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Summary
Phosphate (Pi)-deficient soils are a major limitant factor for crop production in many regions of

the world. Despite that plants have innovated several developmental and biochemical strategies

to deal with this stress, there are still massive extensions of land which combine several abiotic

stresses, including phosphate starvation, that limit their use for plant growth and food

production. In several plant species, a genetic programme underlies the biochemical and

developmental responses of the organism to cope with low phosphate (Pi) availability. Both

protein- and miRNA-coding genes involved in the adaptative response are transcriptionally

activated upon Pi starvation. Several of the responsive genes have been identified as

transcriptional targets of PHR1, a transcription factor that binds a conserved cis-element called

PHR1-binding site (P1BS). Our group has previously described and characterized a minimal

genetic arrangement that includes two P1BS elements, as a phosphate-responsive enhancer

(EZ2). Here, we report the engineering and successful use of a phosphate-dependent

bidirectional promoter, which has been designed and constructed based on the palindromic

sequences of the two P1BS elements present in EZ2. This bidirectional promoter has a potential

use in both plant in vitro approaches and in the generation of improved crops adapted to

Pi starvation and other abiotic stresses.

Introduction

One of the major limitations for sustained plant growth in most

soils is the scarcity of inorganic phosphate (Pi). A large fraction of

Pi in soils is present as diverse organic and inorganic chemical

forms that are not readily available for plant uptake. As this

macronutrient is needed for the synthesis of vital molecules such

as nucleic acids and phospholipids and for important metabolic

processes, plants have evolved a complex and multifactorial

strategy to adapt and grow in soils with low Pi abundance (Lynch,

1995; Plaxton, 2004; Raghothama, 1999). Such combined

strategy involves the action of Pi as a signal for triggering a

signalling cascade to respond to the internal and external level of

Pi (Lin et al., 2009; Shen et al., 2011).

Cells of roots and rhizoids are in charge of Pi uptake and are the

first organs involved in sensing Pi availability in the rhizosphere. In

Pi-scarce soils, a still unclear signalling pathway is triggered in the

most external cell layers of the roots, and in rhizoids, such pathway

activates a transcriptional machinery that induces the expression of

mRNA and miRNAs that are involved in the myriad of biochemical

and morphological mechanisms that allow the plant to: (i)

reconfigure the root system architecture (RSA) and release Pi from

the organic compounds in the soil, (ii) increase Pi uptake and

transport and (iii) recycle Pi from cellular organic sources (Baker

et al., 2015; Chiou and Lin, 2011; Rouached et al., 2010; Vance

et al., 2003; Williamson et al., 2001).

In Arabidopsis and other plant species, it has been well

characterized that under Pi starvation, the expression of several

miRNAs and mRNAs involved in the adaptive mechanisms

mentioned above is positively regulated by the transcription

factor PHOSPHATE STARVATION RESPONSE 1 or PHR1 (Bari

et al., 2006; Lundmark et al., 2010; Nilsson et al., 2007; Rubio

et al., 2001). PHR1 is a MYB-CC transcription factor with several

homologues in diverse plant species, including PSR1 (Phosphate

Starvation Response 1), the homolog of PHR1 in the chlorophyte

algae Chlamydomonas reinhardtii (Wykoff et al., 1999). PHR1

homologues share the conserved function of orchestrating the

transcriptional programme triggered in response to low Pi

availability and activate the transcription of its target genes by

binding to P1BS (PHR1-binding sites), a conserved DNA motif,

with the consensus sequence GNATATNC, which is present in

the promoters of many phosphate-responsive genes (Franco-

Zorrilla et al., 2004; M€uller et al., 2007; Sobkowiak et al.,

2012). We have previously reported the finding and character-

ization of a conserved enhancer element that regulates the

expression of the Arabidopsis PHOSPHOLIPASE D-Z2 (PLDZ2)

gene in response to Pi availability (Oropeza-Aburto et al., 2012).

This enhancer element, denominated EZ2, is present in the

promoter of PLDZ2 orthologues and in diverse Pi-responsive

genes conserved along plant lineages (Acevedo-Hern�andez

et al., 2012). EZ2 is composed by two P1BS motifs that are

not identical (sequence of the upstream one is GAATATTC and

the other GGATATTC) with a spacer sequence of between 21

and 28 bp in average, depending on the plant species

(Figure 1a). It also has a conserved motif in the spacer region

with the consensus sequence GCAYCAAA and a motif in its 50
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region with the sequence TTTGG or TTTGC. We modified the

EZ2 native enhancer and found that when the two P1BS

elements have the same GAATATTC motif, the induction by Pi

starvation is stronger than the native enhancer, indicating that

the Arabidopsis PHR1 displays a higher affinity for this Modified

EZ2 (M-EZ2) version of the enhancer (Figure 1a). A recent study

demonstrates that when the two P1BS motifs in the promoter of

OsPHF1 were replaced by the same sequence we used in M-EZ2,

there is a drastic increase in the affinity of OsPHR2, the PHR1

ortholog in rice, for this type of cis-regulatory enhancer (Ruan

et al., 2015).

