant at pH 4.5,
which lacks the high-affinity Pi transporters PHO84 and
PHO89 (Wang et al., 2012). To study the function ofOsSPX-
MFS3 in yeast, the N-terminal GFP fusion of OsSPX-MFS
was transformed into yeast to determine the subcellular
localization of OsSPX-MFS3. The results showed that the
OsSPX-MFS3 protein localized to the plasma membrane
and cytosol of yeast but not to the tonoplast, which was
stained by the tonoplast marker FM4-64 (Fig. 2).
Two Pi concentrations, 1 and 10 mM, were used to

determine the influence of external Pi on the comple-
mentation effect of OsSPX-MFS3 on growth of the
PAM2 yeast at pH 5.5. OsSPX-MFS3 could slightly im-
prove the growth of PAM2 cells at 10 mM Pi (Fig. 3A). At
1 mM Pi concentration at pH 5.5, OsSPX-MFS3 did not
support the growth of PAM2.Also,when themediumpH
was increased to 6.5 or 7.5, OsSPX-MFS3 inhibited the
growth of the PAM2 mutant (Supplemental Fig. S4).
To exclude the interference of OsSPX-MFS3 with en-

dogenous Pi transporters in PAM2 mutant, the yeast
EY917 strain was used, which lacks all of the five func-
tional Pi transporters, PHO84, PHO87, PHO89, PHO90,
and PHO91 (Wykoff and O’Shea, 2001). This strain con-
tains the plasmid harboring aPho84 gene under theGAL1
promoter, which allows the normal growth of this strain
on media using Gal as the only carbon resource. When
the yeast grows on media with Gal as the sole carbon
resource, the growth of EY917 transformedwith the SPX-

MFS3 genewas similar to the empty vector control under
both 1 and 10 mM Pi at pH 5.5 (Fig. 3B). When Glc was
used as the carbon resource, the EY917 strain trans-
formed with the OsSPX-MFS3 gene did not grow on the

Figure 3. Complementation of yeast Pi transporter mutant. A,
Complementation of yeast mutant PAM2 (Δpho84Δpho89) by the
OsSPX-MFS3 gene. B, Complementation of yeast mutant EY917
(Δpho84Δpho87Δpho89Δpho90Δpho91) by theOsSPX-MFS3 gene. Yeast
cells harboring either an empty expression vector (control) orOsSPX-MFS3
cDNA construct were grown in YPD medium with Gal to an OD600 of 1.
Equal volumes of 10-fold serial dilutions were applied to YPD (pH 5.5)
medium with 1 or 10 mM Pi and then incubated at 30˚C for 4 d.

Figure 4. A, Subcellular localization of OsSPX-MFS3 in X. laevis oocytes.
cRNAs of nYFP-fused OsSPX-MFS3 were injected into oocytes and incu-
bated for 48 h in BS before imaging with confocal laser scanning micros-
copy. B, Pi influx activity of OsSPX-MFS3. Oocytes were incubated for 48 h
inBS (without Pi) and then transferred intoBS solution containingdifferent Pi
concentrations containing 32P (2 mCi mL–1) for 1 h. The radioactivity re-
sponse to increasing concentrations of externally applied Pi was recorded at
pH 5.5 and 7.5. Mean 6 SE of the mean (n = 10 oocytes) is shown. C,
Nonlinear regression of Pi uptake of OsSPX-MFS3 versus external Pi con-
centration at pH 5.5 was used to estimates the Km value. Oocytes were in-
cubated for 48 h in BS (without Pi) and then transferred into BS solution
containing different Pi concentrations containing 33P (5 mCi mL–1) for 1 h.
The radioactivity response to increasing concentrations of externally applied
Pi was recorded at pH 5.5. Estimated Km and Vmax were 1.1016 0.03 mM

and 0.24 6 0.01 mmol Pi oocyte–1 h–1, respectively. Bars = 200 mm.
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media containing 1 mM Pi (Fig. 3B). However, OsSPX-
MFS3 transformed cells, but not the empty vector control,
and restored the growth of EY917 when the media Pi
concentration was increased to 10 mM. By contrast, both
the OsSPX-MFS3-transformed EY917 cells and empty
vector control could not grow at pH 7.5 on Glc medium,
irrespective of the Pi concentration (data not shown).

