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Inorganic phosphate (Pi) availability is a major factor determining growth and consequently the productivity of crops. However, it
is one of the least available macronutrients due to its high fixation in the rhizospheres. To overcome this constraint, plants have
developed adaptive responses to better acquire, utilize, and recycle Pi. Molecular determinants of these adaptive mechanisms
include transcription factors (TFs) that play a major role in transcriptional control, thereby regulating genome-scale networks. In
this study, we have characterized the biological role of Arabidopsis thaliana Ethylene Response Factor070 (AtERF070), a Pi starvation-
induced TF belonging to the APETALA2/ETHYLENE RESPONSE FACTOR family of TFs in Arabidopsis (Arabidopsis thaliana). It is
localized to the nucleus and induced specifically in Pi-deprived roots and shoots. RNA interference-mediated suppression of
AtERF070 led to augmented lateral root development resulting in higher Pi accumulation, whereas there were reductions in
both primary root length and lateral root number in 12-d-old transgenic seedlings overexpressing AtERF070. When the
overexpressing lines were grown to maturity under greenhouse conditions, they revealed a stunted bushy appearance that
could be rescued by gibberellic acid application. Furthermore, a number of Pi starvation-responsive genes were modulated in
AtERF070-overexpressing and RNA interference lines, thereby suggesting a potential role for this TF in maintaining Pi homeostasis.

Inorganic phosphate (Pi) is one of the essential
macronutrients that plays a pivotal role in metabolic
processes (Marschner, 1995). Despite high Pi content in
natural and agroclimatic environments, its availability
is limited by its high fixation and slow diffusion rates
in rhizospheres (Raghothama, 1999; Plaxton and Tran,
2011). Plants adapt to Pi deficiency by evolving an
array of developmental, biochemical, and molecular
responses facilitating optimal acquisition, mobili-
zation, and distribution of Pi (Franco-Zorrilla et al.,
2004; Lynch, 2011; Smith et al., 2011; Jain et al., 2012). In
Arabidopsis (Arabidopsis thaliana), Pi deficiency triggers
modulation of root system architecture (RSA), and in-
creases in the number and length of root hairs, thereby
enabling plants to acquire Pi from soils (Bates and
Lynch, 1996; Ma et al., 2001; Williamson et al., 2001;
Lopez-Bucio et al.,, 2002; Jain et al., 2007b, 2012). In
addition, increased production of phosphatases and
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RNases and activation of alternative nonphosphorylating
metabolic pathways further facilitate the adaptation to
limited Pi availability (Lopez-Bucio et al., 2002;
Rausch and Bucher, 2002; Vance et al., 2003; Hammond
et al., 2004; Plaxton and Tran, 2011). Global gene ex-
pression analyses using microarrays have resulted in the
identification of several Pi starvation-responsive (PSR)
genes that are implicated in Pi homeostasis (Misson
et al., 2005; Morcuende et al., 2007; Miiller et al., 2007;
Calderon-Vazquez et al., 2008; Thibaud et al., 2010). In
addition, developmental and molecular changes during
Pi starvation are mediated by phytohormones like auxin,
cytokinin, ethylene, and GA; (Franco-Zorrilla et al., 2004;
Jain et al., 2007a; Jiang et al., 2007; O'Rourke et al., 2013).

In Arabidopsis, transcriptional regulation of Pi-
deficiency responses involves an array of transcription
factors (TFs; PHOSPHATE STARVATION RESPONSE1
[PHR1, At4g28610], PHOSPHATE STARVATION RESPONSEI-
LIKE1 [PHR1-likel, At5g29000], PHOSPHATE ROOT
DEVELOPMENT [PRD, At1g79700], BASIC HELIX-LOOP-
HELIX32 [bHLH32, At3g25710], WRKY6 [Atlg62300],
HYPERSENSITIVITY TO LOW PHOSPHATE-ELICITED
PRIMARY ROOT SHORTENINGI [HRS1, Atlg13300],
WRKY75 [At5g13080], ZINC FINGER OF ARABIDOPSIS6
[ZAT6, At5g04340], MYB62 and MYB DOMAIN PROTEING62
[MYB62, At1g68320]) that have been functionally
characterized (Rubio et al., 2001; Chen et al., 2007, 2009;
Devaiah et al., 2007a, 2007b, 2009; Liu et al., 2009; Bustos
et al., 2010). Among these TFs, extensively studied PHR1
has been implicated in regulating a subset of Pi-starvation
responses, in spite of not being induced during Pi
deficiency. To identify PSR genes that are implicated in
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Role for ETHYLENE RESPONSE FACTORO070 during Phosphate Starvation

transcriptional regulation, a microarray analysis using
Affymetrix was carried out by subjecting Arabidopsis
to short-term (3, 6, and 12 h pooled), medium-term
(1 and 2 d pooled), and long-term (10 d) Pi starvation
(Misson et al., 2005). A total of 866 genes were found to
be spatiotemporally and differentially regulated, of
which 80 were involved in transcriptional regulation and
some of them belonged to APETALA2, WRKY, BASIC
REGION/LEUCINE ZIPPER MOTIF, MYB, and Zinc
Finger superfamilies (Misson et al., 2005). MYB62 and
ZAT6, which showed induction only during long-term Pi
deprivation in the leaf, have been functionally charac-
terized (Misson et al., 2005; Devaiah et al., 2007b, 2009).
The overexpression of ZAT6 resulted in the suppression
of PSR genes and alteration of RSA (Devaiah et al,
2007b), whereas overexpression of MYB62 resulted in
modulated RSA, elevated Pi uptake and acid phospha-
tase activity, attenuation in the expression of PSR
genes, and an interaction with GA signaling pathway
(Devaiah et al., 2009). These studies suggested that
MYB62 and ZAT6 play critical roles in the maintenance
of Pi homeostasis. Interestingly, among the 80 TFs
identified from this microarray analysis, only AtERF070
(At1g71130), belonging to the B5 subfamily of ETHYLENE
RESPONSE FACTOR (ERF) TFs, showed early induction
during short-term Pi deprivation and also remained in-
duced when the Pi deficiency treatment was extended for
a long term (Misson et al., 2005). Although the microarray
analysis suggested this TF to be highly responsive to Pi
deficiency, it has not yet been functionally characterized.

