Plant Mol Biol (2015) 87:429-440
DOI 10.1007/s11103-015-0289-y

Genetic manipulation of a high-affinity PHR1 target cis-element
to improve phosphorous uptake in Oryza sativa L.

Wenyuan Ruan - Meina Guo - Linlin Cai - Hongtao Hu -
Changying Li - Yu Liu - Zhongchang Wu -
Chuanzao Mao - Keke Yi - Ping Wu - Xiaorong Mo

Received: 30 November 2014 / Accepted: 23 January 2015 / Published online: 6 February 2015

© Springer Science+Business Media Dordrecht 2015

Abstract Phosphorus (P) is an essential macronutrient
for crop development and production. Phosphate starvation
response 1 (PHR1) acts as the central regulator for Pi-sign-
aling and Pi-homeostasis in plants by binding to the cis-ele-
ment PHR1 binding sequence (P1BS; GNATATNC). How-
ever, how phosphate starvation-induced gene expression is
regulated remains obscure. In this work, we investigated
the DNA binding affinity of the PHR1 ortholog OsPHR2
to its downstream target genes in Oryza sativa (rice). We
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confirmed that a combination of PIBS and P1BS-like
motifs are essential for stable binding by OsPHR2. Fur-
thermore, we report that variations in P1BS motif bases
affected the binding affinity of OsPHR?2 and that the high-
est affinity motif was GaATATtC (designated the A-T-type
P1BS). We also found that a combination of two A-T-type
P1BS elements in tandem, namely HA-P1BS, was very
efficient for binding of OsPHR2. Using the cis-regulator
HA-P1BS, we modified the promoters of Transporter Traf-
fic Facilitator 1 (PHFI), a key factor controlling endoplas-
mic reticulum-exit of phosphate transporters to the plasma
membrane, for efficient uptake of phosphorous in an ener-
getically neutral way. Transgenic plants with the modified
promoters showed significantly enhanced tolerance to low
phosphate stress in both solution and soil conditions, which
provides a new strategy for crop improvement to enhance
tolerance of nutrient deficiency.
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Introduction

Phosphorous (P) is an essential plant macronutrient for
life cell growth and development. However, the assimila-
ble inorganic phosphate (Pi) form of P for plants is often
limited in the soil due to its low mobility in the soil solu-
tion and its rapid conversion to organic forms (Marschner
1995). Hence, Pi is often a limiting factor for plant growth
in both natural and agricultural ecosystems (Oropeza-
Aburto et al. 2012). Although fertilizer application has
increased crop productivity by 30-50 %, its manufacture
is an energy-intensive process. Moreover, over-application
of fertilizers leads to runoff and pollution of waterways,
causing a host of environmental problems. One approach
to reducing the application of fertilizers in agriculture is to
optimize their efficient use by crop plants (Holford 1997;
Raghothama 1999; Yang and Finnegan 2010; Secco et al.
2012).

Phosphate starvation response 1 (PHR1), a key tran-
scriptional regulator of Pi starvation responses (Rubio
et al. 2001; Bari et al. 2006; Bustos et al. 2010), directly
regulates the expression of IPS/, a non-coding RNA that
mimics the target of miR399 to block the cleavage of PHO?2
under Pi-deficient conditions (Franco-Zorrilla et al. 2007).
PHO2 functions as an ubiquitin-conjugating E2 enzyme
(UBC24) and modulates Pi acquisition by regulating the
abundance of phosphate transporter 1s (PHT1s) in the
secretory pathway destined for plasma membranes (Huang
et al. 2013). The RING-type ubiquitin E3 ligase nitro-
gen limitation adaptation (NLA), as the target of miRS827,
recruits PHO?2 for the degradation of Pi transporters in the
cellular Pi homeostasis process (Kant et al. 2011; Lin et al.
2013; Park et al. 2014). In the Pi-starvation signaling path-
way, PHR1 is sumoylated by an SIZ1-dependent mecha-
nism (Miura et al. 2005). SIZ1 is a plant small ubiquitin-
like modifier (SUMO) E3 ligase that is a focal controller
of Pi-starvation-dependent responses. In addition, the func-
tion of PHR proteins is suppressed by SPX (SYG/PHOS81/
XPR1)-domain proteins, which are involved in plant Pi
homeostasis (Wang et al. 2009a, b, 2014; Liu et al. 2010;
Shi et al. 2014; Lv et al. 2014). In Arabidopsis, AtPHR1
also binds to the promoters of SULTRI;3 and SULTR3,4,
regulating shoot-to-root flux of sulfate upon phosphate star-
vation (Rouached et al. 2011).

Pi uptake across the plant is mediated by Pi transport-
ers belonging to the phosphate transporter 1 (PHT1)
class (Poirier and Bucher 2002) of plant Pi/H* symport-
ers of the major facilitator superfamily (Pao et al. 1998).
In Arabidopsis, there are nine PHT1 family members and
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among them, PHT1;1 and PHT1;4 are reported to be the
major players in Pi acquisition under Pi-sufficient condi-
tions (Shin et al. 2004). All nine Arabidopsis PHTI genes
have the P1BS cis-element motif in their promoters, and
the mRNA expression of PHTI;1 is dramatically decreased
in the double mutant of phri/phll (Bustos et al. 2010),
consistent with PHR regulation of PHTI of expression.
In rice, aside from OsPHTI;1 and OsPHTI;4, the other
11 PHT1 family members contain the P1BS motif in the
promoter, and OsPHTI;2 (OsPT2) has been confirmed as
a direct target of OsPHR2 (Liu et al. 2010). OsPHTI;11
and OsPHTI;13 have the PI1BS motif but are arbuscular
mycorrhiza-specific Pi transporters and are not involved
the Pi starvation response (Paszkowski et al. 2002; Gutjahr
et al. 2008; Kobae and Hata 2010; Yang et al. 2012). This
finding leads to the speculation that the P1BS motif alone
might not sufficient for the DNA binding of PHR proteins.
In the posttranslational regulation of PHT1 proteins, phos-
phate transporter traffic facilitator 1 (PHF1), encoded by a
downstream gene of PHR1, assists the trafficking of PHT1s
to the plasma membrane (PM) (Gonzdlez et al. 2005; Bayle
et al. 2011). Both Arabidopsis and rice phfI mutants exhibit
decreased Pi content and retarded growth (Gonzélez et al.
2005; Chen et al. 2011).