Pi Transporter Activity of OsSPX-MFS3 in
X. laevis Oocytes

To investigate the Pi transport characteristics of
OsSPX-MFS3, it was expressed in X. laevis oocytes. Be-
cause oocytes do not have a vacuole or related struc-
tures, it is proposed that tonoplast-localized proteins

should target to the plasma membrane of oocytes, as
observed with Tonoplast Intrinsic Protein aquaporins
(Daniels et al., 1994). An N-terminal Yellow Fluorescence
Protein (YFP) fused to OsSPX-MFS3 targeted to the
plasma membrane in oocytes as predicted (Fig. 4A).
Chemical flux was examined using 33P to determine
Pi uptake activity of OsSPX-MFS3. The OsSPX-MFS3-
expressing oocytes showed a significant 33P influx activ-
ity at pH 5.5 relative to water-injected controls when the
Pi concentration was 0.5 mM in the solution (Fig. 4B). The
33P influx activities increased with higher Pi concentra-
tion ranging from 0.5 to 5 mM and achieved a maximum
influx at 5 mM Pi (Fig. 4B). However, when the external
pH was increased to 7.5, no significant 33P influx activity
was observed at Pi concentrations of 0.5 and 1 mM (Fig.
4B). Because Ca2+ in the bath solution (BS)will precipitate
withPiwhen the Pi concentration is higher than 1.5mMat
pH 7.5, no further increased Pi concentration could be
measured under this condition.

Time course experiments at pH 5.5 showed that the
rate of net transport was linearwith the time for the first
1.5 h (Supplemental Fig. S5). To estimate Km and Vmax
values, the component of net transport contributed by
the oocyte endogenous transport activity was sub-
tracted beforeMichaelis-Menten analysis. The apparent
Km value andVmax of OsSPX-MFS3was 1.1016 0.03mM

and 0.24 6 0.01 mmol Pi oocyte–1 h–1 according to Pi
uptake velocities at different Pi concentrations at pH 5.5
(Fig. 4C).

Two-electrode voltage clamp was used to investi-
gate if Pi-dependent currents could be observed when
OsSPX-MFS3 was expressed in oocytes. Although a
significant 33P uptake activity was observed for
OsSPX-MFS3 oocytes at pH 5.5, no Pi-dependent
currents could be detected in OsSPX-MFS3 oocytes
(Supplemental Fig. S6). To test whether Pi-dependent
currents via OsSPX-MFS3 occurred when internal Pi

Figure 5. OsSPX-MFS3 mediates Pi-dependent inward current in
X. laevis oocytes. Steady-state current/voltage plots of water-
injected control oocytes (filled and unfilled circles) and OsSPX-MFS3-
expressing oocytes (filled and unfilled squares). The oocytes were
preincubated in BS with 0 (dash line) or 5 mM (full line) Pi for 2 d. The
currents were recorded with Pi-free ND-10 solution (pH 7.5). Mean
currents 6 SE of the mean (n = 4) are present.

Figure 6. OsSPX-MFS3 induced Pi-dependent
inward currents is pH dependent. Steady-state
current/voltage plots of OsSPX-MFS3-expressing
oocytes (triangle) and water-injected control (cir-
cle) under different pH conditions. The oocytes
were preincubated in BS with 5 mM Pi for 2 d. The
currents were recorded with Pi-free ND-10 solu-
tion with pH 8.5, 7.5, 6.5, and 5.5. Mean cur-
rents 6 SE of the mean (n = 4) are present.

