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Legume biological nitrogen (N) fixation is the most important N source in agroecosystems, but it is also a process requiring a
considerable amount of phosphorus (P). Therefore, developing legume varieties with effective N, fixation under P-limited
conditions could have profound significance for improving agricultural sustainability. We show here that inoculation with
effective rhizobial strains enhanced soybean (Glycine max) N, fixation and P nutrition in the field as well as in hydroponics.
Furthermore, we identified and characterized a nodule high-affinity phosphate (Pi) transporter gene, GmPT5, whose expression
was elevated in response to low P. Yeast heterologous expression verified that GmPT5 was indeed a high-affinity Pi transporter.
Localization of GmPT5 expression based on B-glucuronidase staining in soybean composite plants with transgenic roots and
nodules showed that GmPT5 expression occurred principally in the junction area between roots and young nodules and in the
nodule vascular bundles for juvenile and mature nodules, implying that GmPT5 might function in transporting Pi from the root
vascular system into nodules. Overexpression or knockdown of GmPT5 in transgenic composite soybean plants altered
nodulation and plant growth performance, which was partially dependent on P supply. Through both in situ and in vitro
PP uptake assays using transgenic soybean roots and nodules, we demonstrated that GmPT5 mainly functions in transporting Pi
from roots to nodules, especially under P-limited conditions. We conclude that the high-affinity Pi transporter, GmPT5, controls
Pi entry from roots to nodules, is critical for maintaining Pi homeostasis in nodules, and subsequently regulates soybean

nodulation and growth performance.

Legume crops are important food, nutrition, and
energy sources, accounting for over 30% of crop yields
in the world (Graham and Vance, 2003). Most legumes
form symbioses with soil nitrogen (IN)-fixing bacteria
(Lindstrom et al., 2010). The amount of organic N
produced in legume-rhizobia symbiosis totals 20 to 22
million tons each year (Herridge et al., 2008). Accord-
ing to the FAO (http://faostat.fao.org/), the average
proportion of crop N derived from atmospheric N, is
nearly 70% worldwide; therefore, legume N, fixation is
considered the most important N source in the agro-
ecosystems.
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Besides N, phosphorus (P) is also an essential mac-
ronutrient for plants, which is particularly critical for
legumes due to the huge demands for P in protein and
fat synthesis and energy consumption for N, fixation
(Vance et al., 2003). However, low P availability is a
global problem limiting agriculture, because of high P
fixation rates by soil particles even under conditions
where total soil P levels are reasonably high (Tiessen,
2008; Sanchez-Calderoén et al., 2010). To reduce N and
P deficiencies and maintain crop productivity, nearly
100 million tons of N and 40 million tons of P fertilizers
are estimated to be applied every year. Yet, up to 60%
and 80% of the applied N and P fertilizer, respectively,
might not be absorbed by crops due to the low use
efficiencies (http://faostat.fao.org/). Unlike N, min-
eral P sources are nonrenewable, and high-grade rock
phosphate (Pi) minerals are expected to be depleted in
the near future (Cordell et al., 2009). With the growing
global population, the demand for food and energy is
increasing, and intensive large-scale fertilization and
excessive consumption of natural resources has led to
many environmental problems (Domagalski et al.,
2007). Developing legume varieties with effective N,
fixation under P-limited conditions will be important
to reduce N and P fertilization and enhance agricul-
tural sustainability.
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P deficiency severely inhibits both nodule growth
and N,-fixing capacity (Chaudhary et al., 2008;
Hernédndez et al., 2009). In order to maintain growth and
high N, fixation rate, P levels need to be maintained in
the nodules. In the literature, there is only one report
investigating the sources of P for nodules in legumes
(Al-Niemi et al., 1998). Using the **P labeling approach,
two pathways of Pi entry into nodules have been
demonstrated. One is the direct uptake pathway, where
the Pi is directly absorbed by nodules from the growth
medium. The second pathway is indirect and involves
Pi translocation from the roots of host plants to nodules.
However, no further physiological and/or molecular
studies on how legumes facilitate and maintain Pi ho-
meostasis in nodules have been reported.

P is transported into and within plants mainly via
Pi transporters coupled to the proton gradient gener-
ated by plasma membrane H*-ATPase (Ullrich-Eberius
et al., 1981). Induction of gene expression encoding
high-affinity Pi transporters is one strategy plants use
to adapt to low-P soils (Raghothama, 1999). Among
the Pi transporter families, the Phtl family has been
most widely studied due to its key roles in Pi acqui-
sition from the soil and Pi translocation within the
plants. Most Phtl family members are root-specific Pi
transporters expressed in root epidermal cells (Mudge
et al., 2002; Rae et al., 2003) or cortical cells after arbus-
cular mycorrhizal colonization (Nagy et al., 2005). To the
best of our knowledge, none of the Pi transporters have
been reported to be involved in the P nutrition of the
legume-rhizobia symbiosis system.