DNA cis-elements are important regulators of gene
expression (Segal and Widom 2009) and considerable
effort is currently being invested to decipher the rules gov-
erning gene expression. The fine structure of the PHOS5
promoter from Saccharomyces cerevisiae (yeast) was
mapped, revealing that Pho4 binding affinity was ruled
by E-box flanking sequences (Rajkumar et al. 2013). In
Arabidopsis, PHR1 was found to bind an imperfect palin-
dromic sequence (GNATATNC) that is found in the pro-
moter regions of many phosphate starvation induced (PSI)
genes (Franco-Zorrilla et al. 2004; Rubio et al. 2001). Bus-
tos et al. (2010) reported that a B-motif (GAWGATNC)
was essential for AtPHR1 to bind an adjacent P1BS site
in the A#IPSI promoter. In addition, our previous research
showed that most PSI genes have a P1BS-like motif, which
is similar in structure to P1BS, in the region adjacent to
their P1BS motif (Wu et al. 2013).

In this study, we found that OsPHR2 DNA binding affin-
ity is regulated by the P1BS flanking sequences and P1BS
variable bases, and that the most efficient P1BS constitu-
tion for OsPHR2 binding is ‘GaATATtC’, herein named
the A-T-type P1BS. Further, we used the highest affinity
P1BS combination (HA-P1BS) for modification of the
OsPHF1 promoter and generated phosphate-efficient trans-
genic plants (OsPHFI-HA-P1BS) with obviously increased
yield under low-phosphate conditions. Our research thus
provides a new approach to modify crops without large-
scale changes to the original expression pattern of modified
genes, which can avoid energy waste and other possible
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Fig. 1 DNA binding affin-

ity of OsPHR2. a The mRNA
expression level of OsIPS1
and OsIPS2 based on RNA
sequencing CHIP data (NCBI
Series GEO accession number:
GSE35984). b The P1BS

(red) and adjacent P1BS-like
(green; Wu et al. 2013) motifs
in the promoters of OsIPS] and
OsIPS2. The numbers indicate
the position in the promoter
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labeled DNA sequences were
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deleterious effects compared with ectopic expression driven
by the 35S promoter.

Results

Different DNA binding affinities of OsPHR?2 for its various
downstream target promoters

PHR1 subfamily proteins initiate the transcription of
downstream genes by recognizing imperfect palindrome
sequences of GnATATnC (Rubio et al. 2001; Bustos et al.
2010). However, different OsPHR?2 target genes show dif-
ferent degrees of responsiveness to Pi deficiency; accord-
ing to the Gene Expression Omnibus (GEO), OsIPS2 is
much more sensitive than OsIPSI to phosphate starvation
signaling on the early stage, indicating that OsIPS2 may be

GST

+ OsPHR2

Free
Probe

an early phosphate starvation response gene (Fig. 1a). To
learn whether a difference in OsPHR2 DNA binding affin-
ity leads to such diversity in responsiveness, the promoters
of OsIPS1 and OsIPS2, which contain different P1BS-type
motifs, were characterized in detail (Fig. 1b). Using yeast
one-hybrid (Y1H) analysis, we confirmed that OsPHR2
can physically bind to the tested promoters, as previous
reported (Fig. 1c; Rubio et al. 2001; Bustos et al. 2010;
Lv et al. 2014). This analysis also showed that the DNA
binding affinity of OsPHR2 was significantly greater for
the OsIPS2 promoter than for that of OsIPS1 (Fig. 1d). In
agreement with the Y1H results, electrophoretic mobility
shift assays (EMSAs) revealed a greater affinity between
OsPHR?2 and OsIPS2 (Fig. le). These results are consist-
ent with the idea that greater Pi-starvation responsiveness
(e.g., of OsIPS2) is related to higher affinity DNA binding
of OsPHR2.
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P1BS and P1BS-like motifs together determine the binding
ability of OsPHR2

We used the OsIPS2 promoter to further explore the
DNA binding ability of OsPHR2. As shown in Fig. 2a,
the OsIPS2 promoter contains two P1BS motifs namely,
P1BS1 (‘GAATATGC’ at —223 nt from transcription start
site) and P1BS2 (‘GAATATAC’ at —153 nt), as well as
one P1BS-like motif (‘GAAGATAC’ at —142 nt). To char-
acterize the contribution of each motif to OsPHR2 bind-
ing, we tested different truncated promoter fragments as
well as constructs of the entire 1.6-kb promoter lacking
only PIBS1 (Pm2), PIBS2 (Pml) or the P1BS-like motif
(Pm3) in Y1H (Fig. 2a). The truncated promoter contain-
ing P1BS1 and the P1BS-like motif from —100 to —223
nt (P1), showed no change in OsPHR2 binding ability
compared to the full length OsIPS2 promoter (PO). How-
ever, the truncated version from —100 to —149 nt (P2),
could not bind to OsPHR2. The 1.6-kb promoter with
only the P1BS2 deleted (Pm1) maintained its ability to
bind OsPHR2, while the mutated versions lacking P1BS1
(Pm2) or the P1BS-like motif (Pm3) lost their binding abil-
ity (Fig. 2a). To quantify the different binding affinities,
we monitored the expression of the reporter gene LacZ2u
in YIH assays (Fig. 2b). The results consistently showed
that removing P1BS2 had little effect on OsPHR2 pro-
tein binding ability; however the binding ability almost
completely disappeared in the absence of P1BSI1 or the
P1BS-like motif. These results indicate that the P1BS1 and
P1BS-like motifs, but not P1BS2, in the OsIPS2 promoter
are essential for the binding of OsPHR2. We analyzed the
promoters of several other PSI genes (OsIPS1, OsIPS2,
OsmiR399d, miR827, OsPT2, OsPHF1, OsSPXI, AtIPSI,
AT4, AtmiR399, AtmiR827, AtPHTI;1, AtPHTI;4 AtPHF]
and AtSPXI) and found a consensus P1BS::P1BS-like
structure (Fig. 2¢). That the presence of this kind of tandem
structure might be of general importance in phosphate-star-
vation responsiveness.