2826 Plant Physiol. Vol. 169, 2015

Wang et al.

http://www.plantphysiol.org/cgi/content/full/pp.15.01005/DC1
http://www.plantphysiol.org/cgi/content/full/pp.15.01005/DC1


was increased, OsSPX-MFS3-injected oocytes were
preloaded with Pi by incubating the oocytes with 5 mM

Pi for 2 d. Interestingly, OsSPX-MFS3-injected oocytes
showed larger inward currents and more positive cur-
rent reversal voltage than water-injected controls at pH
7.5 (Fig. 5). The result indicated that OsSPX-MFS3 may
mediate Pi efflux from the oocytes at pH 7.5 (Fig. 5). To
explore whether this Pi efflux was dependent on pH,
OsSPX-MFS3 oocytes were further measured under
different pH conditions. The results showed that in-
ward currents decreased as the pH of the solutions
decreased, from pH 8.5 to 5.5 (Fig. 6).

Overexpression of OsSPX-MFS3 Resulted in a Lower
Vacuole Pi Concentration in Rice

To test whether OsSPX-MFS3 functions as a Pi trans-
porter on the tonoplast in rice, transgenic rice plants
overexpressing OsSPX-MFS3 were produced via Agro-
bacterium tumefaciens-mediated transformation (Fig. 7A).
Comparedwith that of the nontransformed counterparts,
Pi concentrations in both the leaves and roots of OsSPX-
MFS3 overexpression plantswere significantly decreased
(Fig. 7B). Vacuolar Pi concentrations were compared
between the OsSPX-MFS3 overexpression and wild-type
plants using NMR spectroscopy. The vacuolar Pi con-
centration of OsSPX-MFS3 overexpression plants was
significantly lower than that of wild-type plants, while
the cytosolic Pi concentration was slightly higher in the

OsSPX-MFS3 overexpression plants compared with the
wild-type plants (Fig. 8).

DISCUSSION

Under Pi-sufficient conditions, the excessive cellular
Pi is stored in vacuoles. When the external Pi concen-
tration decreases, the stored vacuole Pi can be exported
to the cytosol. These processes are mediated by Pi
transporters on the tonoplast (Pratt et al., 2009), but
plant tonoplast Pi transporters are yet to be identified.
As a number of SPX domain proteins are involved in Pi
signaling, it is proposed that SPX-MFS proteins may be
involved in vacuole Pi transport (Lin et al., 2010; Secco
et al., 2012a). In this study, we have shown that OsSPX-
MFS1, OsSPX-MFS2, and OsSPX-MFS3 are localized on
the tonoplast by GFP fusion proteins in rice tonoplast.
The transcript abundance of OsSPX-MFS3 is higher
than those of OsSPX-MFS1 and OsSPX-MFS2 in all
tissues under sufficient Pi condition (Supplemental Fig.
S3). Short-term Pi deficiency (1 d) suppressed the ex-
pression of OsSPX-MFS1 and induced OsSPX-MFS2
(Wang et al., 2012). By contrast, the expression of
OsSPX-MFS3 remained stable for 5 d of Pi starvation
and only slightly decreased with longer Pi starvation
treatment (Wang et al., 2012). Based on the expression
patterns of the three OsSPX-MFS genes, it seems that
OsSPX-MFS3 has a general function in rice plants,
while OsSPX-MFS1 and OsSPX-MFS2 may function
under specific conditions or in cell- or tissue-specific
tissues. Consistent with this proposal, an organelle

Figure 7. RT-PCR (A) and Pi concentration (B) of OsSPX-MFS3 over-
expression plants. Homozygous seeds of the T2 generation were gemi-
nated for 3 d and hydroponically cultured for 3 weeks. Oe1 and Oe2
represent two independentOsSPX-MFS3 transgenic lines. The leaves of the
plants were sampled for RT-PCR. Leaves and roots of positive and negative
segregants were sampled for Pi concentration detection. Mean6 SE of the
mean (n = 3) is present. NC, Negative control; FW, fresh weight.