In this study, we have employed RNA interference
(RNAi)-mediated suppression and constitutive over-
expression of AtERF070 to determine the role of this TF
in maintaining Pi homeostasis. Although RNAi-mediated
suppression of AtERF070 resulted in a pronounced
increase in root growth and Pi content, there was no
significant effect on the expression of PSR genes. On
the contrary, the overexpression of this gene resulted
in a retarded growth phenotype and modulation in the
expression of several PSR and GA biosynthetic genes.
Thus, this study indicates the role of this TF in main-
taining Pi homeostasis and potential cross talk with the
phytohormone signaling pathway.

RESULTS

Pi Deficiency-Mediated Differential Spatial Expression
of AtERF070 and Subcellular Localization of Its
Fusion Protein

Pi deficiency triggers differential regulation of an array
of PSR genes. To obtain a more comprehensive insight
into the effects of Pi deprivation on the spatial expression
of AtERF070, real-time PCR analyses were carried out for
both vegetative (roots and shoots) and reproductive
(flowers) tissues of the wild-type seedlings grown hy-
droponically in the greenhouse under P+ (250 um Pi) and
P— (0 um Pi) conditions for 7 d. Pi deficiency triggered a
significant increase in the relative expression of AtERF070
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in both roots and shoots, but its relative expression was
comparable in the flowers irrespective of the Pi regime
(Fig. 1A). The data not only confirmed earlier micro-
array analysis (Misson et al., 2005) but also highlighted
the differential spatial regulation of this gene, signifying
its potential role in the maintenance of Pi homeostasis.
To further determine the effect of other nutrient defi-
ciencies on the relative expression of AtERF070, wild-type
Arabidopsis seedlings were also subjected to potassium,
nitrogen, and iron deficiencies for 7 d. None of these
nutrient deficiencies illicit any significant induction of
this gene in the seedlings (data not shown), thereby
demonstrating the specific responsiveness of this gene
to Pi deprivation.

Subcellular localization is an important characteristic of
TFs, and it plays a critical role in regulating the nutrient
starvation responses (Beck and Hall, 1999). Therefore, for
ascertaining the subcellular localization of AtERF070, its
coding region was fused with the 3" end of an EGFP (for
enhanced GFP) reporter gene and expressed constitu-
tively under the control of the cauliflower mosaic virus
(CaMV) 35S promoter. EGFP under the control of the
CaMV 355 promoter was used as a control. Stable trans-
genic Arabidopsis plants expressing reporter 35S:EGFP
alone (control) and chimeric 35S5::EGFP::AtERF070 were
analyzed for their subcellular localization under P+ and
P— conditions (Fig. 1B). The GFP fluorescence was
localized to the nucleus in the 355:GFP::AtERF070
transgenic lines irrespective of the Pi regime, whereas
the distribution of GFP fluorescence was uniform
throughout the cell of the control plant. Furthermore,
the nuclear localization of GFP::AtERF(070 protein was
confirmed by staining the nucleus with 4’,6-diamidino-
2-phenylindole (DAPL; Fig. 1C). Bioinformatic analysis
of the amino acid sequence of AtERF070 showed an
ERF domain toward the C-terminal end of the protein
(Fig. 1D).

AtERF070 RNAi Lines Show Altered
Morphophysiological Traits

RNAi-mediated gene silencing has been successfully
used for the functional characterization of different TFs
in Arabidopsis (WRKY75; Devaiah et al., 2007a) and rice
(Oryza sativa; OsPHR1 and OsPHR?2 [Zhou et al., 2008]
and OsMYB2P-1 [Dai et al., 2012]) that play a pivotal
role in the maintenance of Pi homeostasis. Therefore, a
similar strategy was used to determine the role of
AtERFO070, if any, in the acquisition and/or mobilization
of Pi. Two independent RNAi mutant lines (RNAi4 and
RNAIi11) were used for comprehensive evaluation. Real-
time PCR analysis was employed for determining the
extent of attenuation in the expression of AtERF070 in
RNAI seedlings grown under P+ and P— conditions on
agar petri plates for 7 d (Fig. 2A). Under both P+ and P—
conditions, RNAi-mediated silencing triggered about
65% to 70% reductions in the expression of AtERF070 in
RNAi4 and RNAill seedlings compared with their
respective wild-type seedlings. These two RNAI lines
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Figure 1. Pi deficiency-induced differential spatial expression of
AtERF070 and subcellular localization of its fusion protein. A, Four-
week-old wild-type seedlings were grown hydroponically and then
subjected to P+ (250 um Pi) and P— (0 um Pi) treatments for 7 d. Real-
time PCR analyses of AtERFO70 in different tissues (roots, shoots, and
flowers) of hydroponically grown seedlings under P+ and P— condi-
tions was performed. AtACTIN2 was used as an internal control, and
P+ values were normalized to 1. Data presented are means of six
technical replicates = se. Different letters indicate significant dif-
ferences in the relative level of gene expression. B, Subcellular lo-
calization of a GFP::AtERF070 fusion protein. C, Colocalization of
GFP::AtERF070 and the nucleus-specific dye DAPI. Shown from left to
right are GFP fluorescence, staining of the nucleus by DAPI, and a
merged image. D, Amino acid sequence of AtERFO70 with the shaded
region depicting the ERF domain. The B-sheet and a-helix are depicted
in red and blue, respectively, in the shaded region of the sequence.
Letters in yellow and cyan represent the two conserved domains
CMVI-1 and CMVI-2, respectively, while the letters in pink indicate an
overlapping region between them. [See online article for color version
of this figure.]
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were subsequently used for detailed morphophysio-
logical characterization (Fig. 2, B-G). Under both P+
and P— conditions, there were significant (P = 0.05)
increases in total Pi content of roots and shoots, and
total shoot area, of both the RNAI lines compared with
their respective wild-type controls (Fig. 2, B and C).
Since RNAi4 and RNAil1 exhibited elevated Pi content
and shoot area, it was assumed that these morphophy-
siological changes could possibly be due to modulation
of the root system that plays a pivotal role in Pi
acquisition and mobilization (Williamson et al., 2001;
Lépez-Bucio et al., 2002, 2005; Jain et al., 2007b, 2009;
Lynch, 2011). Also, mutations in the Pi-responsive TFs
WRKY75 and PRD have been shown to affect different
root traits under different Pi regimes (Devaiah et al.,
2007a; Camacho-Cristébal et al., 2008; Jain et al., 2012).
Therefore, different traits of the RSA of AtERF070 RNAi
lines grown under P+ and P— conditions for 7 d on
agar petri plates were compared with their respective
wild types (Fig. 2, D-G). There was a noticeable ex-
aggerated root growth of both P+ and P— RNAi4 and
RNAIill lines compared with their respective wild-
type seedlings (Fig. 2D) due to significant (P = 0.05)
increases in both primary root growth (Fig. 2E) and the
number and length (Fig. 2, F and G) of first- and
higher-order lateral roots. Mutant analyses of some of
the TFs (PHR1, WRKY75, and BHLH32) demonstrated
their differential regulatory influence on root hair de-
velopment under different Pi regimes (Chen et al., 2007;
Devaiah et al., 2007a; Bustos et al., 2010). Therefore, we
compared the developmental responses of root hairs in
RNAi4 and RNAIill lines with the wild type during
growth under P+ and P— conditions (Fig. 3). Under both
P+ and P— conditions, there was a significant (P = 0.05)
increase in the number of root hairs in the 5-mm region
of the primary root tip of RNAi4 and RNAill compared
with their corresponding wild types (Fig. 3).