Fine-tuning of variable P1BS bases to enhance DNA
binding affinity of OsPHR2

The promoters of both OsIPSI and OsIPS2 contain the
P1BS::P1BS-like combination structure (Fig. 1b); this
indicates that the presence or absence of such a structure
is not solely responsible for their different affinities for
OsPHR2. We tested whether the variable bases of the PIBS
motif affected binding, since the two promoters contain dif-
ferent types of P1BS (Fig. 1b). To investigate whether the
variable bases of P1BS regulate OsPHR?2 affinity, we used
the Pm1 version of the promoter, in which the P1BS2 of the
OsIPS2 promoter was deleted. When the first variant base
‘A’ of P1BS1 was changed to “T’, ‘C’ or ‘G’, the OsPHR2
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Fig. 2 The combination of PIBS and P1BS-like motifs is essential
for the binding of OsPHR2. a Yeast one-hybrid assay for OsPHR2
with different truncated and mutated versions of the OsIPS2 pro-
moter. The black box indicates the P1BS motif in the OsIPS2 pro-
moter, the red box indicates the deletion of P1BS, the blue box indi-
cates the P1BS-like motif, and the grey box indicates the deletion
of P1BS-like motif. b p-Galactosidase activity for OsPHR2 with
the constructs described in a. Values represent mean + SD of four
replicates. Data significantly different from corresponding controls
are indicated (P2, Pm2 and Pm3 versus PO, **P < 0.01; Student’s ¢
test). ¢ Logo analysis of P1BS::P1BS-like structure in Pi-starvation
response genes. The P1BS::P1BS-like motif in OsIPSI, OsIPS2,
OsmiR399d, miR827, OsPT2, OsPHFI, OsSPXI, AtIPSI, AT4,
AtmiR399, AtmiR827, AtPHTI;1, AtPHT1;4, OsPHFI and AtSPX1
were used for Logo analysis (http://weblogo.threeplusone.com)

binding affinity was dramatically decreased, implying
that OsPHR2 preferentially binds the ‘GAATATnC’ P1BS
(herein designated the A-type P1BS; Fig. 3a, b). When
the second variant base, ‘G’, was changed to ‘C’ or ‘A’,
the affinity was not significantly changed compared to the
wild-type P1BS. Interestingly, when the first variant base
was fixed as ‘A’ and the second variant base changed to ‘T’
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Fig. 3 Fine-tuning the P1BS to increase OsPHR?2 affinity. a OsPHR2
DNA binding assay in yeast with different versions of P1BS in which
the variable bases have been substituted. Pm2 (OsIPS2-P-P1BS2-
mut: PIBS2 was deleted in OsIPS2 promoter) was the background
for the variable base substitution in this experiment. ¢ OsPHR2
DNA binding affinity with different versions of the P1BS-like motif.
The P1BS-like motif bases were modified to approach the A-T-
type P1BS in the background of the Pm2 promoter in which the

(we designated this P1BS as A-T-type), OsPHR2 binding
affinity was markedly increased (Fig. 3a, b).

To determine whether modifying the P1BS-like motif, by
making it more like the A—T-type-P1BS, could further enhance
the affinity for OsPHR2, we tested different versions of the
P1BS-like motif in the background of the A—T-type Pm1 (with
the P1BS1 substituted by the A—T-type-P1BS; Fig. 3c). When
the P1BS-like motif of OsIPS2 was changed from ‘GAAgA-
TaC’ to ‘GAAgATIC’, the affinity was not obviously different,
while when the P1BS-like motif was changed to ‘GAAtATaC’
or ‘GAAtATtC’, the affinity increased. The substitution
‘GAALATtC’ (resembling the A—T-type P1BS) produced the
highest affinity for OsPHR2 (Fig. 3b, d). These results indicate
that the A-T-type-P1BS::A-T-type-P1BS structure, which
we term high affinity PIBS (HA-P1BS), is very efficient for
OsPHR?2 binding (Fig. 3e).

P1BS1 was further substituted to the A-T-type-P1BS (GaATATtC).
b, d B-Galactosidase activity for OsPHR2 with the different pro-
moter constructs described in a and ¢, respectively. Values represent
mean *+ SD of four replicates. Data significantly different from cor-
responding controls are indicated (A-type-P1BS versus non-A-type-
P1BS, **P < 0.01; A-type-P1BS versus other PIBS, **P < 0.01;
student’s ¢ test). € The sequences of the wild-type OsIPS2 promoter
compared with that of HA-P1BS

HA-P1BS can enhance the activity of the OsPHF1
promoter

To further test whether HA-PIBS can enhance the DNA
binding ability of OsPHR2, we used the OsPHF I promoter,
because native OsPHFI is weakly responsive to Pi starva-
tion (Chen et al. 2011) and its promoter contains the P1BS
motif. We generated transgenic plants harboring a GUS
reporter gene driven by WT or HA-P1BS-modified promot-
ers (Fig. 4a). Compared with the wild-type OsPHFI pro-
moter construct (Pypup;2GUS), the expression driven by
the HA-PIBS modified promoter (P pyrHA:GUS) was
enhanced, based on GUS staining and activity measure-
ment (Fig. 4b, c¢). It is worth noting that HA-P1BS could
efficiently increase the activity of the OsPHFI promoter
under both Pi-deficient and Pi-sufficient conditions. To
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Fig. 4 The HA-P1BS modi- (A)
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highlighted with a vertical bar
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the P1BS and P1BS-like motif
were modified to the A—T-type
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examine whether modification of the P1BS and P1BS-like
motif of the OsPHFI promoter would change the mRNA
expression pattern, tissue cross-sections were analyzed.
The results showed that the tissue expression pattern of the
modified OsPHFI promoter was not changed compared
with wild type in leaf and root (Fig. S1).