Figure 8. In vivo proton-decoupled 31P-NMR spectra of OsSPX-MFS3
overexpression (A) and negative segregants (B). Peak assignment are as
follows: G6P, Glc-6-Pi; peak A, position of Fru-6-Pi, ribose-5-Pi, other
sugar Pi and phosphomonoesters; Cyt Pi, cytoplasmic Pi; Vac Pi, vac-
uolar Pi; and ref, reference (methylenediphosphonate) used to measure
chemical shifts and for quantifications.
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proteome detected only AtSPX-MFS3, the homolog of
OsSPX-MFS3, in Arabidopsis under sufficient Pi con-
dition (Dunkley et al., 2006).

Previously, we have observed a moderate effect on
promotion of growth of the PAM2 mutant in liquid
solution at pH 4.5 by transformation withOsSPX-MFS1
(Wang et al., 2012). In this study, OsSPX-MFS3 also
slightly improved the growth of PAM2 cells at pH 5.5
with a high Pi concentration (Fig. 3A). The weak com-
plementation effect of OsSPX-MFS3 on the yeast mu-
tants may be attributed to incorrect localization of
OsSPX-MFS3 protein in yeast or weak Pi flux activity,
as it is a low-affinity Pi transporter. OsSPX-MFS3 is
localized on the plasma membrane of yeast but not the
tonoplast as in plant (Fig. 2). Because the PAM2mutant
still contains three low-affinity Pi transporters, PHO87,
PHO90, and PHO91, these proteins may mask the
function of OsSPX-MFS3 in PAM2 as well. Therefore,
the yeast mutant EY917, which lacks all five inorganic
Pi transporters and could not grow on Glc medium,
was used to test the function of OsSPX-MFS3. Growth
of the mutant can be restored by any Pi transporters in
yeast, including the yeast vacuole Pi transporter PHO91
and glycerphosphoinositol permease1 (GIT1). It is
proposed that both of them could mediate inorganic Pi
uptake from the growth medium into yeast under the
alcohol dehydrogenase1 (ADH1) promoter (Wykoff
and O’Shea, 2001). Transformed EY917 with OsSPX-
MFS3 restored the growth of the yeast mutant at a high
Pi concentration (10 mM) but not at lower Pi concen-
trations (1 mM), indicating SPX-MFS may play a similar
function as ScPHO91, i.e., a low-affinity inorganic Pi
transport activity in yeast. The estimated Km value
proved this hypothesis that OsSPX-MFS3 is a low-
affinity Pi transporter.

To define the biochemical activity of this Pi transporter,
OsSPX-MFS3 was expressed in X. laevis oocytes. In
oocytes, a chemical influx of Pi was observed at pH 5.5

(Fig. 4B). However, no electrical currents were detected.
It is possible that at low pH, Pi influx is coupled with H+

to produce an electroneutral influx that would not be
detected electrically. Similarly, at a low-pH and high-Pi
environment, OsSPX-MFS3 showed influx activity in
both PAM2 and EY917 yeast strains (Fig. 3, A and B).
When the pH was increased to 7.5, the uptake of 32Pi in
OsSPX-MFS3 oocytes was similar to controls. Interest-
ingly, OsSPX-MFS3 oocytes generated an inward current
in pH 7.5 and shifted the reverse potential to more pos-
itive values than control cells when the oocytes were
preloaded with Pi (Fig. 5). A detailed analysis showed
that the inward current increased at pH 8.5 and de-
creased at pH 5.5 compared with pH 7.5 (Fig. 6). This
suggests that under a high-pH condition, OsSPX-MFS3
works as a Pi efflux in oocytes, either uncoupled from
H+ or with a stoichiometry that produces an electrical
current. Similarly, the suppression of the growth of
OsSPX-MFS3 complemented the PAM2 strain at low Pi
concentration and high-pH (pH 6.5 and 7.5) conditions
may also result from its Pi efflux activity of OsSPX-
MFS3 (Supplemental Fig. S4). The shift between a Pi
influx and efflux transporter of OsSPX-MFS3 in oocytes
and yeast depends on the electrochemical gradient by
external pH conditions, which may change the orien-
tation of OsSPX-MFS3.