Overexpression of AtERF070 Attenuates Pi Content
and Different Traits of RSA

Overexpression lines, harboring the full-length com-
plementary DNA (cDNA) of AtERF070 under the con-
trol of a CaMV 35S promoter, were generated (hereafter
referred to as Oel and Oe2) and evaluated for changes
in Pi content and different traits of RSA under P+ and
P— conditions (Fig. 4). Two independently generated
overexpressors revealed 40- to 60-fold increases in the
relative expression of AtERF070 in 12-d-old seedlings
grown under nutrient-rich conditions compared with
the wild type (Fig. 4A). These overexpressors were
subsequently used for morphophysiological characteri-
zation. Under both P+ and P— conditions, the over-
expression lines (Oel and Oe2) showed significant
(P = 0.05) reductions in Pi contents in both roots and
shoots (Fig. 4B). The overexpression lines germinated
on one-half-strength Murashige and Skoog (MS) me-
dium showed a distinct accumulation of anthocyanin that
intensified on day 4 post germination (Fig. 4C, top), which
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Figure 2. RNAi-mediated silencing of AtERF070 modulates morphophysiological traits. Arabidopsis (wild-type [WT] and RNAi
lines) seedlings were raised initially on vertically oriented agar petri plates containing one-half-strength MS for 5 d and then
transferred to P+ and P— media for 7 d. A, The whole seedling was used for real-time PCR analyses of AtERF070 as described in
the legend to Figure 1. The wild-type P+ value was normalized to 1. Different letters indicate significant differences in the
relative level of gene expression. B to G, Roots and shoots of the wild-type and AtERFO70 RNAI lines were separated at the
hypocotyl-root junction. Data are presented for total Pi content (B), total shoot area (C), root architectural details (D), primary
root length (E), first- and higher-order lateral root number (F), and their length (G). Values are means = se, and n = 6 replicates of
10 seedlings each (B) or n = 10 (C and E-G). Different letters on the histograms indicate that the means differ significantly
(P = 0.05). DW, Dry weight.
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Figure 3. Root hair development is enhanced A

in AtERFO70 RNAI lines. Arabidopsis (wild- _‘WT
type [WT] and RNAI lines) seedlings were \
raised as described in the legend to Figure 2
under P+ and P— conditions for 2 d. A, De-
velopment of root hairs in a 5-mm region of
the primary root tip of wild-type and RNAi
seedlings grown under P+ and P— conditions.
Bars = 1 mm. B, Total number of root hairs in a
5-mm region of the primary root tip. Values
are means * sg; n = 10. Different letters on the
histograms indicate that the means differ sig-
nificantly (P =< 0.05).

was 6-fold higher compared with the wild-type seedlings
(Fig. 4C, bottom). Also, under P+ and P— conditions,
there were significant (P = 0.05) increases in root-shoot
ratio of both the overexpression lines compared with the
wild type (Fig. 4D). Furthermore, the RSA of over-
expression lines grown on P+ and P— media on ver-
tically oriented agar plates for 7 d was documented
(Fig. 4E). Irrespective of Pi regime, both the over-
expression lines overall displayed a relatively smaller
root system compared with the wild type. The effect of
overexpression on the growth of primary root was more
pronounced in Oel under both P+ and P— conditions
(Fig. 4F). Interestingly though, the inhibitory effects of
AtERF070 overexpression were evident on both the
number and the length of first- and higher-order lateral
roots of Oel and Oe2 (Fig. 4, G and H). Relatively, the
effect of the overexpression of AtERF070 was more
pronounced on lateral root development than on pri-
mary root growth. The differential effect of AtERF070 on
the primary and lateral roots could be attributed to their
distinct ontogeny. These results thus suggested a po-
tential role of AtERF070 in regulating the growth and
development of RSA that, in turn, affects Pi homeostasis.