HA-P1BS-modified transgenic plants show tolerance
to low phosphate stress

Since Pi starvation triggers the transcriptional activ-
ity of PHRI and closely related genes (Rubio et al. 2001;
Zhou et al. 2008) and our data demonstrated a high affin-
ity P1BS combination (HA-P1BS) for DNA binding by
PHRI1, we tested the utility of HA-P1BS for enhancement
of Pi uptake. PHF1 is reported to be an important factor for
the localization of Pi transporters to the plasma membrane
in Arabidopsis and rice (Gonzdlez et al. 2005; Chen et al.
2011). Transgenic rice overexpressing OsPHFI behind
the 35S promoter show excessive accumulation of shoot
Pi and Pi-toxicity symptoms (Chen et al. 2011), which
might be caused by the non-tissue-specific constitutive
overexpression of OsPHF 1. Here, we generated transgenic
plants with the HA-P1BS combination in the promoter of
OsPHF1 (designated as PHFI-HA-P1BS; Fig. S2) to test
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for the improvement of Pi uptake efficiency without ectopic
overexpression.

Physiological characterization of two independent lines
of PHFI-HA-PIBS, for which mRNA expression and cop-
ies numbers were determined (Fig. S2), was conducted in
solution culture. The PHFI-HA-PIBS transgenic plants
showed significantly higher Pi concentration in shoots
under both Pi-sufficient conditions and Pi-deficient condi-
tions compared with wild-type plants (Fig. 5c—f). Uptake
of ¥3P-labelled Pi was monitored over a 24-h period, and
the two PHFI-HA-PIBS lines showed much higher Pi
uptake than wild type (XS134) under Pi-deficient condi-
tions (Fig. 5b). Additionally, the shoot biomass of PHFI-
HA-PIBS2/5 was significantly higher than wild type
(Fig. 5g-j).

T, transgenic plants were used for pot experiments with
high-phosphate (38.20 mg/kg Pi, HP) or low-phosphate
(8.15 mg/kg Pi, LP) fertilizer. The yield, biomass, setting
rate and effective tiller numbers of 10 plants from each rep-
licate pot were measured and the P content was determined
by ICP analysis (Fig. 6). PHF I-HA-P1BS plants under low-
Pi stress showed significant increases in yield and effective
tiller number compared to wild-type plants. In addition, the
total P content was increased by 11 and 20 % under con-
trol (high Pi) and low Pi stress conditions, respectively.
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(Fig. S2). Bar 20 cm. b Uptake rate of [>*P]-Pi in wild type (XS134)
and PHFI-HA-PIBS plants. Plants were supplied with **P-labelled
Pi (H3*PO,) for 6, 12, and 24 h. c—f Cellular Pi concentration in the
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Whereas there was no obvious difference in the seed setting
rate, the shoot biomass of PHFI-HA-P1BS plants was also
increased under both conditions.

Discussion

Phosphorus is indispensable in agricultural production sys-
tems, and much progress has been made to elucidate the
phosphate regulation system in Arabidopsis and rice (Chiou
and Lin 2011; Wu et al. 2013). In this work, we report fine-
tuning of the transcription of an OsPHR?2 target gene based
on variant bases in the P1BS cis-element. We also provide a
novel strategy to improve cereal crops under nutrition defi-
ciency stress: modifying this cis-element to mildly increase
the expression of target genes and thereby avoid non-spe-
cific expression and energy waste compared to strategies
involving constitutive and high expression promoters.

The P1BS: :P1BS-like structure is essential for the DNA
binding of PHR protein

The P1BS motif is a Pi-starvation specific response cis-
regulator in plants (Bustos et al. 2010). A previous study
described the essential of PIBS flanking sequences,
namely B-motif, for the output of A#/PSI promoter (Bus-
tos et al. 2010). Members of the PHR1 subfamily need
to form homodimers or heterodimers to bind this motif
(Rubio et al. 2001; Bustos et al. 2010). This dimerization
may be the reason that the combination of P1BS::P1BS-
like structure is essential for stable binding by PHR pro-
teins. As mentioned above, OsPHTI;11 and OsPHTI;13
are not involved in the Pi starvation response (Paszkowski
et al. 2002; Gutjahr et al. 2008; Kobae and Hata 2010;
Yang et al. 2012). Although they both contain a PIBS
motif in their promoters, the P1BS::P1BS-like structure
could not be found, and it is possible that this explains why
OsPHTI;11 and OsPHTI;13 do not obviously respond to
Pi starvation. Transcriptional and histochemical analy-
ses have shown that all of the SPX genes, with the excep-
tion of SPX4, are responsive to Pi starvation (Duan et al.
2008; Wang et al. 2009b). We found that all of the SPXs,
with the exception of SPX4, contain the P1BS::P1BS-like
structure, again suggesting that the P1BS::P1BS-like com-
bination is important, likely for the binding of the PHR1
subfamily. In the Arabidopsis PHOSPHOLIPASE DZ2
(PLDZ2) promoter, a 65-bp Pi-responsive enhancer ele-
ment (named EZ2) containing two P1BS motifs was char-
acterized, and mutation of either of the two motifs led to
the loss of function of EZ2 (Oropeza-Aburto et al. 2012).
Based our current work, this loss of function might be due
to disruption of a P1BS::P1BS-like structure that was nec-
essary for PHR binding. Although we have revealed the

importance of the P1BS::P1BS-like structure for binding
of PHRs dimers, the optimal distance between the P1BS
and P1BS-like motifs remains unclear. In endogenous PSI
promoters, we find the distance between motifs to vary
from 1 to ~30 nt, which implies that the distance is flexible
to some extent.