In this work, we describe the design and functional character-

ization of a bidirectional promoter based on the M-EZ2 enhancer,

which responds with high sensitivity to Pi concentrations. Our

results show that this novel tool has a potential use in the

generation of crops with improved capacity to deal not only with

Pi starvation, but also other abiotic stresses associated with

Pi-scarce soils. Moreover, M-EZ2-based bidirectional promoter

can be used to drive gene expression for in vitro plant biotech-

nology, where Pi availability can be used to modulate expression

of diverse proteins as reporters and/or resistance markers, in a

reversible manner.

Results

In-tandem arrangement of M-EZ2

In a previous work (Oropeza-Aburto et al., 2012), we identified

an enhancer element in the regulatory region of the Arabidopsis

Figure 1 Structure of EZ2 and M-EZ2 and level expression of tandem enhancers. (a) The native upstream sequence of the PLDZ2 (locus At3g05630)

between position �782 and 717 pb relative to the start codon (top sequence), and the modified sequence containing the duplicated P1BS motif (red) to

obtain the M-EZ2 enhancer (bottom sequence) are shown. (b) Structure and expression of pPLDZ2-GUS::GFP, Arabidopsis plants carrying the PLDZ2

promoter driving the gene GUS were grown in P+ (1 mM) and P� (0 mM) medium for 10 dag. Plants were stained for GUS activity, and cotyledons, lateral

roots and root meristematic region were photographed using Nomarsky optics. (c) Structure and expression of chimeric promoters composed of the

sequence of modified enhancer once (1XM-EZ2), twice (2XM-EZ2) and three times (3XM-EZ2) inserted upstream of the �46 S minimal 35S promoter

driving the expression of GUS. Seedlings were grown for 10 dag in medium Pi+ (1 mM) or Pi� (0 mM) and stained for GUS activity. Cotyledons, lateral roots

and root apical meristems of representative plants from each line and for each condition (Pi+ and P�) were photographed using Nomarsky optics. Bars,

100 lm. (d) Results of the fluorometric assay of eight independent lines for each construction are shown. Values indicate the mean obtained for two

biological replicates and four independent technical replicates for each biological sample. Different letters above bars indicate statistically significant

differences based on an ANOVA test.
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PLDZ2 gene. The sequence and arrangement of this enhancer is

described in detail in Figure 1a. A modified version of this

enhancer when fused to the �46 cauliflower mosaic virus 35S

minimal promoter (46PMin35S) was shown to drive high levels of

expression of both UidA (GUS) and GFP reporter genes in a low

Pi-dependent manner (Oropeza-Aburto et al., 2012). The mod-

ified promoter, named M-EZ2, turns on transcription in response

to Pi starvation. To determine whether a promoter with more

than one copy of M-EZ2 could increase the responsiveness to Pi

starvation, we generated synthetic promoters with two or three

copies of the M-Z2 enhancer (2XM-EZ2 and 3XM-EZ2 versions),

fused to the 46PMin35S and a GUS-GFP double reporter gene

construct (Figure 1c). Arabidopsis transgenic lines were obtained

by transforming plants independently with 1XM-EZ2-GUS::GFP,

2XM-EZ2-GUS::GFP or 3XM-EZ2-GUS::GFP and its responsiveness

to Pi availability tested (Figure 1c).

The number of M-EZ2 copies in the promoter is directly
proportional with the strength in GFP and GUS
expression

As a first approach to qualitatively determine the transcriptional

effect of different number of M-EZ2 copies, seeds from several

independent transgenic 1XM-EZ2-GUS::GFP, 2XM-EZ2-GUS::

GFP, 3XM-EZ2-GUS::GFP and pPLDZ2-GUS::GFP lines were ger-

minated and grown either in P+ (1 mM) or P� (0 mM) medium.

Seedlings of 10 days after germination (dag) were stained for

GUS activity, and representative images of each line are shown

(Figure 1b and c). As previously reported (Oropeza-Aburto et al.,

2012), under Pi-sufficient conditions, pPLDZ2-GUS::GFP seedlings

only stain for GUS in the root meristematic region, whereas in

Pi-limiting conditions there is a clear increase in GUS activity in

cotyledons and all root tissues (Figure 1b). We observed that for

1XM-EZ2-GUS::GFP lines there is no GUS in Pi+ conditions, while

in Pi� conditions 1XM-EZ2-GUS::GFP seedlings showed a similar

GUS pattern to that observed for pPLDZ2-GUS::GFP lines grown

in P� media, although less intense (Figure 1b and c). Seedlings of

2XM-EZ2-GUS::GFP and 3XM-EZ2-GUS::GFP lines grown in Pi+
conditions showed weak GUS staining in the vascular tissue of

both cotyledon and root, but never the root meristematic zone,

even when plants were incubated overnight for staining (Fig-

ure 1c). However, in Pi� conditions seedlings showed a dramatic

increase in GUS activity in all root tissues, including root hairs, a

strong was also observed in the cotyledons. In summary, the

number of copies of the M-Z2 enhancer determines the spatial–
temporal patterns of GUS expression and the strength of the

response to Pi deprivation (Figure 1c).