Soybean (Glycine max) is one of the most widely
grown leguminous crops, comprising approximately
68% of global crop legume production and 57% of
world oilseed production (Herridge et al.,, 2008). Its
global production has doubled over the past 20 years
(http:/ /faostat.fao.org/). Soybean also has a superior
capacity to fix atmospheric N, via soil rhizobia. In
Brazil, over 70% of the N required for soybean growth
is derived primarily from symbiotic N, fixation (Peoples
et al.,, 2009). Furthermore, a large proportion of the N,
fixed by nodules in soybean is available for the growth
of subsequent crops in rotation systems. Therefore, the
soybean-rhizobia symbiosis is an efficient way to sustain
agricultural development due to its superior N, fixation,
reducing the dependence on N fertilizers and thereby
avoiding the overexploitation of natural resources.
However, several environmental factors limit soybean
nodulation and production, especially low P availability
in soils (Kantar et al.,, 2010). Therefore, understanding
the detailed mechanisms of Pi homeostasis and the
possible roles Pi transporter genes play in nodule P
nutrition could assist in the development of new
approaches to enhance biological N, fixation under
P-limited conditions in soybean as well as in other
legumes.

Here, we report that effective nodulation is impor-
tant not only for N, fixation but also for P nutrition in
soybean in both field and hydroponic studies. Fur-
thermore, we identify a nodule-expressed and low-P-
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enhanced soybean gene, GmPT5, which encodes a
high-affinity Pi transporter. Overexpression or knock-
down of GmPT5 in transgenic composite soybean
plants altered nodulation and Pi transport from roots
to nodules when [*P]Pi was supplied to the roots and
subsequently affected N, fixation and crop growth
performance.

RESULTS

Enhancement of Soybean Yield, Nodulation, and Contents
of N and P in the Field

Significant enhancement of soybean growth was
observed after inoculation with effective rhizobium
strains in the field (Fig. 1A). Soybean yields were
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Figure 1. Enhancement of yield, nodule fresh weight, and N and P
contents in the field by inoculation with effective rhizobium strains in
soybean. —R, Not inoculated, +R, inoculated with rhizobia. A, Pho-
tograph showing soybean growth performance at 50 d after emer-
gence. B, Nodule fresh weight (FW) and grain yield. C, Plant N and P
contents. There were five replicates for each treatment and three plants
for each replicate. Bars show means = st. Asterisks indicate significant
differences of the same trait between —R and +R in t tests: * P < 0.05,
**0.001 < P<0.01.
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increased 92% after inoculation, which coincided with
a 4.5-fold increase in nodule fresh weight per plant at
50 d after emergence (Fig. 1B). Meanwhile, the total N
and P contents of plants at final harvest were increased
after inoculation by 85% and 95%, respectively (Fig.
1C), indicating that effective nodulation not only in-
creases N efficiency through symbiotic N, fixation but
also enhances P uptake, which could subsequently
contribute to improve soybean yield.

Plant Growth, Nodulation, and Soluble Pi Concentration
in Hydroponics

In hydroponic studies, P supply significantly af-
fected soybean growth, nodulation, and Pi concentra-
tions in different tissues (Fig. 2). Sufficient P supply
promoted soybean growth. Compared with the total P
content, soybean fresh weight was much less affected
by the changes of P supply (Fig. 2C). Soybean nodu-
lation was significantly enhanced by high P supply, as
indicated by 63% and 85% increases in nodule number
and nodule size compared with plants in low P, re-
spectively (Fig. 2, A and B). Regardless of the large
fluctuations in Pi status of leaves and roots associated
with changes in P supply, soybean nodules maintained
relatively stable Pi concentrations. Leaf and root sol-
uble Pi concentrations in high P were 10 and 26 times
higher than in low P, respectively, while the Pi con-
centration in nodules was only increased 1.75 times in
high P versus low P (Fig. 2D). This suggests that sta-
bilizing Pi homeostasis in nodules under P-deficient
conditions might be important for legume growth and
symbiotic N, fixation.

Identification of a Nodule-Expressed and Low-P-Enhanced
Pi Transporter Gene, GmPT5

In order to understand the underlying mechanisms
for the maintenance of soybean Pi homeostasis in nod-
ules under varying P supply, we cloned the members of
the soybean Pht1 family and characterized the expres-
sion of each in response to varied P supply. A total of 14
putative Pht1 family members (GmPTs) were identified
in soybean (Supplemental Fig. S1). Among them, only
one member, GmPT5, exhibited high transcript abun-
dance that was enhanced up to 22-fold in nodules in
response to P deficiency (Supplemental Fig. 52). GmPT5
was predicted to be localized to the plasma membrane
through WoLF PSORT analysis. Results from onion
(Allium cepa) epidermal cells with a GFP reporter gene
fused to the GmPT5 coding region showed that GmPT5
was localized to the plasma membrane (Supplemental
Fig. 53), suggesting that GmPT5 mediates Pi transport
across the plasma membrane.

In order to study the Pi transport properties of
GmPTS5, the coding region was cloned into a yeast ex-
pression vector and transferred into a yeast mutant,
MB192, which is defective in high-affinity Pi uptake.
The mutant cells expressing GmPT5 (Yp112-GmPT5)
grew much better than the MB192 mutant cells,
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Figure 2. Plant growth, nodulation, and soluble Pi concentration as
affected by P supply in hydroponics. A, Photographs showing nodule
growth performance. B, Nodule number and size. C, Plant fresh weight
(FW) and P content. D, Soluble Pi concentrations of leaves, roots, and
nodules. Seedlings inoculated with rhizobia were grown at two P
levels (low P and high P were 5 and 250 um P, respectively) for 50 d
after planting. There were four replicates for each treatment, and bars
show means = se. Asterisks in B and C indicate significant difference of
the same trait between two P levels in ttests: * P < 0.05, ** 0.001 <
P < 0.01, *** P < 0.001. Different letters in D indicate that Pi con-
centrations in different tissues were significantly different (P < 0.05).