Unlike the plasma membrane localization in yeast or
oocytes, OsSPX-MFS3 is localized on tonoplast in rice
cells. It was reported that the pH of cytosol and vacuole
in Arabidopsis is 7.3 and 5.2, respectively (Shen et al.,
2013). It is also known that the Pi concentration in
tonoplast is much higher than that in cytosols (Fig. 8).
Thus, localized in the tonoplast, OsSPX-MFS3 should
transport Pi only in one direction, that is, from tonoplast
to cytosol. The hypothesis is supported by the fact that
overexpression of OsSPX-MFS3 significantly reduced
the vacuole Pi (Fig. 8). The working model for the Pi
transporter activity of OsSPX-MFS3 is illustrated in

Figure 9. A working model of OsSPX-MFS3 in
plant. Predicted topology profile of OsSPX-MFS3
was made and displayed using the TMHMM
and Topo2 software (http://www.sacs.ucsf.edu/
TOPO2/). OsSPX-MFS3 contains an N-terminal
SPX domain (orange color) and C-terminal TM
domain. The pH of the cytoplasm and vacuole
usually are nearly pH 7.2 to 7.4 and 6.4, respec-
tively. As the acid dissociation constant (pKa)
value of H2PO4

– and HPO4
2– was 6.8, the major

form of Pi in cytoplasm and vacuole would be
H2PO4

– andHPO4
2–, respectively. OsSPX-MFS3 is

proposed to transport H2PO4
– from vacuole into

cytoplasm coupled to a proton in a ratio of 1:1.
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Figure 9. OsSPX-MFS3 mediates Pi transport from the
vacuole into the cytoplasm by coupling with protons. As
the pKa value of H2PO4

– and HPO4
2– is 6.8, the form of Pi

in vacuole would be predominately H2PO4
–, while in

cytosol, there would be a mix of HPO4
2– and H2PO4

– in a
ratio of approximately 3.2:1. If the transported ratio be-
tween H2PO4

– and H+ was 1:1, no inward current would
be detected, with OsSPX-MFS3 using a voltage clamp at
pH 5.5 as observed in X. laevis oocytes (if it is assumed
that the external medium for X. laevis oocytes corre-
sponds to the vacuole in planta). However, preloading of
X. laevis oocytes with 5mM Pi gave an inward ion current
at more alkaline pH. Here, OsSPX-MFS3 may act as an
anion (HPO4

2–) efflux in oocytes. If HPO4
2– efflux is

coupled with H+ in a ratio of 1:1 as discussed above, it
will still display a negative current. Because the OsSPX-
MFS3 localized on the plasma membrane of oocyte and
yeast, efflux of Pi out of cells would correspond to Pi
loading into the vacuole in plants. However, nor-
mally, this phenomenon will not happen in the plants,
because the vacuole usually has a higher Pi concentration
and lower pH than the cytosol.
Previous results have shown that the SPX domain of

ScPHO87 and ScPHO90 is involved in interaction with
suppressor of phosphoinositide-specific phospholipase
C2 that regulates both the Pi influx and efflux activity of
these transporters (Hürlimann et al., 2009). Deletion of
the SPX domain of OsSPX-MFS1, OsSPX-MFS2, and
OSPX-MFS3 proteins did not change the subcellular
localization of these proteins. Thus, the SPX domain
may regulate SPX-MFS Pi transporters by interaction
with other unidentified proteins or ligands.