To determine in a quantitative manner the increase in GUS

expression, we first performed fluorometric GUS assays to

quantify the activity of Beta-Glucuronidase (the protein coded

in the UidA gene or GUS) in seedlings of eight independent lines

for each of the synthetic promoters that differ in the number of

M-EZ2 enhancer elements (Figure 1c–d and Table S1). Seedlings

were germinated and grown in medium with phosphate (1 mM)

or without phosphate (0 mM) for 10 days after germination (dag)

and then GUS activity determined for each line. In P� conditions,

the 1XM-EZ2-GUS::GFP seedlings showed an average activity of

25.249 pmol MU/lg protein min, which is only the half of the

average value of the full Arabidopsis PLDZ2 promoter (pPLDZ2-

GUS::GFP). The average activity for the 2XM-EZ2-GUS::GFP line

was 153.609 pmol MU/lg protein min, which represents 2.9

times higher than full PLDZ2 promoter, whereas the 3XM-EZ2-

GUS::GFP lines showed the highest average value of expression,

433.1 pmol MU/lg protein min, this is 8.321 times more than

that showed by the PLDZ2-GUS::GFP lines. Statistical analyses

(ANOVA) showed that between the 1XM-EZ2-GUS::GFP and the

complete PLDZ2-GUS::GFP there is no significant difference in the

level of GUS expression in seedlings grown under Pi-limiting

conditions; by contrast, there is significant differences between

the expression directed by the 2XM-EZ2-GUS::GFP and 3XM-EZ2-

GUS::GFP synthetic promoters and that observed for the com-

plete PLDZ2 promoter. Furthermore, in Pi+ media there is no

difference in the level of expression directed between the

synthetic promoters with that observed for the complete PLDZ2

promoter (Figure 1d). The fold change of GUS activity between

seedling grown in Pi+ media compared to Pi� media for 1XM-

EZ2-GUS::GFP, 2XM-EZ2-GUS::GFP and 3XM-EZ2-GUS::GFP lines

was 10.11, 79.44 and 35.01, respectively. The lower fold change

induction in 3XM-EZ2-GUS::GFP seedlings with respect to 2XM-

EZ2-GUS::GFP is due to a higher basal activity when they are

grown in Pi supply media (Table S1). Also in the 3XM-EZ2-GUS::

GFP lines in which GUS activity was as high as 848.45 pmol MU/

lg protein min, this represents 16.3 times higher than that

quantified for the PLDZ2-GUS::GFP line and it was comparable or

even higher than the GUS expression observed in constructs

driven by the CAMVS35S promoter (Table S1).

These results indirectly show that the transcriptional activation

in response to Pi availability, as indicated by the level of GUS

activity, increases as the number of copies of M-EZ2 also

increases.

To directly measure the effect of the number of copies of

M-EZ2 on gene transcription, we performed both semiquantita-

tive reverse transcription PCR (RT-PCR) and quantitative reverse

transcription PCR (qRT-PCR) assays to determine the levels of GUS

transcripts. For these experiments, seedlings were germinated

and grown for 7 days in Pi+ solid medium (1 mM) and transferred

to Pi� liquid medium (0 mM). For RNA extraction, samples were

frozen and processed at different time points: 12, 24, 48, 72 and

96 h post-transference (hpt). Our results showed that GUS mRNA

levels, when transcription is under the control of the unmodified

(native) EZ2, were almost absent in seedlings grown in P+ media

and a weak gradual response to Pi-starvation conditions was

observed when compared to the RT-PCR products observed when

GUS transcription was driven under the control of the full PLDZ2

promoter and the 1X version of MEZ2 (Figure 3a). Also, in these

RT-PCR assays we were able to observe that the 2XM-EZ2

promoter version gradually increases the GUS gene transcription

upon time in response to Pi starvation in a similar fashion to that

observed for the full PLDZ2 promoter (Figure 3a). Interestingly,

the 3XM-EZ2 promoter version responded earlier and stronger

than any other of the promoter versions, including the full PLDZ2

promoter (Figure 3a).