AtERF070 Overexpression Lines Display Retarded
Growth Responses

Wild-type, AtERF070 RNAIi, and overexpression lines
were germinated and grown to maturity on a Premier
ProMix PGX peat mix under greenhouse condition for
documenting different morphometric traits (Fig. 5). The
overexpression lines exhibited retarded growth until
45 d after germination, resulting in a smaller rosette
diameter compared with wild-type and RNAIi lines
(Fig. 5). Subsequently, overexpression lines developed
a large number (around 60) of rosette leaves, resulting in
a dwarf bushy appearance (Fig. 5, C-E). Furthermore,
the bolting was delayed by 2 weeks in both the over-
expression lines compared with the wild-type and RNAi
lines (Fig. 5F). Interestingly, overexpression lines also
produced around 20 to 24 inflorescence branches, which
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were about 3-fold higher than that produced by either
wild-type or RNAI lines (Fig. 5G). The overexpression
lines exhibited a delay in the onset of senescence and
eventually completed their life cycle 2 weeks later than
the wild-type and RNAI lines (data not shown).

+
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GA Supplementation-Mediated Partial Recovery of the
Growth Responses of the Overexpression Lines

Since AtERF070 overexpression lines displayed a phe-
notype similar to GA-deficient mutant (Fu and Harberd.,
2003) and MYB62 overexpression (Devaiah et al., 2009)
lines, we presumed that the AtERF070 overexpression
phenotype could possibly be rescued by supplementing
the growth medium with GA. Therefore, wild-type and
overexpression lines were grown under Pi-replete con-
dition supplemented with and without GA; (1 um) on
vertically oriented petri plates for 7 d (Fig. 6). The pri-
mary root length and number of first- and higher-order
lateral roots of the wild-type seedlings were comparable
during growth on P+ and GAj-supplemented P+ me-
dium (Fig. 6, A-C). On the contrary, there was a sig-
nificant (P = 0.05) increase in both the length of the
primary root and the number of first- and higher-order
lateral roots of the overexpression lines when grown
on GAj;-supplemented P+ medium (Fig. 6, A-C),
whereas the effect of GA; supplementation in P+
medium on the augmented growth of the first- and
higher-order lateral roots was relatively comparable in
wild-type and overexpression lines (Fig. 6D). Although
GA,; supplementation in the P+ medium triggered an
increase in the growth responses of different root traits
in overexpression lines, the root phenotype was still not
comparable to that of the wild-type seedling grown on
P+ medium. This suggested a rather partial recovery of
the root phenotype of overexpression lines by GA,
treatment. Furthermore, the role of GA in recovering
the phenotype of the aerial parts of the overexpression
lines grown under greenhouse conditions was tested.
The overexpression lines and the wild type were grown
on Premier ProMix PGX peat mix for 2 weeks and

Plant Physiol. Vol. 164, 2014
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Figure 4. Overexpression of AtERFO70 affects morphophysiological responses. Arabidopsis (wild-type [WT] and Oe1 and Oe2)
seedlings were raised as described in the legend to Figure 2. A, Whole seedlings (the wild type and Oel and Oe2) raised on
one-half-strength MS medium were used for real-time PCR analyses of AtERFO70 as described in the legend to Figure 1. The
wild-type P+ value was normalized to 1. Different letters indicate significant differences in the relative level of gene expression.
B to H, Roots and shoots of the wild type and Oe1 and Oe2 were dissected at the hypocotyl-root junction. Data are presented
for total Pi contents in roots and shoots; n = 6 replicates of 25 seedlings each (B), accumulation (top) and quantification (bottom)
of anthocyanin content in the shoots; n = 6 replicates of 100 seedlings each (C), root-shoot ratio; n = 6 replicates of 25 seedlings
each (D), root architectural details (E), primary root length (F), first- and higher-order lateral root number (G), and their length
(H); n=10 for F to H. Values are means = st, and different letters on the histograms indicate that the means differ significantly
(P = 0.05). DW, Dry weight; FW, fresh weight. [See online article for color version of this figure.]
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Figure 5. Differential temporal growth responses of AtERFO70 RNAi and overexpression lines. A to C, Wild-type (WT), AtERFO70
RNAI, and overexpression lines were germinated in potting mix and grown under greenhouse conditions, and their temporal growth
responses were documented 30 d (A), 45 d (B), and 70 d (C) after germination. D to G, Data are presented for rosette diameter (D),
number of rosette leaves (E), bolting time (F), and number of inflorescences (G). Values are means * st, and n = 10. Different letters on
the histograms indicate that the means differ significantly (P = 0.05). [See online article for color version of this figure.]

sprayed eight times on alternate days with GA; (100 um)
or GA, (50 um). As a control, both overexpression lines
and wild-type plants were sprayed with water for the
same duration. The apical dominance and time of
bolting in both overexpression lines could be restored
by spraying with GA; or GA, (Fig. 7A). In addition,
spraying with either GA; or GA, partially recovered
the phenotype of lateral branches, length of primary
inflorescence, and rosette diameter of the overexpression
lines (Fig. 7, B and C). However, spraying with either
GA; or GA, did not have any effect on the number of
rosette leaves produced by overexpression lines, which
remained significantly (P = 0.05) higher than those of the
wild type (data not shown).