MATERIALS AND METHODS

Construction of Vectors

Primers were designed according to the full-length cDNA of OsSPX-MFS1,
OsSPX-MFS2, and OsSPX-MFS3 genes. The open reading frame of OsSPX-
MFS1, OsSPX-MFS2, and OsSPX-MFS3 genes were amplified from cDNA of
rice (Oryza sativa) leaves and cloned into pENTR/D-TOPO vector (Invitrogen).
The clones were selected by PCR and sequenced to confirmation. The cor-
rected vectors were recombinant with destination vectors pH7WGF2 and
pAG426GPD-ccdB using the Gateway system, respectively. GFP was fused at
the N terminus with target genes and driven by the 35S promoter in the
pH7WGF2 vector. Vector pAG426GPD ccdB was used for the yeast (Saccharo-
myces cerevisiae) complementation with a constitutively expressed promoter.
OsSPX-MFS3 was recombinant into destination vectors pGEMHE and nYFP-
pGEMHE and driven by the T7 promoter. The resultant vector was used by
complementary RNA (cRNA) synthesis.

For the overexpression vector of OsSPX-MFS3 genes, a BamHI site was in-
troduced into the upper and lower primers. The full length of the OsSPX-MFS3
gene was amplified and purified. The product fragment was digested with
BamHI and introduced into pTF101.1-ubi as previously described. The resultant
vector was confirmed by sequence and used for Agrobacterium tumefaciens-
mediated rice transformation as described previously. The primers used for all
of the amplification are listed in Supplemental Table S1.

Subcellular Localization of SPX-MFS Proteins in
Rice Protoplast

One hundred rice seeds were germinated on one-half-strength Murashige
and Skoog media under light for 3 d and grew seedlings at 26°C in the dark for
about 12 to 14 d. Using a razor blade, the stems and leaves of the seedlings were

cut into approximately 0.5-mm strips. The strips were put into a petri dish with
10mL of enzyme solution (1.5% [w/v] cellulose and 0.3% [w/v]macerozyme in
K3 medium). We applied a vacuum for 1 h for infiltration of the enzyme so-
lution and incubated it for about 4 h in the dark with gentle shaking (approx-
imately 40 rpm) at room temperature. The enzyme solution was removed and
added 10mL ofW5medium (154 mMNaCl, 125 mMCaCl2, 5 mM KCl, and 2mM

MES, pH 5.7) with gentle shaking (approximately 80 rpm) for 1 h to release the
protoplast. The protoplasts were filtered through a 35-mm nylon mesh and
centrifuged at 1,500 rpm for 4 min to collect the protoplasts.

Protein fusion constructs were transformed rice protoplasts by the poly-
ethylene glycol-mediated method. In brief, 10 mg of plasmid DNA of each
construct was transformed into 0.2 mL of protoplast suspension. Two hundred
twenty microliters of 40% (v/v) polyethylene glycol was added and mixed
immediately by gently shaking. The mixture was incubated 20 min at room
temperature, and 1 mL of K3 medium was added to the tube. After incuba-
tion at 30°C dark for 13 to 15 h, fluorescence signals in rice protoplasts were
detected using a LSM710nlo confocal laser scanning microscope (Zeiss).
Excitation/emissionwavelengthswere 488/506 to 538 nm for GFP and 561/575
to 630 nm for red fluorescent protein. The plasmid CD3-1007 containing the
plasma membrane marker (AtPIP2A::mCherry fusion) was used as a control.

Yeast Mutant Complement Growth Assay and
Confocal Microscopy

Full-length OsSPX-MFS1, OsSPX-MFS2, and OsSPX-MFS3 genes were
cloned into vector pAG426GPD-ccdB as described above. These constructswere
transformed into the growth defect of the yeast Pi transport-deficient strain PAM2
(Martinez and Persson, 1998) or EY917 (Wykoff and O’Shea, 2001). Transformed
yeast was grown in synthetic dropout(-Ura) medium containing 0.22 mM Pi and
25 mM Na-citrate buffer, pH 4.5, to an optical density at 600 nm (OD600) of 1. Cells
were harvested by centrifuge,washedwithwater three times, and suspended to an
OD600 of 1. Five-microliter aliquots of serial dilutions were spotted to agar plate
with different pH or Pi concentration. Plates were incubated at 30°C.