In order to quantify the higher sensitivity of 3XM-EZ2 promoter

in comparison with that of PLDZ2, the GUS transcripts levels were

determinated by a qRT-PCR. Our results showed that in response

to low Pi, the 3XM-EZ2 promoter induces the expression of the

GUS transcripts 48.2-fold 24 h after seedlings were submitted to

the stress, whereas for the PLDZ2 promoter, GUS transcript levels

at this time point were 7.08-fold higher than the controls in

Pi+ media. This behaviour was similar in the following time points

of the treatment; by 48, 72 and 96 h, the GUS transcript levels

under the 3XM-EZ2 promoter were, respectively, 207.63, 395.92

and 710.86 while those of the PLDZ2 promoter in the corre-

sponding times were 69.19, 203.45 and 250.29 (Figure 3b and

c). These results correlate well with the qualitative analyses of GFP
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expression in PLDZ2-GUS::GFP and 3XM-EZ2-GUS::GFP lines, by

analysing the expression pattern of the transgene in a similar

conditions and time point used for GUS q-RT-PCR analysis. Our

results clearly show a higher GFP expression, especially in the

vascular tissue of 3XM-EZ2-GUS::GFP roots, when compared with

those of PLDZ2-GUS::GFP (Figure 2).

M-EZ2 displays a high sensitivity to internal and external
Pi concentrations

It has been shown that phosphite (Phi), a nonassimilable source of

phosphorus for plants, a structural analogue of Pi that it is

transported to the cytoplasm via the same transport system as Pi

in plant cells (Danova-Alt et al., 2008), is perceived by the plant as

Pi altering some of the responses to Pi deficiency, mainly delaying

the initial response triggered by external and internal reduction of

Pi levels (Ticconi et al., 2001; Varadarajan et al., 2002). Taking

advantage of this knowledge, we tested whether Phi addition to

the media could alter the intensity and/or timing of the response

of PLDZ2 and M-EZ2 promoters to Pi starvation. For this, PLDZ2-

GUS::GFP and 3XM-EZ2-GUS::GFP seedlings were transferred

from P+ medium either to Phi+ Pi� or Pi� medium, and samples

were taken at different time points (12, 24, 48, 72 and 96 hpt) for

RNA extraction and qRT-PCR evaluation of GUS transcripts. Ours

results showed that the presence of Phi decreases the GUS

transcripts at each time point after plants are subjected to low Pi

availability. This decrease indirectly shows that Phi delays the

response of PLDZ2 along the time course experiment. For

instance, while in plants transferred to Pi� medium there is a

clear increase in GUS transcripts by 48 hpt (Figure 3b), in plants

transferred to Phi+ Pi� medium this increase was observed until

96 hpt and the final level of induction was significantly lower in

seedlings transferred to media containing Phi than those trans-

ferred into media lacking Pi (Figure 3b). 3XM-EZ2-GUS::GFP

seedlings also showed this delay, as plants transferred to media

containing Phi had a detectable decrease with respect to the

signal detected for seedlings grown in Pi� media. However, the

expression is significantly higher than that observed for the PLDZ2

promoter at all tested time points (Figure 3c). This suggests that

Figure 2 Pi-starvation-induced expression of GFP in Arabidopsis plants. Transgenic pPLDZ2-GUS::GFP and 3XM-EZ2-GUS::GFP lines were grown in

Pi-sufficient conditions for 7 dag and induced in Pi-deficient medium (P�) for 24, 48 and 72 h. Plants grown in P+ medium as control are shown.

Photographs of root apical meristem and root elongation zone were taken using Zeiss confocal optics in a LSM510 META microscope. Bar in the upper left

picture = 50 lm. All the other pictures have the same scale.
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three copies of M-EZ2 increased the sensitivity of the 3XM-EZ2

synthetic promoter to Pi availability in such a manner that even in

the presence of a molecule that mimics Pi presence, as Phi does,

the promoter is still able to strongly respond to Pi scarcity. These

results suggest that Phi acts in Arabidopsis plants via the P1BS

DNA motif, which is the only regulatory element in the 3XM-EZ2

synthetic promoter that is known to respond to low phosphate

availability and, therefore, it must be by promoting the interaction

of PHR1 and SPX1, as previously shown under in vitro binding

conditions (Puga et al., 2014).

Reversible behaviour of M-EZ2

To determine whether the expression directed by the EZ2

synthetic promoters is reversible after the transcriptional activa-

tion by Pi starvation, we transferred seedling grown in Pi� media

for 7 dag into Pi+ media and then determine GUS transcript

levels. We could clearly observe that the expression of the

chimeric promoters was repressed upon transfer from Pi� media

into Pi+ media (Figure 4a). This behaviour was quantified by qRT-

PCR (Figure 4b and c) comparing the complete promoter and the

3X enhancer version. The transcription levels were reduced

36.04% and 39.99% in the first 30 min in pPLDZ2 and the 3XM-

EZ2 seedlings, respectively. 1, 3, 6 and 12 h post-treatment the

level of transcription for pPLDZ2 progressively declined in

59.04%, 86.84%, 90.33% and 92.5%. In the case of 3XM-EZ2

seedlings, this percentage was reduced in 40.16%, 86.83%,

95.56% and 98.82% at the respective time points. These results

confirm that the activity of the M-EZ2 enhancer is directly

regulated by internal levels of Pi.