especially in low P (50 um; Fig. 3A), suggesting that
GmPTS5 functions as a high-affinity Pi transporter. This
was directly investigated by using a *°P influx tech-
nique in yeast. As seen in Figure 3B, the concentration-
dependent kinetics for yeast Pi uptake by GmPT5
followed Michaelis-Menten kinetics, with a K,,, of 25 um
and a V,__ of 231 pmol Pi mg ™" yeast cell min~', which
demonstrates that, indeed, GmPT5 is a high-affinity Pi
transporter.
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Figure 3. Functional characterization of GmPT5 in yeast. MB192 is a
yeast mutant defective in high-affinity Pi uptake. Yp112-GmPT5 con-
tained GmPT5 in the expression vector p112A1TNE (abbreviated Yp112)
and transformed into MB192. A, Growth of yeast cells. Equal volumes of
10-fold serial dilution with the original cell number of 6 X 10° were
applied to YNB medium supplied with 100 or 50 um Pi and then in-
cubated at 30°C for 3 d. B, Rate of [>*P]Pi transport by Yp112-GmPT5
and Yp112 at different Pi concentrations. Nonlinear regression of Pi
uptake of strain Yp112-GmPT5 and Yp112 versus external Pi concen-
tration at pH 6 was used to estimate the K, value.

GmPT5 Expression Pattern in Soybean Nodules

Without rhizobial inoculation, clear GUS staining
was detected in the root vascular tissues of transgenic
plants with hairy roots expressing proGmPT5:GUS
(Fig. 4, D-F). Fifteen days after inoculation, strong
GmPT5 expression based on GUS staining was ob-
served within the conjunction region between nodule
initials and roots and root vascular tissues (Fig. 4G).
Thirty days after inoculation, strong GmPT5 expres-
sion was mainly observed in the vascular bundles
within the nodule peripheral zone of juvenile and
mature nodules (Fig. 4, H and I). This suggests that
GmPT5 functions in Pi translocation between host
roots and nodules in vascular tissues.

Overexpression and Suppression of GmPT5 Significantly
Affected Soybean Growth and Nodulation

To further evaluate the effects of GmPT5 on soybean
growth and nodulation, transgenic plants either over-
expressing (OX) or suppressing (RNA interference
[RNAi]) GmPT5 were generated, and the correspond-
ing transcripts of GmPT5 in OX and RNAI lines at low
P and high P levels were verified by quantitative real-
time (qRT)-PCR. The OX lines had 65% and 178%
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higher, while the RNAI lines had 92% and 62% lower,
expression of GmPT5 than that of empty vector (CK)
lines in low P and high P, respectively (Supplemental
Fig. S4).

As seen in Figure 5A, overexpression of GmPT5
significantly enhanced soybean growth in high P, with
over 3.2 times increase of fresh weight compared with
CK, while suppression of GmPT5 only inhibited soy-
bean growth in low P, as indicated by 37% decrease in
fresh weight compared with CK (Fig. 5, B and C).
Similar effects were found on plant N and P contents.
Overexpression of GmPT5 significantly increased plant
N and P contents in high P, but not in low P, while
knockdown of GmPT5 reduced plant P content at both
P levels but only reduced plant N content in low P
(Fig. 5, B and C).

The results in Figure 6 revealed that GmPT5 tran-
script levels significantly affected nodulation, and this
effect was partially dependent on P supply. In low P,
knockdown of GmPT5 suppressed nodule growth, as
indicated by 67% and 66% reductions in nodule size
compared with CK and OX lines, respectively. In high
P, both nodule number and size were significantly
reduced in the RNAi lines, while only nodule size was
enhanced in the OX lines.

Altered Expression of GmPT5 Changes Pi Translocation
from Roots to Nodules

To determine the roles of GmPT5 on nodule Pi trans-
location and uptake, GmPT5 transgenic plants were
grown in low P and high P for 50 d for in situ [**PIPi
transport assays. Transgenic plants were first monitored
during an 8-h uptake period when supplied with 10
nCi of H;’?’PO4 solution. Neither the [°P]Pi activity in the
upper root regions not exposed to *P-labeled solution
(Supplemental Fig. S6A) nor the bottom 6 cm of the root
regions that were directly exposed to *P-labeled solution
significantly varied in transgenic soybean lines pre-
treated at two P levels (Supplemental Fig. S6B). This
indicates that GmPT5 expression does not significantly
affect direct Pi uptake by roots or internal Pi transloca-
tion within roots.

In low P, the [®*P]Pi activity in nodules not exposed
to the *P-labeled solution was more than 20-fold
higher than similar nodules in high P (Fig. 7), sug-
gesting that pretreatment with low P increases the
capacity for Pi transport from roots to nodules. Fur-
thermore, GmPT5-OX transgenic lines in high P with
112% higher [PPIPi activity and GmPT5-RNAi lines
in low P with 60% lower [*P]Pi activity displayed
significant differences in nodule [**P]Pi activities com-
pared with CK lines (Fig. 7). This suggests that altered
expression of GmPT5 regulates at least in part Pi trans-
location from roots to nodules, and this activity is par-
tially dependent on P supply.