The fine-tuning of P1BS variable bases for PHR binding
affinity

Recent studies have highlighted the importance of cis-
element regulatory variants for the transcription factor
DNA binding affinity. A typical example is the Pho4 bind-
ing site and it flanking sequence, which affect the output
of PHOS in yeast under different Pi supply conditions and
they showed that the promoter output was precisely tun-
able by subtle changes in binding-site affinity of less than
3 kcal mol ™!, which are accessible by modifying 1-2 bases
(Rajkumar et al. 2013). In addition, human limb malforma-
tions have been shown to be caused by cis-regulatory muta-
tions (enhancer mutations; Vander-Meer and Ahituv 2011).
In this study, we showed that the PIBS cis-regulator can
regulate the binding affinity of the OsPHR?2 protein. The
mutations of first variant base of PIBS1 in the OsIPS2 pro-
moter can repress the affinity for OsPHR2, whereas bind-
ing affinity was strengthened when the second variant base
was mutated from ‘G’ to “T” (Fig. 3a). These findings allow
us to explain why two copies of P1BS4 [EZP1BS4(2X)]
had a stronger output ability than two copies of P1BS3
[EZP1BS3(2X)] (Oropeza-Aburto et al. 2012): P1BS4
(GAATATTC) is an A-T-type P1BS, while P1BS3 (GGA-
TATTC) is not. These results further highlight the impor-
tance of P1BS variant cis-regulators in the affinity of
OsPHR?2 as it functions in Pi-starvation responses.

HA-PIBS is an efficient cis-regulator for cereal crop
improvement

Single nucleotide mutations are common during evolution,
the variant bases in P1BS are different even for the same
PSI orthologous genes in different species (such as PHFI;
Table S1). The evolution of P1BS variant bases may repre-
sent a mechanism for adaptation to Pi availability changes
in the rhizosphere and at the cellular level. As shown in
Fig. 4a, the P1BS::P1BS-like structure of OsPHF1 is not
the most efficient combination for OsPHR2. Therefore, we
chose to modify the OsPHFI promoter with HA-P1BS.
As we expected, the transcription rate of OsPHFI was
increased (Fig. 5), whereas its expression pattern was not
changed (Fig. S1). The mRNA expression level of OsPHF'I
in OsPHFI-HA-PIBS was obviously induced under Pi-
deficient conditions (Fig. S2), suggesting the utility of HA-
P1BS for promoter modification. Importantly, the degree of
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induction was mild (about five to tenfold) compared with
that of the 35S promoter (Chen et al. 2011). It was previ-
ously reported that the mRNA expression of OsPHFI is
weakly respond to phosphate starvation (Chen et al. 2011),
whereas when we modified the OsPHF1 promoter with the
HA-P1BS cis-element, mRNA expression was induced. It
is possible that the nucleosome structure or the TFs binding
threshhold of the OsPHFI promoter was changed and the
PHR binding sites were exposed by the HA-P1BS modifi-
cation (Zhou and O’Shea 2011).

Although previous work has shown that the loss of
function of PHO2, SPXs, CAX1/2 and NLAI or the over-
expression of OsPHR2, OsPHFI and OsmiRS827, which
are key members in the plant phosphate regulation sys-
tem, can lead to Pi-overaccumulation (Aung et al. 2006;
Bari et al. 2006; Zhou et al. 2008; Wang et al. 2009a, b,
2012, 2014; Liu et al. 2010; Chen et al. 2011; Shi et al.
2014; Lv et al. 2014), none of those plants grew well
under Pi-deficient conditions. Thus, there must have been
as-yet unknown side effects in these Pi-accumulating
plants. Hence, it is desirable to find an alternative strat-
egy to promote phosphate uptake efficiency without dis-
rupting plant development. In this regard, it is important
that the PHFI-HA-PIBS transgenic lines did not exhibit
retarded growth (Figs. 5a, 6a) and appeared to ben-
efit from the modestly enhanced, but still tissue-specific
expression of OsPHF .

The >*P uptake experiment demonstrated the enhanced
Pi uptake ability of OsPHFI-HA-PIBS (Fig. 5b). Unlike
the lines constitutively overexpressing OsPHFI, which
exhibited Pi accumulation in the shoot and necrosis in the
leaves under Pi-sufficient conditions (Chen et al. 2011),
the OsPHF1-HA-P1BS transgenic lines did not show del-
eterious effects on growth. Therefore, HA-PIBS, as a
Pi-starvation responsive cis-regulator, represents a new
approach for development of plants tolerant of low nutri-
ent conditions, by modifying a key cis-element to mod-
estly increase the expression of genes in situ and avoid
the energetic waste or possible harmful effects of ectopic
overexpression.

Materials and methods
Plant materials and growth conditions

The hydroponic experiments were performed using rice
solution culture (Zhou et al. 2008). Rice plants were grown
in Pi-sufficient (+P, 200 mM), low Pi (20 mM) or Pi-defi-
cient (—P, 0 mM) condition under a greenhouse with a
12/12 light/dark cycle (200 mol m~2 s~! photon density)
at 30/22 °C after germination. Humidity was controlled at
approximately 60 %.
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Yeast one hybrids assay

To identify and characterize the interaction between
OsPHR2 and the promoter regions of OsIPSI, OsIPS2,
OsmiR827, OsPT2 and OsPHFI in yeast, the full length
cDNA of OsPHR?2 was cloned into pB42AD vector (Clon-
tech), thus generating pB42AD-OsPHR2 (AD:OsPHR?2)
for yeast one-hybrid. The promoter regions of OsIPSI
(from —1 to —1,678), OsIPS2 (from —1 to —1,614),
OsmiR827 (from —1 to —1,827), OsPT2 (from —1 to
—1,680) and OsPHF1 (from —1 to —600) were cloned into
pLAZ2u (Clontech). The primers and restriction endonucle-
ase sites used to generate the constructs for these analyses
are listed in Table S2. Yeast strain EGY48 was transformed
with AD:OsPHR?2 and the various reporter gene constructs
and grown on synthetic medium lacking urea and trypto-
phan (Clontech).