Overexpression of AtERF070 Alters the Expression
of a Subset of PSR and GA Biosynthetic Genes

To determine the relative expression of some of the
functionally characterized PSR genes (i.e. HIGH-AFFINITY
PHOSPHATE TRANSPORTERI,1 [Pht1;1], Pht1;4, IN-
DUCED BY PHOSPHATE STARVATIONT1 [IPS1], ACID
PHOSPHATASES5 [ACP5], RIBONUCLEASE1 [RNSI1],
At4, microRNA399b, and microRNA399f; Muchhal et al.,
1996; Bariola et al., 1999; del Pozo et al.,, 1999; Martin
et al., 2000; Karthikeyan et al., 2002; Shin et al., 2004,
2006; Fujii et al., 2005) in the seedlings by real-time PCR,
the wild-type, RNAi, and overexpression lines were
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grown under P+ and P— conditions for 7 d in vertically
oriented agar plates. The relative expression levels of these
PSR genes were comparable in both wild-type and RINAi
seedlings under both P+ and P— conditions (Fig. 8),
whereas there was a significant increase in the expression
of RNST in overexpression seedlings compared with wild-
type seedlings. On the contrary, the relative expression of
At4 was suppressed in both P+ and P— overexpression
seedlings compared with wild-type seedlings. There was
an increase in the relative expression of microRNA399b,
microRNA399f, and ACP5 only in P— overexpression
seedlings compared with wild-type seedlings. However,
the relative expression of AtIPS1, Phtl;1, and Phtl;4 in
overexpression lines was comparable irrespective of Pi
regime. These results clearly suggested differential effects
of overexpressing AtERF070 on a subset of PSR genes.
Since the root and shoot phenotypes of overexpression
lines could be recovered partially by exogenous GA
application (Figs. 6 and 7), this suggested a likely effect
of overexpressing AtERF070 on the relative expression
of some of the genes involved in GA biosynthesis. In-
terestingly, the relative expression levels of Arabidopsis
thaliana ent-Kaurene synthase (AtKS), mediating the first
committed step in GA biosynthesis, along with Arabi-
dopsis thaliana ent-Kaurenoic acid oxidasel and Arabidopsis
thaliana GAZ2oxidase2 (AtGa2ox2) were down-regulated in
overexpression lines under both P+ and P— conditions.
Although the relative expression of AtGa3ox2 was

Plant Physiol. Vol. 164, 2014
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Figure 6. Growth medium supplemented with GA modulates the RSA of AtERFO70 overexpression lines. A, Wild-type (WT) and
AtERF070 overexpression lines were germinated on one-half-strength MS medium for 7 d and then transferred to P+ medium with or
without T um GA,. Lateral roots were spread to reveal details of RSA and are representative of 10 seedlings each for the wild-type and
overexpression lines. B to D, Data are presented for the effects of GA treatment on primary root length (B), first- and higher-order lateral
root number (C), and first- and higher-order lateral root length (D) of wild type and transgenics. Values are means = sg, and n = 10.
Different letters on the histograms indicate that the means differ significantly (P = 0.05).

down-regulated in P+ overexpression lines, there was a
significant increase in the relative expression of this gene
in P— overexpression lines. However, the relative ex-
pression levels of several other genes that are involved
in the GA biosynthetic pathway (AtKO, AtGa3ox1,
AtGa2ox1, AtGa20oxs) were comparable in over-
expression and wild-type seedlings under both P+ and
P— conditions. These results further suggest the effect
of overexpressing AtERF070 on a subset of genes that
are involved in the GA biosynthetic pathway (Fig. 9).

DISCUSSION

TFs regulate a diverse group of genes during stress
responses and are important components of gene regu-
latory networks (Yamaguchi-Shinozaki and Shinozaki,
2006). TFs also play an important role in the maintenance
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of Pi homeostasis (Jain et al., 2012). In Arabidopsis, the
AP2/ERF TF superfamily comprises 147 members,
including the AP2 and ERF families (Riechmann et al.,
2000; Feng et al., 2005). AP2/ERF proteins are known
to regulate the responses of plants to various biotic and
abiotic stresses and developmental processes (Elliott
et al., 1996; Stockinger et al., 1997, Gu et al., 2000;
Boutilier et al., 2002; Dubouzet et al., 2003). In this
study, we report the functional characterization of
AtERF070, a member of the AP2/ERF family.

AtERFO070 Is a PSR Nucleus-Localized TF

The expression of AtERF070 is induced significantly
and specifically in Pi-starved roots and leaves (Fig. 1A),
and the results were consistent with an earlier study
(Misson et al., 2005). Several other functionally charac-
terized TFs (i.e. WRKY6-1, WRKY75, ZAT6, MYB62, PRD,
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Figure 7. Exogenous GA application partially
restores the shoot phenotype of AtERFO70 over-
expression lines. A, Effects of GA application on
wild-type (WT) and AtERFO70 overexpression
lines. Wild-type and AtERFO70 overexpression
lines were germinated on soil, and 20-d-old
plants were treated with 50 um GA, or 100 um
GA, on alternate days. A total of eight sprays
were carried out, and control plants were treated
with water. B and C, Data are presented for the
effects of exogenous GA application on inflores-
cence length (B) and rosette diameter (C) of wild type
and transgenics. Values are means = st (n = 10).
Different letters on the histograms indicate that
the means differ significantly (P = 0.05). [See
online article for color version of this figure.]

Inflorescence length (cm)

Rosette diameter(cm)

WT

HRS1-1, bHLH32, BnPHR1 OsPTF1, and OsMYB2P-1)
have been shown to be differentially regulated under
different Pi regimes and to play a role in the maintenance
of Pi homeostasis (Yi et al., 2005; Chen et al., 2007;
Devaiah et al., 2007a, 2007b, 2009; Camacho-Cristobal
et al., 2008; Liu et al., 2009; Dai et al., 2012; Ren et al.,
2012). Although PHR1, OsPHR1, and OsPHR2 are not
responsive to Pi deficiency, they have also been impli-
cated in regulating a subset of PSR genes (Rubio et al.,
2001; Bari et al., 2006; Zhou et al., 2008; Bustos et al., 2010).

The localization of TFs could play a major role in de-
termining their function. For example, the target of
Rapamycin signaling pathway is implicated in the cyto-
plasmic retention of several TFs, thereby preventing the
transcription of downstream genes induced by nitrogen
limitation (Beck and Hall, 1999). In the yeast (Saccharo-
myces cerevisiae) phosphatase (PHO) regulon, Pi-starvation-
induced nuclear localization of Pho4 has been shown to
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be a prerequisite for its activity in transcriptional regula-
tion (Ogawa et al, 1995; Lenburg and O’Shea, 1996).
Interestingly, AtERF070 is localized to the nucleus irre-
spective of Pi regime. This pattern of Pi-independent lo-
calization is also a characteristic feature of some of the
Pi-starvation-induced TFs in Arabidopsis (WRKY75,
Devaiah et al., 2007a; ZAT6, Devaiah et al., 2007b; MYB62,
Devaiah et al., 2009) and rice (OsPTF1, Yi et al., 2005).
Regulation of these TFs by posttranslational modifica-
tions, protein-protein interaction, DNA-protein inter-
action, and/or chromatin modifications has been postulated
(Schwechheimer and Bevan, 1998; Miura et al., 2005).