Direct [*P]Pi absorption by nodules was further
evaluated using in vitro assays. The results showed
that nodules could directly take up Pi from the growth
medium, with the direct [P]Pi uptake by nodules
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Figure 4. Observation of GUS staining in trans-
genic soybean roots and nodules harboring the
GmPT5 promoter::GUS fusion. A to C, Expression
of empty vector with 35S promoter in roots (A
and B) and nodules (C). D to F, Expression of
proGmPT5::GUS in roots without rhizobium in-
oculation. D, Root tips. E and F, Longitudinal
section (E) and cross-section (F) of mature roots. G
to I, Expression of proGmPT5::GUS in nodules.
G, Conjunction region between nodule initial
and root at an early stage of nodulation. H and I,
Intermediate (H) and mature (I) nodules. Soybean
transgenic plants were grown in low-N and low-P
nutrient solution for 15 d (G) and 30 d (A-F, H,
and 1). Bars = 500 um for A and D, 20 um for F
and G, and 100 um for all other images.

when supplied with 0.25 uCi of H,**PO, after plants
were grown in low P for 50 d being more than 10-fold
higher than when grown in high P. This indicates that
soybean nodules have great capacities to take up Pi
from the environment, especially after long-term growth
in Pi starvation conditions. However, direct [*P]Pi
uptake by nodules was not affected in either OX or
RNAI lines (Fig. 8), which suggest that GmPT5 ex-
pression does not significantly affect direct Pi uptake
by nodules.

DISCUSSION

N and P are the two most important macronutrients
for plant growth. Since most soils cannot supply suf-
ficient N and P to meet the demands of crop produc-
tion, N and P chemical fertilizers account for at least
90% of total fertilizer consumption in the world
(http:/ /faostat.fao.org/). As an environment-friendly
N source, biologically fixed N, by legumes plays vital
roles in sustainable agricultural systems. However, P is
particularly critical for legumes due to their high de-
mands for this nutrient (Sanchez-Calderén et al., 2010).
Therefore, the ability to improve N, fixation with
limited P supply in legumes should have a great im-
pact on agricultural sustainability.

Legumes are high-P-demanding species, not only
due to their growth requirements and synthesis of high

1638

levels of protein and oil in seeds but also because of the
strong demand for P by nodules (Schulze et al., 2006).
A primary reason for the high P requirement of nod-
ules is the high energy consumption of nodule N,
fixation (Sa and Israel, 1991), thereby supporting ele-
vated synthesis and metabolic activity (Gaude et al,,
2004). It is well known that low P limits nodulation
and nodule growth (Kouas et al., 2005; Le Roux et al.,
2009). Nodules are strong P sinks and maintain higher
Pi concentrations than other organs, which has been
suggested to play a role in legume adaptation to low-P
soils (Al-Niemi et al., 1997; Schulze et al., 2006). Our
studies in hydroponics also demonstrate that Pi ho-
meostasis in nodules is critical for legume growth and
symbiotic N, fixation, especially under P-deficient
conditions (Fig. 2). Even though low P severely inhibits
nodule biomass and number, the Pi concentration in
nodules is still much higher than in roots and leaves,
and the relative Pi concentration in nodules without P
supply was more stable than in leaves and roots (Fig.
2D), suggesting that stabilization of Pi homeostasis in
soybean nodules supports the stronger P demand of
nodule growth and N, fixation (Jakobsen, 1985) and
further improves the N, fixation rate and growth
performance of nodulated plants, as we found in the
field (Fig. 1).

The maintenance of Pi homeostasis in plants under
P-deficient conditions is regulated by enhanced ac-
quisition of external Pi and by the remobilization of

Plant Physiol. Vol. 159, 2012
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Figure 5. Effects of OX and RNAIi lines of GmPT5 on soybean growth
and N and P contents. A, Plant fresh weight. B, Plant N content. C,
Plant P content. Soybean transgenic plants inoculated with rhizobia
were grown in the low-N nutrient solution with low P (5 um P) and
high P (250 um P) for 50 d. CK, Soybean transgenic plants carrying
empty vector. There were four biological replicates for each treatment,
and bars show means = st. Asterisks indicate significant differences of
the same trait between OX or RNAi and CK at the same P level in
ttests: * P < 0.05, ** 0.001 < P < 0.01; ns, not significant at 0.05.

internal Pi resources (Raghothama, 1999). Plant Pi
transporters involved in Pi homeostasis regulation
have been documented in previous reports, and these
Pi transporters are primarily responsible for translo-
cation of Pi from roots to shoots or from the elder parts
to sink tissues (Daram et al.,, 1999; Jia et al., 2011;
Nagarajan et al., 2011; Sun et al., 2012). But there is
no report on legume Pi transporters involved in
maintaining Pi homeostasis in nodules. Recently, most
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studies on soybean nodules have analyzed tran-
scriptome and protein profiles of low-P-stressed nod-
ules or bacteroids within nodules, identifying some
nodule-specific genes and proteins involved in carbon
and N metabolism or genes related to transcription
and signaling (Herndndez et al., 2009; Chen et al.,
2011), but no nodule-specific Pi transporter has been
found in soybean. As a strong Pi sink, especially under
P-limiting conditions, the import of Pi from other or-
gans has been speculated to be important to nodule
P nutrition. In this study, we identified a nodule-
expressed and low-P-enhanced Pi transporter gene,
GmPTb, in soybean. Bioinformatic analysis together with
heterologous expression in yeast and onion epidermal
cells verifies that GmPTS5 is indeed a high-affinity plasma
membrane-localized Pi transporter (Fig. 3; Supplemental
Figs. S1 and S3).