The p-galactosidase activity was measured accord-
ing to Calvenzani et al. (2012). Briefly, transformed yeast
from an overnight culture was inoculated into fresh —
Trp/—Ura culture solution, grown to ODg,, ~0.4, and
then collected. Total proteins were extracted to measure
the B-galactosidase activity with reaction buffer (Z-buffer:
60 mM NaH,PO,, 40 mM Na,HPO, anhydrous, 10 mM
KCl, 1 mM Mg,SO,, 50 mM gB-mercaptoethanol), stop-
ping buffer (1.5 M CaCO;) and substrate o-nitrophenyl--
D-galactopyranoside (ONPG: 1.4 mg/mL). Chromogenic
reaction plates were used essentially following the Match-
Maker One Hybrid System manual (Clontech).

Electrophoretic mobility shift assay (EMSA)

To express GST:OsPHR2 recombinant protein in E. coli
strain BL21(DE3) (Novagen), the full-length CDS of
OsPHR2 was amplified with primer pair OsPHR2-GST-
F(BamHI)/OsPHR2-GST-R (Sall) and cloned into the
pGEX-4T-1 vector (GE Healthcare), producing the GST-
PHR?2 vector. The fusion protein was extracted and purified
according to the manufacturer’s instructions. The promoter
regions containing PIBS motif was amplified using the
primer pairs OsIPS1-probe-F/OsIPS1-probe-R, OsIPS2-
probe-F/OsIPS2-probe-R, OsmiR827-probe-F/OsmiR827-
probe-R, OsPT2-probe-F/OsPT2-probe-R and were used
to obtain biotin-labeled probes. The primer sequences are
listed in Table S2. EMSA was performed using the Light-
Shift Chemiluminescent EMSA Kit (Thermo Scientific)
according to the manufacturer’s instructions.

GUS histochemical analyses
To develop transgenic plants expressing the GUS reporter

genes Py pyp;-GUS and P, pyp;-HA-GUS, Nipponbare
genomic DNA fragments containing less than 2,012 bp
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promoter (from start codon ATG) sequence were amplified
with the primer pair OsPHF1-P-GUS-F (Sall)/OsPHF1-
P-GUS-R(Kpnl) and cloned into the binary vector GUS-
pBI101.3 (Clontech). The primer sequences are listed in
Table S2. The GUS constructs were introduced into rice
plants (Nipponbare) using Agrobacterium-mediated trans-
formation. Plant tissues were collected from the transgenic
plants containing P, pyr-GUS and Py ppr;-HA-GUS. The
root and leaf sections were vacuum infiltrated and stained
in GUS solution according to Jefferson et al. (1987).

GUS activities of six independent transgenic lines
(Pospuri-GUS and P ,pyr-HA-GUS) were determined
after 15-days-old plants were grown for 7 days in +Pi
(200 wM) or —Pi solution. Plant tissues were ground in
GUS extraction buffer, and 2 g protein was used for the
fluorometric assay. Protein extracts were incubated in reac-
tion buffer (2 mM 4-methylumbelliferyl-B-p-glucuronide
(MUG), 50 mM Na,HPO, and NaH,PO,, pH 7.0, 0.1 %
Sarkosyl, 0.1 % Triton X-100, 10 mM B-mercaptoethanol,
and 10 mM EDTA) for 30 min, followed by analysis with a
fluorometer (Hoefer Scientific Instruments).

RNA isolation, reverse-transcription PCR, and qRT-PCR

Total RNA was isolated from rice root or shoot with the
Trizol Reagent kit (Invitrogen), according to the manu-
facturer’s protocol. Reverse-transcription PCR using the
Moloney Murine Leukemia Virus Reverse Transcriptase
(M-MLV RT) cDNA synthesis kit (Promega) followed the
manufacturer’s protocol. The quantitative real-time PCR
(qQRT-PCR) was performed as described previously (Liu
et al. 2010). The primers for qRT-PCR are listed in Table
S2.

DNA gel blot analysis of transgenic plants

DNA gel blotting analysis was performed as previously
described (Zhou et al. 2008).

Overlap PCR

To generate different OsIPS2 and OsPHF I promoter muta-
tion constructs, the method of Overlap-PCR (Higuchi et al.
1988) was used. All primers used to make mutations are
listed in Table S2.

Measurements of Pi concentration and Pi uptake ability
in plants

The concentrations of effective phosphorus and total phos-
phorus, as well as the plant biomass were measured follow-
ing the protocols described preciously (Zhou et al. 2008;
Wu et al. 2011).

Acknowledgments This work was supported by grants from the
National Basic Research and Development Program of China (Grant
No. 2011CB100303) and Ministry of Science and Technology of
China (Grant Nos. 2010DFA31080 and 2012AA10A302).

References

Aung K, Lin SI, Wu CC, Huang YT, CI Su, Chiou TJ (2006) pho2, a
phosphate overaccumulator, is caused by a nonsense mutation in
a microRNA399 target gene. Plant Physiol 141:1000-1011

Bari R, Datt Pant B, Stitt M, Scheible WR (2006) PHO2, micro-
RNA399, and PHRI define a phosphate-signaling pathway in
plants. Plant Physiol 141:988-999

Bayle V, Arrighi JF, Creff A, Nespoulous C, Vialaret J, Rossignol M,
Gonzalez E, Paz-Ares J, Nussaume L (2011) Arabidopsis thali-
ana high-affinity phosphate transporters exhibit multiple levels of
posttranslational regulation. Plant Cell 23:1523-1535

Bustos R, Castrillo G, Linhares F, Puga MI, Rubio V, Perez-Perez J,
Solano R, Leyva A, Paz-Ares J (2010) A central regulatory sys-
tem largely controls transcriptional activation and repression
responses to phosphate starvation in Arabidopsis. PLoS Genet
6:¢1001102