Generation and function of a bidirectional Pi-responsive
promoter

In nature, the presence of genes located on opposite DNA

strands, which transcription is under the control of a bidirec-

tional promoter has been reported in several cases (Banerjee

et al., 2013; Dhadi et al., 2009; Liu and Han, 2009; Wang

et al., 2009). The capacity of bidirectional promoters to control

the expression of two opposite open reading frames (ORFs) is

many times dependent on the presence of enhancer elements

that can affect the expression of proximal promoters located

upstream and downstream of the enhancer element (Chatur-

vedi et al., 2006). Based on the fact that enhancers can

modulate transcription independent of their orientation, genetic

engineering strategies have been designed to develop minimal

bidirectional promoters that confer a specific spatio-temporal

transcriptional pattern (Mehrotra et al., 2011; Venter, 2007).

As the P1BS sequence is palindromic (GAATATTC) and EZ2 acts

an enhancer, it is predictable that the activity of the triple

enhancer element could act in both orientations. Therefore, we

tested the capacity of the 3XM-EZ2 element to function

bidirectionally by fusing a minimum nopaline synthase pro-

moter (PMinNOS) at its 50 end in opposite direction to

46PMin35S (Figure 5a, Figure S1). The PMinNOS-3XM-EZ2-

46PMin35S bidirectional promoter recombined in

the pBGWFS7 plasmid to generate the PMinNOS-3XM-EZ2-

46PMin35S-GUS::GFP transcriptional fusion. Then, the gene

coding regions for hygromycin resistance (hygromycin B phos-

photransferase or HYGBP) and GUS-GFP were placed

Figure 3 Comparative GUS expression analysis among the native PLDZ2 promoter, EZ2 native and the M-EZ2 enhancer versions upstream of the �46 S

minimal 35 promoter in response to Pi deficiency and Phi supply. (a) Semiquantitative RT-PCR assays of GUS transcripts driven by either pPLDZ2, EZ2,

1XM-EZ2, 2XM-EZ2 or 3XM-EZ2 were carried out for plants grown for 7 dag in P+ (1 mM) and transferred to P� (0 mM) medium for 12 h, 24 h, 48 h, 72 h

and 96 h. Transcript levels for plants grown continuously in P� are also indicated. (b) Quantitative reverse transcription PCR analysis for GUS expression of

plants carrying pPLDZ2-GUS::GFP and (c) 3XM-EZ2-GUS::GFP, grown in P+ (1 mM) for 7dag and transferred to P� (0 mM) or phosphite (Phi, 1 mM) are

shown. A time course indicating the transcript level of the reporter gene is shown. Values are reported as a relative quantification [2(�Δ Cт)] between the

reporter gene and the ACTIN2 gene for each condition. Data are the mean of two biological replicas, and letters above bars indicate statistically significant

differences supported by ANOVA test.
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downstream of the PMinNOS and 46PMin promoters, respec-

tively. The binary vector carrying the dual transcriptional

phusion HYGBP::PMinNOS-3XM-EZ2-46PMin35S-GUS::GFP (Fig-

ure 5a) between the T-DNA borders was used to transform

Arabidopsis plants, and the resulting homozygous lines were

tested for GUS and HYGBP activity. To test the capacity of

HYGBP::PMinNOS-3XM-EZ2-46PMin35S-GUS::GFP (3XM-EZ2Bi)

lines to express the Hygromycin resistance gene, seedlings

were germinated and grown in solid medium lacking Pi for

6 days and then transferred to either Pi+ or Pi� mediums, both

added with 15 mg/L of hygromycin. Seedlings transferred to

Pi+/Hyg medium died in a similar manner to hygromycin

sensible controls (HYGS in Figure 5b), whereas seedlings

transferred to Pi�/Hyg medium were able to survive, develop-

ing green cotyledons and leaves similar to that observed for

seedlings harbouring the Hygromycin resistance gene under the

35S promoter (HYGR in Figure 5b, left panel). These results

correlate well with GUS patterns of 3XM-EZ2Bi seedlings

transferred to Pi�/Hyg subjected to the staining protocol which

show a strong blue after the reaction (Figure 5b, right panel),

while the seedlings grown in Pi+ medium do not show

detectable blue staining, indicating that they do not express

GUS gene at all (Figure 5b, right panel).

We performed a quantitative analysis of GUS and HYGBP

transcripts in 3XM-EZ2 Bi seedlings grown 7dpg in Pi+ solid

medium and then transferred to Pi� medium for 72 h. Seedlings

of six independent lines showed a transcriptional GUS behaviour

similar to the unidirectional 3XM-EZ2 lines (Figure 5c). In the case

of the HYGBP gene, transcript levels were also induced in

seedlings transferred to Pi� when compared to the control. Our

results also evidenced that, although enough to confer hygro-

mycin resistance to plants, the HYGBP transcripts levels are 10

times lower than those of GUS transcripts, suggesting that either

the strength with which M-EZ2 enhancer influences the tran-

scription of minimal promoters is orientation dependent or that

the nature of the minimal promoter determines the strength of

the effect of this enhancer element; in this case, PMinNOS can

influence the level of induction conferred by the 3XM-EZ2

enhancer construct (Figure 5d).