AtERF070 RNAi Lines Have Higher Pi Accumulation
and Increased Root Growth

To decipher the in planta role of AtERF070 in reg-
ulating Pi homoeostasis, two independent RNAi lines
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Figure 8. Real-time PCR analysis of PSR genes
a in AtERFO70 RNAi and overexpression lines.
Wild-type (WT), RNAI, and overexpression
seedlings were germinated on one-half-strength
MS medium for 7 d and then transferred to
vertically oriented agar petri plates containing
P+ and P— media for 1 week. Whole seedlings
were harvested and used for real-time PCR
analysis revealing the relative expression levels
of PSR genes in the wild type and transgenics.
The Arabidopsis housekeeping gene AtACTIN2
(At3g18780) was used as an internal control.
Expression values for the PSR genes in wild-type
P+ were set at 1. The values presented are
means of three technical replicates * se. Dif-
ferent letters indicate significant differences.
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were analyzed. As anticipated, there was a significant
decrease in the expression of AtERF070 in both RNAi
lines. The AtERF070 RNAI lines displayed increases in
Pi content and shoot area irrespective of Pi regime. A
similar increase in Pi content was also observed in the
WRKY75RNA:i lines under both P+ and P— conditions
(Devaiah et al, 2007a), whereas wrky6-1 showed an
increased accumulation of Pi only in P+ shoots (Chen et
al., 2009). In contrast, the Pi contents of prd, hrsl-1,
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Osphr1RNAi, and Osphr2RNAi lines were comparable
to their respective wild types irrespective of the Pi
regime. On the contrary, phr1l showed a significant re-
duction in the Pi content of the P+ seedlings compared
with the wild type (Rubio et al., 2001; Bustos et al.,
2010). Therefore, higher Pi accumulation as a result
of the reduced expression of AfERF070 in the RNAi
lines suggests that it is a negative regulator of Pi
homeostasis.
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Figure 9. Real-time PCR analysis of GA bio- 1.6 7
synthetic genes in AtERFO70 RNAI and over-
expression lines. Wild-type (WT), RNAI, and
overexpression seedlings were germinated on
one-half-strength MS medium for 7 d and then
transferred to vertically oriented agar petri
plates containing P+ and P— media for 1 week.
Whole seedlings were harvested and used for
real-time PCR analysis revealing the relative
expression levels of GA biosynthetic genes in
the wild type and transgenics. The Arabidopsis
housekeeping gene AtACTIN2 (At3g18780) was
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used as an internal control. Expression values 0.2
for the GA biosynthetic genes in wild-type P+
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RSA is a critical component of plant adaptation to the
heterogenous distribution of Pi in soils. RSA comprises
ontogenetically distinct embryonic and postembryonically
developed primary and lateral roots, respectively.
Primary root growth was augmented in the AtERF070
RNAI lines under Pi-sufficient conditions, suggesting
that it is a negative regulator of this root trait. This is in
contrast to an inhibitory effect on the primary root
growth in P— prd seedlings (Camacho-Cristobal et al.,
2008), which suggested a positive regulatory effect of
PRD on Pi-deficiency-mediated primary root growth.
Relatively, there were no noticeable variations in pri-
mary root growth of OsPHR2RNAi, WRKY75RNA,
bhih32, and hrs1-1 compared with their respective wild
type (Zhou et al., 1997; Chen et al., 2007; Devaiah et al.,
2007a; Liu et al., 2009). In addition, AtERF070 RNAI lines
also showed a significant increase in root hair number
(Fig. 3). Similar increases in root hair numbers have
also been reported for bhlh32 and WRKY75 RNAI lines
(Chen et al., 2007; Devaiah et al., 2007a). These results
indicate that AtERF070, in coordination with other TFs,
regulates root hair development. An earlier report impli-
cated ethylene in both root hair initiation and elongation
(Dolan, 2001). Under nutrient deficiency, including Pi
starvation, auxin and ethylene are known to play
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major roles in root hair development (Masucci and
Schiefelbein, 1994). Our results show that an ERF that is
the downstream target of the ethylene signaling path-
way is involved in root hair development.

In addition, the AfERF070 RNAI lines displayed sig-
nificant increases in the number and length of the lateral
roots, which was similar to the augmented lateral root
growth of the WRKY75RNA: lines (Devaiah et al., 2007a).
Interestingly, the PSR TFs ZAT6, MYB62, PRD (Devaiah
et al., 2007b, 2009; Camacho-Cristoba et al., 2008), and
AtERF070 modulate the growth of both primary and
lateral roots, while WRKY75 regulates the growth of
lateral roots only (Devaiah et al., 2007a). These results
suggest that different TFs have differential effects on the
developmental responses of the root system.

Overexpression of AtERF070 Displays Stunted
Root Growth

Overexpression of AtERF070 resulted in reductions
of primary root length, lateral root number, and lateral
root length irrespective of Pi regime (Fig. 4). This de-
crease in the primary root growth was similar to the
stunted primary root exhibited by ZAT6 and MYB62
overexpression lines (Devaiah et al., 2007b, 2009). While
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the ZAT6 overexpressors compensated this by aug-
menting the lateral root growth, the AtERF070 and
MYB62 overexpression lines (Devaiah et al., 2009) dis-
played a decreased lateral root growth relative to their
respective wild types. Interestingly, ZAT6 and MYB62
overexpression lines also showed altered root para-
meters under both P+ and P— conditions (Devaiah et al.,
2007b, 2009).