Further functional analysis using transgenic soybean
composite plants demonstrates that GmPT5 plays vital
roles in Pi entry from roots to nodules in soybean.
First, GmPT5 expression was shown here to be pri-
marily in the root vascular system, not in root tips and
epidermal cells (Fig. 4, D-F), suggesting that GmPT5
might function more in Pi translocation within plants.
At the early stage of nodule initiation, strong GmPT5
expression via GUS staining was detected in the
junction area between roots and nodules. For juvenile
and mature nodules, GmPT5 expression occurred
principally in the nodule vascular bundles (Fig. 4, G-I),
implying that GmPT5 might help transport Pi from
roots into nodules for nodule growth and N, fixation.
This was further proven by in situ [’P]Pi uptake using
transgenic soybean plants. Overexpression of GmPT5
in high P or knockdown of GmPT5 in low P increased
or decreased [*°P]Pi activity in nodules, which appears
to be the result of Pi transported from the root regions
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Figure 6. Effects of overexpression (OX) and knockdown (RNAi) of
GmPT5 on the nodulation of soybean transgenic composite plants.
Soybean transgenic composite plants inoculated with rhizobia were
grown in the low-N nutrient solution with low P (5 um P) or high P
(250 um P) for 50 d. CK, Soybean transgenic composite plants carrying
empty vector. There were four biological replicates for each treatment,
and bars show means = se. Asterisks indicate significant differences of
the same trait between OX or RNAi and CK at the same P level in t
tests: * P < 0.05, ** 0.001 < P < 0.01, *** P < 0.001; ns, not sig-
nificant at 0.05. FW, Fresh weight.
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Figure 7. In situ assay for radioactive [**P]Pi translocation from roots
to nodules in transgenic soybean plants. Transgenic soybean plants
inoculated with rhizobia were grown in the low-N nutrient solution
with low P (5 um P) or high P (250 um P) for 50 d before being used in
in situ assays. The bottom 6 cm of root regions were directly immersed
in **P-labeled nutrient solution for an 8-h uptake period. [**P]Pi ac-
cumulation in the nodules that were not exposed to the **P-labeled
nutrient solution was quantified at both low P and high P levels. cpm
represents radioactive cpm measured by a liquid scintillation analyzer.
CK, Transgenic soybean plants carrying empty vector; FW, fresh
weight. There were four biological replicates for each treatment, and
bars show means * st. Asterisks indicate significant differences be-
tween OX or RNAi and CK at the same P level in ttests: * P < 0.05; ns,
not significant at 0.05.

exposed to [*P]Pi solution (Fig. 7). The alteration of
nodule [**P]Pi transported from roots was well con-
sistent with the GmPT5 expression in the transgenic
soybean plants, in which GmPT5 expression was
greatly enhanced in high P in the OX lines and sup-
pressed in low P in the RNAi lines (Supplemental Fig.
S4). Moreover, the [*°P]Pi activity in both the lower
root regions responsible for direct [**P]Pi uptake and
the upper root regions not in contact with the [*P]Pi
uptake solution showed no differences among the
different transgenic lines (Supplemental Fig. S6). This
indicates that GmPT5 does not function in direct Pi
absorption by roots and Pi translocation within roots.
The in vitro nodule Pi uptake assay also demonstrates
that GmPT5 does not directly function in direct Pi
absorption into nodules from the rhizosphere, as there
was no significant difference of [*P]Pi absorption
in nodules from overexpression or knockdown and
empty vector lines (Fig. 8). All of these findings
together demonstrate that GmPT5 mainly functions
in transporting Pi from the root vascular system to
nodules.

Stabilizing Pi homeostasis in soybean nodules
through GmPT5 is critical for soybean nodulation as
well as growth performance. At low P level, [**PIPi
activity in nodules measured both through in situ and
in vitro assays is much higher than in high P (Figs. 7
and 8). This suggests that under P-deficient conditions,
Pi homeostasis in nodules becomes more important
and soybean plants might evolutionarily have devel-
oped mechanisms to maintain Pi homeostasis in nod-
ules either through enhancing Pi translocation from
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host roots or by directly taking up Pi into nodules.
From the greatly enhanced expression of GmPT5 in
nodules in low P (Supplemental Fig. S2), together with
the decreased [**P]Pi activity in the nodules of GmPT5-
RNAI lines pretreated by low P supply from in situ
assays (Fig. 7), we suggest that GmP1T5 is the key Pi
transporter involved in Pi translocation from host
roots to nodules in soybean, especially under P-limited
conditions. The great capacity of Pi directly taken up
by nodules pregrown in low P (Fig. 8) also indicates
that one or more other Pi transporters act in nodules,
mainly in direct Pi uptake from growth medium, es-
pecially when resupplying Pi under P-deficient con-
ditions. The increased fresh weight, N and P contents,
as well as nodule number and nodule size in GmPT5-
OX lines in high P, together with the decreased growth
and nodulation in GmPT5-RNAIi lines at in low P,
further suggest that GmPT5 expression plays a vital
role in soybean nodulation (Fig. 6) and subsequently in
soybean growth performance (Fig. 5).