Discussion

In this study, we built a promoter by arranging in tandem three

copies of a modified enhancer from the promoter region of the

Arabidopsis PLDZ2 gene, which strongly responds to Pi starvation

(M-EZ2; Oropeza-Aburto et al., 2012). We found that the 3XM-

EZ2 promoter is highly sensitive to Pi scarcity, showing that the

number of copies of the enhancer drastically influences the

strength of the response. It has been previously shown the

importance of P1BS as a cis-acting motif in the Pi-starvation

response. However, the presence of P1BS in a given promoter is

not enough to confer Pi-responsiveness to the gene, the specific

sequence of the motif and the distribution of one or more motifs

in the sequence context define the strength of the transcriptional

response to the stress (Bustos et al., 2010; Oropeza-Aburto et al.,

2012; Ruan et al., 2015). We also show that the composition of

the M-EZ2 element confers an optimal sequence and spatial

arrangement to increase the sensitivity to the action of the

transcriptional activator PHR, a sensitivity that increases in

function of the number of M-EZ2 copies.

The P1BS, as a target sequence of PHR1 in a natural or artificial

promoter, depends on the amount of this TF and its activity. PHR1

capacity to act on P1BS depends, in turn, on the direct binding

among SPX1 and PHR1 proteins, a Pi-dependent interaction which

Figure 4 Comparative GUS expression analysis among the native PLDZ2 promoter, EZ2 native and the M-EZ2 enhancer versions upstream of the �46 S

minimal 35 promoter in response to Pi supply. (a) Plants grown for 7 dag in medium P� (0 mM) and then transferred to medium P+ (1 mM) were analysed

by semiquantitative RT-PCR assay. GUS transcript levels from the pPLDZ2, EZ2 native, 1XM-EZ2, 2XM-EZ2 and 3XM-EZ2 constructs are shown at 0.5, 1, 3, 6

and 12 h. GUS transcript levels of plants grown continuously in P+ are also indicated. (b) Real-time qRT-PCR analysis of pPLDZ2::GUS:GFP and c) 3XM-EZ2::

GUS:GFP from plants grown 7 dag in P� (0 mM) and transferred to P+ (1 mM) are shown. Values are reported as a relative quantification [2(�ΔΔ Cт)] in which

was considered the sample P� 0 h as calibrator and as an endogenous control ACTIN2 gene. Values are the mean of two biological replicas, and letters

above bars indicate statistically significant differences resulted from ANOVA test of the data.
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inhibits PHR1 DNA-binding. Puga et al. (2014) showed that in the

presence of Pi the SPX1 binds PHR1, inhibiting the transcriptional

activation of PHR1 targets. They also reported that phosphite (Phi)

was able to interfere with the interaction between PHR1 and SPX

using an in vitro binding assay. As the M-EZ2 enhancer only

contains the P1BS-binding site as a Pi�responsive element, the

observation that the 3XM-EZ2 is still influenced by Phi provides

in vivo support of the notion that Phi directly acts by promoting the

interaction between PHR1 and SPX1. However under Pi-starvation

conditions, low Pi concentrations decrease the interaction

between SPX1 and PHR1 complex, releasing PHR1 which activates

its transcriptional targets, among which is SPX1 gene itself.

Indeed, SPX1 transcription is repressed in the presence of Phi and

absence of Pi, in both shoots and roots (Jost et al., 2015).

An important observation in this study is that the 3XM-EZ2

promoter responds to Pi limitation, even in the presence of Phi.

This suggests that the sensitivity of the 3XM-EZ2 promoter to Pi

absence is high enough to discriminate among Phi and Pi; in other

words, the promoter detects specifically the scarcity of the ion

orthophosphate as a signal even in the presence of Phi. However,

more and detailed experiments should be performed in the future

to fully confirm or discard such hypothesis.

Moreover, we found that the induction of transcription in

response to Pi scarcity, driven by the 3XM-EZ2 promoter, can be

reversed by resupplying Pi to the medium. Therefore, our

designed promoter behaves as a switch that can be turned On

or Off in function of the Pi concentration in the medium. Such

features of the 3XM-EZ2 promoter prompted us to construct a

Figure 5 Pi-starvation responsiveness of bidirectional 3XM-EZ2 enhancer. (a) Diagram showing the structure of 3XM-EZ2 Bi, harbouring at the core the

M-EZ2 enhancer, at the 50 end the minimal NOS promoter and the HYG B phosphotransferase gene in opposite directions, and at the 30 end the �46 S

minimal 35 S promoter followed by the GFP and uidA genes. (b) Expression analysis of the two reporter genes in Arabidopsis plants. Hygromycin B

resistance of Arabidopsis seedlings growing in induction medium without Pi (5 lM) and then transferred to Hyg medium (15 mg/L) with (1 mM) or without