In the case of the AtERF070 overexpression lines, the
reduced root growth could have led to the lower Pi
content relative to the wild type (Fig. 4B). Comparatively,
the ZAT6 overexpression lines exhibited decreased Pi
content (Devaiah et al., 2007b), while the MYB62 over-
expressors had a higher Pi content in P+ shoots and a
lower Pi content in the P— seedlings, relative to the wild
type (Devaiah et al., 2009). The decrease in the Pi content
of the AtERF070 overexpression lines could have trig-
gered higher anthocyanin accumulation (Fig. 4C),
which is similar to that observed in the ZAT6 and
MYB62 overexpressors (Devaiah et al., 2007b, 2009).
Taken together, these studies suggest that different TFs
induced during Pi deficiency coordinately regulate
multiple Pi-starvation responses.

Overexpression of AtERF070 Modulates Plant Growth

Overexpression of AtERF070 resulted in stunted
plants lacking apical dominance with delayed bolting
and senescence, which are reminiscent of a GA-deficient
plant (Fig. 5). Interestingly, the AtERF070 overexpression
lines had a phenotype similar to the MYB62 over-
expression line (Devaiah et al., 2009), suggesting that
both TFs may be involved in the cross talk between GA
and Pi starvation. This assumption was confirmed by
treating AtERF070 overexpression lines with GA.

GAjtreated 7-d-old seedlings of AtERF070 over-
expression lines showed increased primary root growth,
higher lateral root number, modest increase in lateral
root length, and restoration of apical dominance,
pointing toward a partial recovery of the phenotype.
This response is similar to the recovery of gal-3, a GA-
deficient mutant, by an exogenous supplementation of
GA (Fu and Harberd, 2003). Partial reversal of the
phenotype by GA application further substantiated the
reasoning that the overexpression lines are GA defi-
cient. To further confirm this, we analyzed the relative
expression of GA biosynthetic genes in the AtERF070
overexpression and RNAI lines relative to the wild-
type plants. In Arabidopsis, AtKS, Arabidopsis thaliana
ent-Kaurenoic acid oxidasel, and AtGA2oxs are implicated
in the GA biosynthetic pathway. Overexpression of
AtERF070 resulted in significant attenuation in the rel-
ative expression of these genes. Even a marginal at-
tenuation in the expression of AtKS could have an
impact on GA content, since it is encoded by a single
gene and is involved in the first committed step in GA
biosynthesis (Olszewski et al., 2002). This suggested that
the AtERF070 overexpression lines had altered expression
of a subset of GA biosynthetic genes, which could possi-
bly result in reduced GA in these lines. Interestingly, the
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subset of GA biosynthetic genes attenuated in the MYB62
overexpression lines was different (Devaiah et al., 2009)
from those altered in AtERF070 overexpression lines.
Although these two TFs affect different aspects of the
GA biosynthetic pathway, they both seem to modulate
GA levels, causing a similar plant phenotype in their
overexpression lines. An earlier study demonstrated a
reduction in bioactive GA levels during Pi starvation
(Jiang et al., 2007). A number of the Pi-deficiency-
mediated morphological changes are associated with a
lack of GA (O'Rourke et al., 2013). Therefore, potential
roles of AtERF070 and MYB62 in mediating a cross talk
between phytohormone and Pi-sensing and -signaling
cascades could be assumed.

PSR Genes Are Modulated in AtERF070
Overexpression Lines

Among the PSR genes, microRNA399f and micro-
RNA399b were up-regulated in the Pi-deprived
AtERF070 overexpression lines. However, an elevated
relative expression of microRNA399b in the AtERF070
overexpression lines neither altered Pho2 level nor in-
creased Pi content as reported in an earlier study (Lin
et al., 2008). A similar increase in the expression of
microRNA399f was reported in response to an increased
expression of the transcriptional activator AtMYB2 (Baek
et al., 2013). In contrast, the AtERF070 RNAi lines
showed a modest suppression of microRNA399b only
under Pi-deficient conditions. The up-regulation of
microRNAs in the AtERF070 overexpression lines draws
focus to the fact that both TFs and microRNAs share
their role as regulatory elements. Both of them are trans-
acting and bind to cis-elements present in DNA/RNA.
In addition, they can regulate a single gene or a number
of genes. The point of interest is that they can act to-
gether in a specific cell type and establish a particular
gene expression pattern in that cell (Hobert, 2004,
2008). This would be of great relevance in Pi starvation,
where spatiotemporal regulation of gene expression is a
well-established phenomenon. Determining whether
AtERF070 and microRNA399 work together or in a hier-
archical manner could help in understanding regulatory
relationships during Pi starvation.

Furthermore, relative expression levels of Phtl:1;
Pht1:4, and AtIPS1 remained unaltered in the AtERF070
transgenic lines. This is in contrast to the modulated
expression levels of all these genes in the MYB62 and
ZAT6 overexpression lines (Devaiah et al., 2007b, 2009).
Interestingly, MYB62 is suppressed in the AtERF070
overexpression lines. This points to the fact that although
they might be acting in the same Pi-starvation signaling
pathway, they have different and nonoverlapping
downstream targets. On the other hand, At4 was
suppressed in the AtERF070 and ZAT6 overexpression
lines (Devaiah et al., 2007b), although the expression of
ZAT6 remained unaltered in the AtERF070 over-
expression lines. This is indicative of complex interac-
tive pathways of TFs during Pi starvation. A similar

1495



Ramaiah et al.

sequential gene regulation has been reported in rice,
where the overexpression of Iron Deficiency-Responsive
cis-Acting Element Binding Factor] caused an increase in
the expression of IRON-RELATED TRANSCRIPTION
FACTOR?2, both being TFs involved in iron deficiency
responses (Kobayashi et al., 2007).