Since biochemical reactions associated with symbi-
otic N, fixation produce Pi (Schuize et al., 1999), too
much Pi should inhibit N, fixation, probably due to
substrate feedback effects. Therefore, the maintenance
of Pi homeostasis may also be important when sup-
plied with excess Pi. This is supported by our results in
hydroponics under high-P conditions, where Pi con-
centrations in nodules are much lower than in the host
roots and leaves (Fig. 2). Suppression of GmPT5 by
high P (Supplemental Fig. S2) and the lower [*P]Pi
directly taken up by nodules pregrown in high P (Fig.
8) may be the responses of plants to maintain Pi ho-
meostasis under high-P conditions. Therefore, there
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Figure 8. In vitro assays for radioactive [**P|Pi directly taken up by
nodules in GmPT5 transgenic soybean plants. Transgenic soybean
plants inoculated with rhizobia were grown in low-N nutrient solution
with low P (5 um P) or high P (250 um P) for 50 d before being used in
in vitro assays. Three nodules from each transgenic line pretreated by
low P or high P for 50 d were immersed in the same **P-labeled nu-
trient solution for a 2-h uptake assay. [**P1Pi accumulation in nodules
was quantified at both low P and high P levels. cpm represent radio-
active cpm measured by a liquid scintillation analyzer. CK, Transgenic
soybean plants carrying empty vector; FW, fresh weight. There were
four biological replicates for each treatment, and bars show means *
se. ns, Not significant at 0.05.
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may be some other important pathways involved in
Pi acquisition and translocation in nodules under Pi-
sufficient conditions, and the underlying mechanisms
need to be further elucidated.

Altogether, we conclude that the high-affinity Pi
transporter, GmPT5, regulates Pi entry from roots to
the region of plant tissues in nodules and maintains Pi
homeostasis in nodules, particularly under P-limiting
conditions. This activity subsequently affects soybean
nodulation and growth performance.

MATERIALS AND METHODS
Plant Growth Conditions

A field experiment was carried out on the black soil at Friendship Farm
(E131.82°, N46.76°) in the Heilongjiang province of China with a local soybean
(Glycine max) variety, KF50, in 2011. Basic soil chemical characteristics of the top
30-cm layer in the field were as follows: pH, 5.6; organic matter, 35.0 g kg™;
available P (Olsen-P), 22.0 mg kg available N, 192 mg kg ; available potas-
sium, 188 mg kgfl. There were two inoculation treatments, with (+R) and
without (—R) rhizobium inoculation. The inoculant was a mixture of three
highly effective rhizobium strains, BXYD3, BXBL9, and BDYD1, that were pre-
viously identified belonging to Bradyrhizobium elkanii based on morphological
and 16s ribosomal DNA sequence analysis (Cheng et al., 2009). Before sowing by
machine, soybean seeds were uniformly mixed with rhizobium inoculants. Se-
venty kilograms P,O; ha ' as diammonium Pi and 45 kg K,O ha™" as KCI were
applied following the local practice. For the —R treatment, 55 kg N ha ' as urea
was added to supplement N. The field plot was 1.66 km long and 1.2 km wide.
There were five blocks, and three plants were harvested from each block at 50 d
after emergence for measuring nodule fresh weight and at the R7 stage for de-
termination of biomass, grain yield, and total N and P contents.

For the hydroponic experiment, soybean genotype HN89 and rhizobial
strain BXYD3 were employed. The sterilized seeds were germinated and grown
in sterile sand supplied with one-half-strength nutrient solution for 5 d, and
then uniform seedlings were inoculated with BXYD3 before transplanting. The
seedlings were grown in the low-N nutrient solution containing 50 um
NH,NO;, 1,200 um CaCl,, 1,000 um K,SO,, 500 um MgSO,, 25 um MgCl,, 2.5
um NaB,O,-10H,O, 1.5 um MnSO,, 1.5 um ZnSO,, 0.5 um CuSO,, 0.15 um
(NH,){Mo,0,,, and 40 um Fe-Na-EDTA and treated with 5 um (low P) or 250
M (high P) P added as KH,PO,. The pH value of the nutrient solution was
adjusted to 5.8, and nutrient solution was changed every week. After 50 d,
soybean leaves, roots, and nodules were separately harvested for determining
fresh weight, soluble Pi concentration, total P content, nodule number, and
nodule fresh weight. Nodule size was calculated as the average fresh weight
of a single nodule.

For spatial expression analysis of GmPTs in response to P supply and
rhizobium inoculation, 1 week after germination, soybean seedlings of uni-
form height and development were inoculated with rhizobial strain BXYD3
and then transplanted into low-N nutrient solution containing 5 um (low P) or
250 um (high P) P as described above. Thirty days after inoculation, leaves,
roots, and nodules were separately harvested. All samples were stored at -80°
C for RNA extraction and qRT-PCR analysis.

Identification and Bioinformatic Analysis of Pht1 Family
Genes in Soybean

All of the Phtl family members from Arabidopsis (Arabidopsis thaliana;
Mudge et al., 2002) and rice (Oryza sativa; Paszkowski et al., 2002) were used
as query sequences in a BLAST search at the Phytozome Web site http://www.
phytozome.net/search.php?show=blast&method=Org_Gmax. Predicted amino
acid sequences of soybean Pi transporters (GmPTs) with conserved transmem-
brane domains belonging to the Phtl family were identified in the soybean
genome. The soybean Pi transporters were named according to their positions on
the chromosomes. The nucleic acid sequences, protein sequences, and promoter
regions of the candidate genes were available in the Phytozome Web site
(http:/ /www.phytozome.net/soybean). A phylogenetic tree was constructed
based on protein sequence alignment of the candidate genes and Phtl family
members of other legumes, such as Medicago sativa, Lupinus albus, Lotus japonicus,
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and Arabidopsis using the ClustalW and MEGA 4.1 programs. The sub-
cellular location of the candidate protein was predicted by WoLF PSORT
analysis (http://wolfpsort.org/).