(5 lM) Pi. Hygromycin B-resistant and hygromycin B-sensitive plants were grown as controls (two left panels). The right panel shows GUS activity of

seedlings grown for 10 dag in medium Pi+ (1 mM) and Pi� (0 mM) and then stained and photographed. (c) Quantitative reverse transcription PCR assay of

plants carrying 3XM-EZ2 Bi. Six independent lines were analysed for (c) GUS and (d) HYG B phosphotransferase expression, and a representative line

carrying 3XM-EZ2 enhancer was analysed as control. Values are the result of a relative quantification [2(�Δ Cт)] between the reporter gene and ACTIN2 gene

for each condition.
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bidirectional version of the promoter by fusing two unidirectional

minimal promoters in opposite direction driven by 3XM-EZ2 cis-

regulatory elements (3XM-EZ2Bi). Our results demonstrated that

3XM-EZ2Bi was able to efficiently induce the transcription of two

reporter transgenes in Arabidopsis seedlings in response to Pi

availability. In the past years, the need for simultaneous multiple

gene expression for biotechnological application in plants has led

to the generation of bidirectional promoters base on plant cis-

regulatory regions (Chaturvedi et al., 2006; Frey et al., 2001; Li

et al., 2004; Mitra et al., 2009; Xie et al., 2001). The latest

attempts have improved the design of bidirectional promoters

avoiding gene silencing, and this is the case of a light-induced

‘natural’ bidirectional promoter of Arabidopsis, which was used

to express simultaneously two transgenes (Mitra et al., 2009).

Although bidirectional promoters occur naturally in plants, very

few have been shown to activate the expression of two genes

by the same environmental stimuli and with a similar tissue-

specific pattern of expression. Besides Mitra et al. (2009) work,

to date no natural or designed bidirectional promoters triggered

by environmental factors have been reported. To our knowl-

edge, this study describes the first designed bidirectional

promoter which can be turned on by phosphate deficiency.

Moreover, it behaves in a reversible manner. Therefore, the

3XM-EZ2Bi design represents a novel tool for multiple gene

expression modulated first by Pi availability and second by the

nature of the opposite promoters used. The fact that 3XM-EZ2 is

able to turn On and Off in a high sensitive fashion, depending

on the Pi concentrations in plant roots, points to very promising

potential uses of this tool not only for in vitro research and

biotechnology applications, but also for crop improvement

approaches to allow plants grow in soils with low phosphate

amounts and other stresses, as the bidirectionality of the

promoter will allow the expression of genes to cope with more

than one abiotic stress.

Experimental procedures

Plant material and growth conditions

Arabidopsis thaliana transgenic lines were generated in Col0

ecotype background. Seeds were disinfected with 20% (v/v)

bleach in water, followed by several rinses of sterile distilled

water. The medium used for germination and all other experi-

ments was MS 0.1X supplemented with NaH2PO4 (1 mM) or

without NaH2PO4 (0 mM), 0.5% sucrose and 10 g/L agar.

Protein extraction and fluorometric GUS assays

GUS activity was determined in plantlets grown 10dag under

limiting (0 mM) or sufficient (1 mM) phosphate. The plantlets were

ground in protein extraction buffer containing 50 mM KPO4, pH

7.0, 10 mM EDTA, 0.1% Triton X-100, 0.1% Sarkosyl and 10 mM

b-mercaptoethanol, and protein was quantified by Bio-Rad

Protein Assay. One lg of plant protein extract from the

phosphate-limiting or phosphate-sufficient conditions was incu-

bated with 2 mM of 4-methylumbelliferyl-b-D-glucuronide in

protein extraction buffer for 90 min and 240 min, respectively.

GUS activity was measured fluorometrically using a high-

performance multilabel plate reader TECAN Infinite M1000.

Histochemical GUS

Seedlings grown for 10 dag on solid medium with (1 mM) or

without (0 mM) phosphate were incubated in GUS reaction buffer

(0.5 mg/mL of 5-bromo-4-chloro-3-indolyl-b-D-glucuronide in

100 mM sodium phosphate, pH 7.0) overnight at 37 °C. After,
tissues were cleared (Malamy and Benfey, 1997) and represen-

tative plants were photographed using Nomarski optics in a Leica

DMR microscope.

Real-time quantitative analysis

Plants carrying the pPLDZ2-GUS::GFP and 3XM-EZ2-GUS::GFP

were grown for 7 dag in Pi-sufficient medium and then

transferred to liquid medium without Pi for 12, 24, 48, 72 and

96 h, or liquid medium with Phi (1 mM); plants were then

collected, frozen and ground to isolate total RNA using the TRIzol

reagent method (Invitrogen). The same lines were grown in

Pi-limiting medium and then transferred to Pi-sufficient liquid

medium for 0.5, 1, 3, 6 and 12 h. cDNA was synthesized with

SuperScript III reverse transcriptase (Invitrogen) using 30 lg of

total RNA for each sample. The qPCR was performed in a Real-

time PCR ABI PRISM 7500 sequence detection system (Applied

Biosystems), using SYBR Green PCR Master Mix (Applied Biosys-

tems) and specific primers (Table S2). The PCR conditions were as

follows: 10 min at 95 °C and 40 cycles at 95 °C for 30 s, 60 °C
for 30 s and 72 °C for 40 s. Relative transcript abundance was

determined using the ACTIN2 transcript as control. At least three

independent PCRs were performed for each sample. The same

procedure for qRT-PCR assay was used to analyse plants carrying

the 3XM-EZ2Bi grown in medium P+ (1 mM) for 7 dag and

transferred for 72 h to P� (0 mM) liquid medium.