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia was used for generation
of the transgenic lines and other experimentation in this study. Wild-type and
transgenic seeds were surface sterilized and stratified at 4°C for 2 d. Seeds
(20-30) were germinated per petri plate (150 mm X 15 mm) containing one-half-
strength MS medium supplemented with 1.5% (w/v) Suc and 1.2% (w/v) agar
(Sigma A1296, lot no. 110K0195 with an impurity of 15 uM Pi in 1.2% [w/v]
agar [Jain et al., 2009]). The tissue culture and greenhouse growth conditions
used were as described (Ramaiah et al., 2011).

Plant Transformation

Arabidopsis plants were transformed by the floral dip method (Clough and Bent,
1998) to generate stable transgenic lines. AtERFO70 RNA, overexpression, and GFP
fusion constructs were used for generating the transgenic lines, and in each case, an
empty vector was used for transformation for generating control plants.

The binary vector pGSA1131 was utilized to generate the RNAi construct
for AtERF070. A 250-bp fragment, unique to the AtERF070 coding sequence, was
amplified using the primers 5'-TCTAGACCATGGTAAAGAGATCGTAAT-3'
and 5'-CCTAGGGGCGCGCCATAAGCTAGAGC-3'. The PCR-amplified
fragment was digested with Ncol and Ascl to facilitate the cloning of the
fragment in the sense orientation in the binary vector. The same fragment was
then digested with Xbal and Avrll and cloned in the antisense orientation in
the binary vector next to a GUS intron spacer separating the two multiple
cloning sites. The presence of the two inserts in the desired orientation was
confirmed by sequencing.

The binary vector pEGAD with EGFP as an N-terminal translational fusion
was used to generate the GFP:AtERF070 construct. Full-length cDNA of
AtERF070 was amplified using the primers 5'-CCCGGGATGAAGCGTAT-
TATCAGAAT-3' and 5-AAGCTTTCACGAGCCTCTAGCA-3'. The amplified
fragment was cloned in frame with the EGFP after digestion with Smal and
HindIII to generate an N-terminal fusion.

A modified pEGAD vector (Devaiah et al., 2009) was used to generate the
overexpression construct for AfERF070. Full-length cDNA of AtERF070 was
amplified with the primers 5'-CCCGGGATGAAGCGTATTATCAGAA-3' and
5'-AAGCTTTCACGCGCCTCTAGCA-3'. The full-length cDNA fragment so
amplified was digested with Smal and HindIII enzymes and cloned next to the
CaMV 35S promoter to generate the overexpression construct.

The binary vectors pGSA1131 and pEGAD confer Basta resistance, and the
transformed seedlings were recovered by spraying with 50 uL L™ Basta.

GA Treatment

The stocks for GA, and GA; (Sigma-Aldrich) were prepared by dissolving in
alcohol, and the required dilutions were made with water. For greenhouse ex-
periments, GA was sprayed on the aerial parts of the plant. For in vitro experi-
ments, filter-sterilized GA; was added to Pi-sufficient medium after autoclaving,
and plates were prepared. The spray routine was based on an earlier study in-
volving the rescue of MYB62-overexpressing plants by GA application (Devaiah
et al,, 2009).

Documentation of GFP Fluorescence

A Nikon E800 compound microscope (Diagnostic Instruments) was used for
GFP imaging. The documentation was facilitated by a SPOT RT-slider digital
camera connected to the microscope. Fluorescein isothiocyanate filters on the
microscope were used to provide the GFP excitation. To confirm the nuclear
localization, the transgenic and control plants were stained with DAPI as
described (Devaiah et al., 2009).
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RSA Analysis

The seedlings grown on P+ and P— media were spread out on petri plates
and scanned at 200 dots per inch using a desktop scanner (UMAX Powelook
2100 XL). The lengths of the primary and lateral roots were measured using
the ImageJ program (http://rsb.info.nih.gov/ij).

Determination of Shoot Area

Leaf area was measured by dissecting the leaves from the shoot individually
and spreading them on agar plates. These plates were then scanned at 200 dots
per inch, and ImageJ] was used to compute the leaf area.

Root Hair Measurements

Seven-day-old seedlings germinated on one-half-strength MS petri plates
containing 1.5% (w/v) Suc and 1.2% (w/v) agar were transferred to P+ or P—
media. Two days post transfer, root hairs within the 5-mm region from the root
tip were captured using a stereomicroscope (Nikon SMZ-U) equipped with a
digital camera. The number and length of the root hairs were determined using
Image] (http://rsb.info.nih.gov/ij/).

Anthocyanin Estimation

Seedlings germinated on one-half-strength MS plates were harvested
4 d after germination and ground into fine powder with liquid nitrogen.
About 100 mg of tissue was used for anthocyanin quantification as described
(Lange et al., 1971).

Quantification of Total Pi

A modified U.S. Environmental Protection Agency method 365.2 was used to
determine the total Pi content in the wild-type and transgenic lines. The seed-
lings raised in petri plates were harvested, and about 50 mg of fresh sample was
transferred into a preweighed vial and oven dried. The dry weight of the
samples was recorded before flaming them to ash and dissolving them in 100 uL
of concentrated HCl. Sample dilutions were prepared by adding 10 uL of the
sample from the previous step to 790 uL of water. A total of 200 uL of mixed
reagent (4.8 mm NH,MoO,, 2.5 N H,SO,, and 35 mm ascorbic acid) was added to
this diluted sample (800 nL), and the reaction was incubated at 45°C for 20 min.
Appropriate standards were used to measure the total Pi content at Ay, and the
values were expressed as total Pi mg ™" tissue dry weight.

Real-Time PCR

RNA extraction and subsequent real-time PCR were performed as described
(Ramaiah et al., 2011). The primers used for the amplification of AtERF070 and
the GA biosynthetic genes are listed in Supplemental Table S1.

Statistical Analysis

The data generated were subjected to Student’s f test, and different letters
on the histograms indicate means that were statistically different at P =< 0.05.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number BT025618.1.

Supplemental Data

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

Supplemental Table S1. List of primers used for real-time PCR.
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