Calvenzani V, Testoni B, Gusmaroli G, Lorenzo M, Gnesutta N et al
(2012) Interactions and CCAAT-binding of Arabidopsis thaliana
NF-Y subunits. PLoS One 7(8):42902. doi:10.1371/journal.
pone.0042902

Chen JY, Liu Y, Ni J, Wang YF, Bai YH, Shi J, Gan J, Wu ZC, Wu P
(2011) OsPHF1 regulates the plasma membrane localization of
low- and high-affinity inorganic phosphate transporters and deter-
mines inorganic phosphate uptake and translocation in rice. Plant
Physiol 157:269-278

Chiou TJ, Lin SI (2011) Signaling network in sensing phosphate
availability in plants. Annu Rev Plant Biol 62:185-206

Duan K, Yi KK, Dang L, Huang HT, Wu W, Wu P (2008) Characteri-
zation of a sub-family of Arabidopsis genes with the SPX domain
reveals their diverse functions in plant tolerance to phosphorus
starvation. Plant J 54:965-975

Franco-Zorrilla JM, Gonzailez E, Bustos R, Linhares F, Leyva A, Paz-
Ares J (2004) The transcriptional control of plant responses to
phosphate limitation. J Exp Bot 55:285-293

Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-
Somoza I, Leyva A, Weigel D, Garcia JA, Paz-Ares J (2007) Tar-
get mimicry provides a new mechanism for reg-ulation of micro-
RNA activity. Nat Genet 39:1033-1037

Gonzidlez E, Solano R, Rubio V, Leyva A, Paz-Ares J (2005) Phos-
phate transporter traffic facilitator]l is a plant-specific SEC12-
related protein that enables the endoplasmic reticulum exit of a
high-affinity phosphate transporter in Arabidopsis. Plant Cell
17:3500-3512

Gutjahr C, Banba M, Croset V, An K, Miyao A, An G, Hirochika H,
Imaizumi-Anraku H, Paszkowski U (2008) Arbuscular mycor-
rhiza-specific signaling in rice transcends the common symbiosis
signaling pathway. Plant Cell 20:2989-3005

Higuchi R, Krummel B, Saiki RK (1988) A general method of in
vitro preparation and specific mutagenesis of DNA fragments:
study of protein and DNA interactions. Nucl Acids Res 16:
7351-7367

Holford ICR (1997) Soil phosphorus: its measurement, and its uptake
by plants. Aust J Soil Res 35:227-239

Huang TK, Han CL, Lin SI, Chen YJ, Tsai YC, Chen YR, Chen JW,
Lin WY, Chen PM, Liu TY, Chen YS, Sun CM, Chiou TJ (2013)
Identification of downstream components of ubiquitin-conjugat-
ing enzyme PHOSPHATE?2 by quantitative membrane proteom-
ics in Arabidopsis roots. Plant Cell 25:4044-4060

@ Springer


http://dx.doi.org/10.1371/journal.pone.0042902
http://dx.doi.org/10.1371/journal.pone.0042902

440

Plant Mol Biol (2015) 87:429-440

Jefferson RA, Kavanagh TA, Bevan MW (1987) GUS fusions:
B-glucuronidase as a sensitive and versatile gene fusion marker in
higher plants. EMBO J 6:3901-3907

Kant S, Peng M, Rothstein SJ (2011) Genetic regulation by NLA
and microRNAS827 for maintaining nitrate-dependent phosphate
homeostasis in Arabidopsis. PLoS Genet 7:¢1002021

Kobae Y, Hata S (2010) Dynamics of periarbuscular membranes
visualized with a fluorescent phosphate transporter in arbuscular
mycorrhizal roots of rice. Plant Cell Physiol 51:341-353

Lin WY, Huang TK, Chiou TJ (2013) Nitrogen limitation adaptation,
a target of microRNAS827, mediates degradation of plasma mem-
brane-localized phosphate transporters to maintain phosphate
homeostasis in Arabidopsis. Plant Cell 25:4061-4074

Liu F, Wang ZY, Ren HY, Shen CJ, Li Y, Ling HQ, Wu CY, Lian XM,
Wu P (2010) OsSPX1 suppresses the function of OsPHR2 in the
regulation of expression of OsPT2 and phosphate homeostasis in
shoots of rice. Plant J 62:508-517

Lv QD, Zhong YJ, Wang YG, Wang ZY, Zhang L, Shi J, Wu ZC,
Liu Y, Mao CZ, Yi KK, Wu P (2014) SPX4 negatively regulates
phosphate signaling and homeostasis through its interaction with
PHR2 in rice. Plant Cell 26:1586-1597

Marschner H (1995) Mineral nutrition of higher plants. Academic
Press, London

Miura K, Rus A, Sharkhuu A, Yokoi S, Karthikeyan AS, Raghothama
KG, Baek D, Koo YD, Jin JB, Bressan RA, Yun DJ, Hasegawa
PM (2005) The Arabidopsis SUMO E3 ligase SIZ1 controls phos-
phate deficiency responses. Proc Natl Acad Sci 102:7760-7765

Oropeza-Aburto A, Cruz-Ramirez A, Acevedo-Herndndez GJ, Pérez-
Torres CA, Caballero-Pérez J, Herrera-Estrella L. (2012) Func-
tional analysis of the Arabidopsis PLDZ2 promoter reveals
an evolutionarily conserved low-Pi-responsive transcriptional
enhancer element. J Exp Bot 63:2189-2202

Pao SS, Paulsen IT, Saier MH Jr (1998) Major facilitator superfamily.
Microbiol Mol Biol Rev 62:1-34

Park BS, Seo JS, Chua NH (2014) Nitrogen limitation adaptation
recruits phosphate2 to target the phosphate transporter PT2 for
degradation during the regulation of Arabidopsis phosphate
homeostasis. Plant Cell 26:454-464

Paszkowski U, Kroken S, Roux C, Briggs SP (2002) Rice phosphate
transporters include an evolutionarily divergent gene specifically
activated in arbuscular mycorrhizal symbiosis. Proc Natl Acad
Sci 99:13324-13329