Semiquantitative RT-PCR assay

RNA was isolated from plants carrying the EZ2-GUS::GFP,

pPLDZ2-GUS::GFP, 1XM-EZ2-GUS::GFP, 2XM-EZ2-GUS::GFP and

3XM-EZ2-GUS::GFP constructs. Plants were subjected to transfer

experiments from Pi sufficient to Pi limiting, and Pi limiting to Pi

sufficient as in real-time assay. cDNA synthesis was performed

using 100 ng of total RNA with SuperScript III (Invitrogen)

following the manufacturer instructions. The PCR amplification

conditions for GUS transcripts were 94 °C for 3 min and 26

cycles at 94 °C for 30 s, 58 °C for 30 s and a final extension step

at 72 °C for 40 s. PCR amplification for ACTIN2 were 94 °C for

3 min and 25 cycles of 94 °C for 30 s, 60 °C for 30 s and 72 °C
for 30 s.

The 1X, 2X and 3XM-EZ2 enhancer element construct

We used the previously reported construct EZ2P1BS4(2X)-GUS::

GFP in plasmid pKGWFS7 (Oropeza-Aburto et al., 2012) as a

backbone to generate new constructs containing two and three

times this modified enhancer element (M-EZ2) driving GUS-GFP

expression.

We designed single-stranded oligonucleotides containing the

sequence of the DNA chain with one (M-EZ2) or two modified

enhancer elements and Hind III in both extreme sites (Table S2).

We then synthesized the complementary chain with the DNA

polymerase Klenow Fragment using a reverse specific primer

(Table S2). These double-stranded fragments were restricted with

Hind III and cloned in the Hind III site of the backbone plasmid

pKGWFS7 in which the modified enhancer element EZ2P1BS4

(2X)-GUS::GFP had been cloned previously (Oropeza-Aburto

et al., 2012).

These constructs were introduced in Agrobacterium tumefa-

ciens and then used to transform Arabidopsis thaliana by the

floral dip method (Martinez-Trujillo et al., 2004).
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The 3XM-EZ2 bidirectional hygromycin and GUS-GFP
construct

A bidirectional enhancer 3XM-EZ2 containing the EZ2 enhancer

element three times, the �46 minimum promoter of 35S at

the 30 and the minimum promoter of the nopaline synthase

gene in opposite direction at the 50 end, was synthesized

(Figure S1).

This fragment carrying the 3XM-EZ2 bidirectional enhancer

was cloned by recombination in pDONR221 plasmid using a

GATEWAY BP kit (Invitrogen), and then subcloned in the destiny

plasmid pBGWFS7 using the GATEWAY LR kit (Invitrogen).

A DNA fragment containing the hygromycin B phosphotrans-

ferase gene and the NOS terminator was obtained by XbaI

restriction from plasmid pWRG1515 and isolated. This fragment

was cloned in the unique Xba I site of plasmid pBGWFS7 carrying

the 3XM- EZ2 bidirectional enhancer, verifying that it had been

cloned in the correct orientation.

This construction was introduced in Agrobacterium tumefa-

ciens by electroporation, and this strain was used for Arabidopsis

transformation by the floral dip method (Martinez-Trujillo et al.,

2004).
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Additional Supporting Information may be found online in the

supporting information tab for this article:

Figure S1. Sequence and arrangement of the 3XM-EZ2 bidirec-

tional enhancer element. In Italics is represented minimum prom

NOS at 50 in opposite direction, and at the 30 extreme the

minimum promoter �46 S. In box, restriction sites EcoR1, Spe I

and Bgl II. In bold enhancer 3XM-EZ2. Underlined P1BS sites.

Lowercase, attB1 and attB2 recombination sites.

Table S1. GUS activity of pPLDZ2, EZ2, 1XM-EZ2, 2XM-EZ2 and

3XM-EZ2 constructions. p35S activity is shown as control. Values

are the mean of 4 technical replicas, and sample 1 and 2 are

biological replicas.

Table S2. Sequence of oligonucleotides used for synthesize DNA

fragments to generate the in-tandem enhancers and primers used

for Real-Time PCR and RT-PCR assays.

ª 2016 The Authors. Plant Biotechnology Journal published by Society for Experimental Biology and The Association of Applied Biologists and John Wiley & Sons Ltd., 15, 558–567

Phosphate-responsive enhancer for dual gene expression 567

http://dx.doi.org/10.3389/fpls.2012.00058