RNA Extraction, Complementary DNA Synthesis, and
qRT-PCR Analysis

The total RNA was separately extracted from leaves, roots, and nodules
using TRIzol reagent (Takara). The extracted RNA was treated with DNasel to
remove contaminating genomic DNA and synthesized to the first-strand
complementary DNA using the Moloney murine leukemia virus reverse
transcription kit (Promega) according to the manufacturer’s instructions. Gene-
specific primers for GmPTs in the Phtl family and a soybean housekeeping
gene, TefS1 (encoding the elongation factor EF-1a; accession no. X56856), are
listed in Supplemental Table S1. The complementary DNA reverse tran-
scription products were used as templates for qRT-PCR. The reactions were
carried out in a 20-uL volume containing 2 uL of 1:100 diluted complementary
DNA product, 0.2 um primers, and 10 uL of SYBR Premix Ex Taq (Takara). All
of the reactions were carried on a Rotor-Gene 3000 (Corbett Research). The
PCR conditions for thermal cycling were as follows: 95°C for 1 min, 40 cycles
of 95°C for 15 s, 54°C to 62°C (adjusted according to the annealing tempera-
tures of individual candidate genes) for 15 s, and 72°C for 30 s. Fluorescence
data were collected during the cycle at 72°C. The relative two standard curve
method was used to analyze the quantity of target genes with Rotor-Gene 6.1
software. The relative expression value was calculated by the ratio of the ex-
pression value of the target gene to that of the soybean housekeeping gene
TefS1 (accession no. X56856).

Yeast Manipulations

The yeast Pi uptake-defective mutant MB192 (Bun-Ya et al., 1991) and the
expression vector in MB192, p112A1NE (abbreviated as Yp112; kindly provided
by Dr. M. Feng, Fudan University [http://www.fudan.edu.cn/englishnew])
were used in yeast heterologous expression experiments. The coding sequence of
GmPT5 was amplified and cloned into Yp112 (Yp112-GmPT5). Yeast strains
Yp112-GmPT5 and MB192 were grown to the logarithmic phase in YNB
medium (yeast N base, 6.7 g; amino acid mix, 1.98 g; Glc monohydrate, 20 g;
adenine genisulfate, 20 mg; double-distilled water, to 1 L) and were har-
vested and washed in Pi-free YNB medium. Then, equal volumes of 10-fold
serial dilution with the original cell number as 6 X 10° were applied to solid
YNB medium supplied with 100 or 50 um Pi and incubated at 30°C for 3 d to
observe the growth of different yeast strains.

In order to elucidate the Pi uptake kinetics of GmPT5, Bp uptake experi-
ments in yeast were performed according to previously described methods (Ai
et al,, 2009). The K, and V, values of GmPT5 for Pi uptake were calculated

max

using the software Sigmaplot (version 10.0).

Subcellular Localization of GmPT5 in Onion
Epidermal Cells

For subcellular localization analysis, the coding region of GmPT5 was am-
plified using specific primers (Supplemental Table S2). The PCR product was
digested with Xbal and BamHI (underlined in primer sequences) and ligated into
the pBEGFP vector with a cauliflower mosaic virus (CaMV) 355 promoter.

After checking by sequencing, the constructs were transiently transformed
into onion (Allium cepa) epidermal cells (Scott et al., 1999) on agar plates by a
helium-driven accelerator (PDS/1000; Bio-Rad). In order to eliminate the
possibility of cell wall localization, the bombarded epidermal cells were
plasmolyzed by adding 30% Suc solution for 20 min before confocal scanning,
with red propidium iodide fluorescence being used as an indicator of the cell
wall. One day after culturing, GFP expression of the target protein in the
bombarded epidermal cells was viewed using a confocal scanning microscope
(TCS SP2; Leica) with 488-nm laser light for fluorescence excitation of GFP and
detection using a 515- to 545-nm filter (green; GFP fluorescence) and a 610-nm
filter (red; propidium iodide fluorescence).

Vector Construction and Generation of Transgenic
Composite Soybean Plants

For the promoter analysis, the putative promoter region of GmPT5 was
amplified using the primers shown in Supplemental Table S2. After digestion
with Xbal and Ncol (underlined in primer sequences), a 2,496-bp promoter and
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a 5’ untranslated region of GmPT5 (proGmPT5) were fused to the pPCAMBIA
3301 vector (CAMBIA) with a GUS reporter gene, and expression driven by a
CaMV 35S promoter in empty vector was used as the control.

For the overexpression construct, the open reading frame region of GmPT5
was amplified and inserted into the pYLRNAI vector with a CaMV 35S pro-
moter. For the RNAi construct, 400 bp of the GmPT5 coding region was am-
plified and inserted into the pYLRNAI vector in the sense and antisense
orientations.

All of the above constructs were transformed into Agrobacterium rhizogenes
strain K599 (kindly provided by Dr. Peter M. Gresshoff, University of
Queensland) by the heat shock method and then transformed into soybean as
described previously (Guo et al., 2011) to obtain composite plants with
transgenic hairy roots.