Yeast vacuoles were stained with FM4-64 as previously described
(Hürlimann et al., 2007). In short, yeast cells were harvested as described above,
concentrated in 100 mL of yeast peptone dextrose (YPD), and stained at 30°C for
15 to 20 min with 60 mM FM4-64. Cells were pelleted and suspended in 5 mL of
YPD, and shaken at 30°C for 60 min. Cells were collected, washed three times
with 1 mL of Pi-buffered saline (pH 7.3), and then applied on microscope slide.
Fluorescence signals were detected using an LSM710nlo confocal laser scanning
microscope (Zeiss). Excitation/emission wavelengths were 488 and 568 nm.

cRNA Synthesis and Xenopus laevis Preparation
and Injection

Full-length OsSPX-MFS1, OsSPX-MFS2, and OsSPX-MFS3 genes were
cloned into vector pGEMHE-DEST as described above. cRNA was synthesized
using the T7 RNA polymerase kit (Ambion) as the instructions described. The
quality and size of the synthesized RNA was checked on RNA-free agarose gels.
The oocytes were isolated from X. laevis frogs (NASCO Biology) and maintained
at 18°C as described previously (Preuss et al., 2010). Healthy stage IV and V oo-
cytes were selected for injectionwith 23 ng of cRNA (46 nL of 500mgmL–1 cRNA).
The injected oocytes were incubated at 18°C in Barth’s solution with or without 5
mM NaH2PO4 for 48 to 94 h prior to ion flux and electrophysiological measure-
ment. The Barth’s solution contained 96mMNaCl, 2mMKCl, 1mMMgCl2, 0.6mM

CaCl2, 10 mM HEPES, adjusted to pH 7.6 with Tris-base, 2.5 mL of horse serum
was added in 50mLof solution, and 0.5mLper 50mLof penicillin and tetracycline
(5 mg mL–1 stock, used 0.5/50 mL).

Electrophysiology and Pi Fluxes

Individual healthy oocytes were selected for voltage clamp experiments.
ND-10 solutions (10mMNaCl, 2mMKCl, 1mMMgCl2, 1.8mMCaCl2, and 10mM

HEPES or MES) containing different Pi concentrations or pH gradients were
used. All solutions were adjusted with mannitol to a final osmolarity of 205
mosmol kg–1. Two-electrode voltage clamp experiments were performedwith a
GeneClamp500 amplifier under the control of the Clampex8 program. Impaling
electrodes were filledwith 0.22-mm-filtered 3 MKCl. The voltage clamp protocol
for the analysis was –40 mV for 0.23 s, then a different voltage ranging from 40
to –140 mV for 1.4 s in a –20-mV increment, and then –40 mV for 0.43 s.
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For the Pi influx experiment, either 5 mL of H3
33PO4 or H3

33PO4 (2 or
5 mCi mL–1, corresponding to figures) was added into 5 mL of ND-10 BS
containing 0, 0.5, 1, 3, 5, and 10mMPi. Ten healthy oocyteswere added into each
treatment and incubated for 1 h. Then, the oocytes were washed with ice-cold
ND-10 BS three successive times and loaded in scintillation counting tubes.
Scintillation counting was conducted (S6500, multifunction scintillation counter,
Beckman and Coulter) on 50 mL of final wash solution containing a single
oocyte with 4 mL of IRGA-Safe Plus scintillation fluid (Perkin Elmer).