Poirier Y, Bucher M (2002) Phosphate transport and homeostasis
in Arabidopsis. The Arabidopsis Book 1:¢0024. doi:10.1199/
tab.0024

Raghothama KG (1999) Phosphate acquisition. Annu Rev Plant Phys-
iol 50:665-693

Rajkumar AS, Dénervaud N, Maerkl SJ (2013) Mapping the fine
structure of a eukaryotic promoter input—output function. Nat
Genet 45:1207-1215

Rouached H, Stefanovic A, Secco D, Bulak Arpat A, Gout E, Bligny
R, Poirier Y (2011) Uncoupling phosphate deficiency from its
major effects on growth and transcriptome via PHO1 expression
in Arabidopsis. Plant J 65:557-670

Rubio V, Linhares F, Solano R, Martin AC, Iglesias J, Leyva A, Paz-
Ares J (2001) A conserved MYB transcription factor involved in

@ Springer

phosphate starvation signaling both in vascular plants and in uni-
cellular algae. Genes Dev 15:2122-2133

Secco D, Wang C, Arpat BA, Wang ZY, Poirier Y, Tyerman SD, Wu
P, Shou HX, Whelan J (2012) The emerging importance of the
SPX domain-containing proteins in phosphate homeostasis. New
Phytol 193:842-851

Segal E, Widom J (2009) From DNA sequence to transcriptional
behaviour: a quantitative approach. Nat Rev Genet 10:443-456

Shi J, Hu H, Zhang KM, Zhang W, Yu 'Y, Wu ZC, Wu P (2014) The
paralogous SPX3 and SPX5 genes redundantly modulate Pi
homeostasis in rice. J Exp Bot 65:859-870

Shin H, Shin HS, Dewbre GR, Harrison MJ (2004) Phosphate trans-
port in Arabidopsis: Phtl;1 and Phtl;4 play a major role in phos-
phate acquisition from both low- and high-phosphate environ-
ments. Plant J 39:629-642

Vander-Meer JE, Ahituv N (2011) cis-regulatory mutations are
a genetic cause of human limb malformations. Dev Dyn
240:920-930

Wang C, Ying S, Huang HJ, Li K, Wu P, Shou HX (2009a) Involve-
ment of OsSPX1 in phosphate homeostasis in rice. Plant J
57:895-904

Wang ZY, Hu H, Huang HJ, Duan K, Wu ZC, Wu P (2009b) Regula-
tion of OsSPX1 and OsSPX3 on expression of OsSPX domain
genes and Pi-starvation signaling in rice. J Integr Plant Biol
51:663-674

Wang C, Huang W, Ying YH, Li S, Secco D, Tyerman S, Whelan J,
Shou HX (2012) Functional characterization of the rice SPX-
MFS family reveals a key role of OsSPX-MFSI in controlling
phosphate homeostasis in leaves. New Phytol 196:139-148

Wang ZY, Ruan WY, Shi J, Zhang L, Xiang D, Yang C, Li CY, Wu
ZC, LiuY, Yu YN, Shou HX, Mo XR, Mao CZ, Wu P (2014) Rice
SPX1 and SPX2 inhibit phosphate starvation responses through
interacting with PHR2 in a phosphate-dependent manner. Proc
Natl Acad Sci 111:14953-14958

Wu ZC, Ren HY, McGrath SP, Wu P, Zhao FJ (2011) Investigating the
contribution of the phosphate transport pathway to arsenic accu-
mulation in rice. Plant Physiol 157:498-508

Wu P, Shou HX, Xu GH, Lian XM (2013) Improvement of phospho-
rus efficiency in rice on the basis of understanding phosphate
signaling and homeostasis. Curr Opin Plant Boil 16:1-8

Yang XJ, Finnegan PM (2010) Regulation of phosphate starvation
responses in higher plants. Ann Bot (Lond.) 105:513-526

Yang SY, Grgnlund M, Jakobsen I, Grotemeyer MS, Rentsch D,
Miyao A, Hirochika H, Kumar CS, Sundaresan V, Salamin N,
Catausan S, Mattes N, Heuer S, Paszkowski U (2012) Nonredun-
dant regulation of rice arbuscular mycorrhizal symbiosis by two
members of the phosphate transporterl gene family. Plant Cell
24:4236-4251

Zhou X, O’Shea EK (2011) Integrated approaches reveal determi-
nants of genome-wide binding and function of the transcription
factor Pho4. Mol Cell 42:826-836

Zhou J, Jiao FC, Wu ZC, Li YY, Wang XM, He XW, Zhong WQ, Wu
P (2008) OsPHR?2 is involved in phosphate-starvation signaling
and excessive phosphate accumulation in shoots of plants. Plant
Physiol 146:1673-1686


http://dx.doi.org/10.1199/tab.0024
http://dx.doi.org/10.1199/tab.0024

	Genetic manipulation of a high-affinity PHR1 target cis-element to improve phosphorous uptake in Oryza sativa L.
	Abstract 
	Introduction
	Results
	Different DNA binding affinities of OsPHR2 for its various downstream target promoters
	P1BS and P1BS-like motifs together determine the binding ability of OsPHR2
	Fine-tuning of variable P1BS bases to enhance DNA binding affinity of OsPHR2
	HA-P1BS can enhance the activity of the OsPHF1 promoter
	HA-P1BS-modified transgenic plants show tolerance to low phosphate stress

	Discussion
	The P1BS∷P1BS-like structure is essential for the DNA binding of PHR protein
	The fine-tuning of P1BS variable bases for PHR binding affinity
	HA-P1BS is an efficient cis-regulator for cereal crop improvement

	Materials and methods
	Plant materials and growth conditions
	Yeast one hybrids assay
	Electrophoretic mobility shift assay (EMSA)
	GUS histochemical analyses
	RNA isolation, reverse-transcription PCR, and qRT-PCR
	DNA gel blot analysis of transgenic plants
	Overlap PCR
	Measurements of Pi concentration and Pi uptake ability in plants

	Acknowledgments 
	References