Histochemical Localization of GUS Expression

For histochemical analysis of GUS expression, the transgenic hairy roots
without rhizobium inoculation and nodules (after 15- and 30-d inoculations)
were incubated in the GUS staining solution (0.2 M Na,HPO,-NaH,PO, buffer,
pH 7.0, and 1 mm 5-bromo-4-chloro-3-indolyl-B-p-glucuronic acid) at 37°C for
12 h, followed by washing in 70% ethanol according to a published method
(Jefferson et al., 1987). After GUS staining, root segments (about 5 mm long)
and nodules were sampled, then fixed in fixative solution (5% [v/v] formal-
dehyde, 5% [v/v] glacial acetic acid, and 63% [v/v] ethanol), vacuumed
overnight, dehydrated gradually in a graded ethanol series (50%, 65%, 75%,
85%, and 95%), and infiltrated with graded ethanol/xylene (50:50, 0:100).
After achieving transparency, paraffin fragments were gradually added
overnight into xylene until saturation with paraffin and then replaced with
pure paraffin twice. Finally, root and nodule samples were embedded in
the paraffin, and then sectioned transversely to a thickness of 7 um with a
microtome (CUT 5062) for observation with a light microscope (LEICA
DM5000B).

Characterization of Nodule Growth Using Transgenic
Soybean Plants

After removing the main roots, uniform transgenic soybean plants with the
empty vector (CK), overexpression GmPT5 (OX), and knockdown GmPT5
(RNAI) lines were inoculated with rhizobium BXYD3 as described above for
0.5 h and then cultured in nutrient solution with two P supplies (low P, 5 um P;
high P, 250 um P) and 100 um N. For each transgenic plant, only one positive
transgenic hairy root checked by gRT-PCR was kept and represented an in-
dependent transgenic line. One independent transgenic line carrying the same
construct was considered as one biological replication. Nodules were partially
sampled from the same transgenic root to verify the GmPT5 expression before
being used in other analyses. Fifty days after planting, plants and nodules
were harvested separately to determine plant fresh weight, N and P contents
of plants, as well as nodule number and nodule fresh weight. Nodule size was
calculated as described above.

Radioactive [**P]Pi Uptake Assay

Transgenic composite plants of CK, OX, and RNAI lines were used in two
radioactive [P]Pi uptake assays: in situ Pi translocation (Supplemental Fig.
S5A) and in vitro nodule Pi uptake assays. Before being used in the [*P]Pi
uptake assays, the transgenic plants were gown in low P (5 um P) or high P
(250 um P) for 50 d after inoculation with rhizobia as described above. For the
in situ assay, the 6-cm bottom root regions (without nodules) of different
transgenic composite plants were directly exposed to 100 mL of the nutrient
solution containing 10 uCi of H,*PO,. After 8 h of Pi uptake, the roots ex-
posed to *°P were washed with nutrient solution until no radioactive **P was
detected in the liquid. After that, the seedlings were fixed on paper and auto-
radiographed with photographic film plates (X-omat, Kodak; Supplemental Fig.
S5B). The radioactivity of the 6-cm bottom root regions, the upper roots, and the
nodules from the upper roots that did not directly contact the **P solution were
separately weighed and analyzed following previously described methods (Jia
et al., 2011) using scintillation counting (LS6500 Multipurpose Scintillation
Counter; Beckman Coulter).

In order to determine the functions of GmPT5 on the direct Pi uptake
pathway in soybean nodules, the nodules from GmPT5-OX and GmPT5-RNAi
lines were pretreated with low P or high P for 50 d and assayed for in vitro Pi
uptake. The fresh weight of uniform nodules from different plants was
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measured, and then nodules were transferred to 1 mL of **P-labeled nutrient
solution containing 0.25 uCi of H;*PO, for 2 h. They were then washed with
nutrient solution until no radioactive [**P]Pi was detected in the liquid. Four
milliliters of scintillation cocktail was added to each sample, and the radio-
activity was measured by scintillation counting (LS6500 Multipurpose Scin-
tillation Counter; Beckman Coulter).

Measurement of Soluble Pi Concentration and Plant N and
P Contents

For the measurement of soluble Pi concentration in plant tissues, about
0.1 g of fresh samples was ground and extracted with distilled, deionized
water. After centrifugation at 12,000¢ for 30 min, soluble Pi concentration in
the supernatant was measured using the P-molybdate blue color reaction
(Murphy and Riley, 1962). After the dry weight of each sample was deter-
mined, total N content in transgenic plants was measured using the semimicro
Kjedahl procedure with a N analyzer (Kjedahl 2300; FOSS), and total P content
was measured using the P-molybdate blue color reaction (Murphy and Riley,
1962).

Statistical Analysis

All means and sk values were calculated using Microsoft Excel 2003.
Comparisons between groups were performed using Student’s t test in
Microsoft Excel 2003 or one-way ANOVA in the SAS system (SAS Institute) as
appropriate.

Sequence data from this article can be found in the GenBank data libraries
under accession numbers FJ814697 to JQ518271 (GmPT1-GmPT14).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Phylogenetic tree analysis among soybean Phtl
family members and Pi transporters in other plant species.

Supplemental Figure S2. Fold change of the expression of GmPT genes
between low-P and high-P treatments in soybean nodules.

Supplemental Figure S3. Subcellular localization of GmPT5 fused to GFP
in epidermal onion cells.

Supplemental Figure S4. Relative expression of GmPT5 in CK, OX, and
RNAI transgenic soybean plants grown with low P (5 um P) or high P
(250 uMm P) levels.

Supplemental Figure S5. In situ assays for [°P]Pi uptake using transgenic
soybean plants.

Supplemental Figure S6. In situ assays for [°P]Pi uptake by GmPT5 trans-
genic soybean roots.

Supplemental Table S1. Soybean Phtl family genes and gene-specific
primers used for qRT-PCR analysis.

Supplemental Table S2. Gene-specific primers used in this work.
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