Plant Materials and Growth Conditions

The japonica variety of cv Nipponbare was used for all physiological experi-
ments and rice transformations. Hydroponic experiments were conducted using a
modified rice culture solution containing 1.425 mM NH4NO3, 0.323 mM NaH2PO4,
0.513 mM K2SO4, 0.998 mM CaCl2, 1.643 mM MgSO4, 0.25 mM NaSiO3, 0.009 mM

MnCl2, 0.075 mM (NH4)6Mo7O24, 0.019 mM H3BO3, 0.155 mM CuSO4, and 0.152 mM

ZnSO4 with 0.125 mM EDTA-Fe (II; Wang et al., 2012). pH of the solution was
adjusted to 5.5. Rice plants were grown in growth chambers with a 12-h photo-
period (200mmol photonsm–2 s–1) and aday/night temperature of 30°C/22°C after
germination. Humidity was controlled at approximately 60%. For phenotype and
Pi concentration measurements, seeds were germinated and grown for 3 weeks.

Measurement of Pi Concentration in Plants

Leaves and roots of the wild-type and transgenic seedlings from either Pi-
sufficient or Pi-deficient treatments were sampled separately. The Pi concentration
was measured using the procedure described previously (Wang et al., 2009).
Briefly, 50 mg of fresh tissue samples was homogenized with 50 mL of 5 M H2SO4
and 3 mL of water. The homogenate was transferred to 1.5-mL tubes and centri-
fuged at 10,000g for 10min at 4°C. The supernatant was collected and diluted to an
appropriate concentration. The diluted supernatant was mixed with a malachite
green reagent in a 3:1 ratio and analyzed 20 min afterward. The absorption values
for the solution at 650 nm were determined using a Spectroquant NOVA60
spectrophotometer (Merck). Pi concentration was calculated from a standard
curve generated with varying concentrations of KH2PO4.

RNA Isolation and RT-PCR

Total RNA was extracted from plant samples using RNeasy Mini Kits
(Qiagen) according to the manufacturer’s recommendations. First-strand
cDNAs were synthesized from total RNA using SuperScript II reverse tran-
scriptase (Invitrogen). The ACTIN cDNA is an endogenous control that is used
to normalize the samples. The primers that were used for the reverse tran-
scription (RT)-PCR are given in Supplemental Table S1.

NMR Spectroscopy

Nearly 0.07 g (fresh weight) of roots of 3-week-old plants were packed into a
5-mm-diameter NMR tube equipped with a perfusion system connected to a peri-
staltic pump. In vivo 31P-NMR spectra of the roots were recorded on a Bruker As-
cend 600 spectrometerwithMestReNova software version 6.1.1-6384. The 31P-NMR
spectra were recorded at a 242.9-MHz lock with deuteroxide in the capillary and
water. The 31P-NMR acquisition conditions were as follows: 30° pulse angle, 1,500
scans, and a spectral window of 16 kHz. Chemical shifts were measured relative to
the signal from a glass capillary containing 10mMmethylenediphosphonic acid as a
reference, which is at 18.9 ppm relative to the signal from 85% H3PO4.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession numbers OsSPX-MFS1, Loc_Os04g48390; OsSPX-
MFS2, Loc_Os02g45520; and OsSPX-MFS3, Loc_Os06g03860.

Supplemental Data

The following supplemental materials are available.

Supplemental Figure S1. Multiple sequence alignment between OsSPX-
MFS genes and ScPHO87, ScPHO90, and ScPHO91.

Supplemental Figure S2. Prediction of transmembrane helices of OsSPX-
MFS, ScPHO87, ScPHO90, and ScPHO91 proteins by TMHMM.

Supplemental Figure S3. Digital expression analysis of OsSPX-MFS1,
OsSPX-MFS2, and OsSPX-MFS3 in different tissues in rice.

Supplemental Figure S4. Complementation of yeast high-affinity Pi trans-
porter mutant PAM2 (Dpho84Dpho89) by OsSPX-MFS3 genes at different
pH conditions.

Supplemental Figure S5. Time course of phosphate influx activity of
OsSPX-MFS3.

Supplemental Figure S6. Voltage clamp of OsSPX-MFS3 injected oocyte
under 0 and 5 mM Pi solution.

Supplemental Table S1. Sequences of the primer sets used in the study.
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