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Although a role for microRNA399 (miR399) in plant responses to phosphate (Pi) starvation has been indicated, the regulatory
mechanism underlying miR399 gene expression is not clear. Here, we report that AtMYB2 functions as a direct transcriptional
activator for miR399 in Arabidopsis (Arabidopsis thaliana) Pi starvation signaling. Compared with untransformed control plants,
transgenic plants constitutively overexpressing AtMYB2 showed increased miR399f expression and tissue Pi contents under high
Pi growth and exhibited elevated expression of a subset of Pi starvation-induced genes. Pi starvation-induced root architectural
changes were more exaggerated in AtMYB2-overexpressing transgenic plants compared with the wild type. AtMYB2 directly
binds to a MYB-binding site in the miR399f promoter in vitro, as well as in vivo, and stimulates miR399f promoter activity in
Arabidopsis protoplasts. Transcription of AtMYB?2 itself is induced in response to Pi deficiency, and the tissue expression
patterns of miR399f and AtMYB2 are similar. Both genes are expressed mainly in vascular tissues of cotyledons and in roots.
Our results suggest that AtMYB2 regulates plant responses to Pi starvation by regulating the expression of the miR399 gene.

Phosphorus (P) is an essential component of all or-
ganisms, as it is found, among other compounds, in
nucleic acids, ATP, and membrane phospholipids. It is
an essential nutrient for plants. P can be acquired by
plants only as inorganic phosphate (Pi). Therefore,
most of the P content of soils is unavailable for plant
growth and development (Hinsinger, 2001). To over-
come the problem of Pi limitation, plants have devel-
oped a variety of adaptive responses that conserve
internal P while activating mechanisms that enhance
the accessibility and uptake of external P. The accom-
panying gene expression changes produce changes in
root architecture, enhanced Pi uptake activity, secre-
tion of organic acids, and secretion of phosphatases
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(Raghothama, 1999; Poirier and Bucher, 2002; Yuan
and Liu, 2008; Péret et al., 2011). The synchronization
of Pi availability with plant growth and development
is orchestrated by several phytohormones, including
abscisic acid, ethylene, auxin, and cytokinin (Hillwig
et al., 2008; Devaiah et al., 2009; Lei et al., 2011).

A few transcription factors have been characterized
that appear to regulate subsets of the response to Pi
stress, either positively or negatively. PHOSPHATE
STARVATION RESPONSE1 (PHR1) is a MYB tran-
scription factor that initiates the up-regulation of Pi
starvation-responsive genes in plants and unicellular
algae (Rubio et al, 2001). WRKY75, a WRKY tran-
scription factor family member, has been identified as
a key regulator of Pi acquisition and root architecture
in response to Pi starvation (Devaiah et al., 2007a).
MYB62, an R2R3-type MYB transcription factor, con-
nects Pi homeostasis and GA signaling during Pi
starvation (Devaiah et al., 2009). ZAT6, a C2H2-type
zinc finger transcription factor, regulates Pi homeo-
stasis and exerts some control over root development
(Devaiah et al., 2007b). The BHLH32 (for basic helix-
loop-helix) transcription factor is a negative regulator
of several Pi starvation responses (Chen et al., 2007).
PTF1, of rice (Oryza sativa) and maize (Zea mays), en-
codes a bHLH transcription factor that is involved in
Pi signaling (Yi et al., 2005; Li et al.,, 2011). These
transcription factors function in cross talk between Pi

362 Plant Physiology@, January 2013, Vol. 161, pp. 362-373, www.plantphysiol.org © 2012 American Society of Plant Biologists. All Rights Reserved.


mailto:djyun@gnu.ac.kr
http://www.plantphysiol.org
mailto:djyun@gnu.ac.kr
http://www.plantphysiol.org/cgi/doi/10.1104/pp.112.205922

starvation signaling and signaling by phytohormones,
or photosynthates, to govern physiological responses
to Pi limitation (Rouached et al., 2010).

MicroRNAs (miRNAs) are endogenous noncoding
RNAs, 21 to 24 nucleotides in length, that contribute to
the regulation of gene expression. They have emerged
as master regulators in plant development, and they
orchestrate adaptive responses to stresses owing to
posttranscriptional regulation of gene expression
(Bonnet et al.,, 2006; Mallory and Vaucheret, 2006;
Sunkar et al., 2012). Recently, the regulation of phos-
phate, copper, and sulfate homeostasis in plants
was found to involve miRNAs (Jones-Rhoades and
Bartel, 2004; Fujii et al., 2005; Chiou et al., 2006;
Yamasaki et al., 2007; Liang et al.,, 2010; Kuo and
Chiou, 2011). Pi deprivation induces the expression of
several miRNAs in Arabidopsis (Arabidopsis thaliana),
including miR156, miR399, miR778, miR827, and
miR2111 (Fuijii et al., 2005; Hsieh et al., 2009; Pant et al.,
2009). Of these, miR2111 up-regulates the expression
of At3¢27150, which encodes a Kelch repeat-containing
F-box protein (Hsieh et al., 2009). miR827 mediates cross
talk between Pi and nitrogen limitation signaling, based
on the regulation of anthocyanin synthesis. It also
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down-regulates the expression of At1g02860 that
encodes a ubiquitin E3 ligase (Hsieh et al., 2009; Pant
et al., 2009). Irrespectively, the precise role of these Pi
limitation-induced miRNAs in the regulation of Pi
homeostasis remains unknown (Doerner, 2008; Kuo
and Chiou, 2011).

In contrast, the mode of action for miR399 during
plant responses to Pi starvation is well characterized.
Expression of miR399 is strongly induced upon Pi
starvation, especially in vascular tissues of the shoot.
Mature miR399 is then translocated to roots and binds
to the 5’ untranslated region of PHO2 (UBC24, which
encodes a ubiquitin-conjugating E2 enzyme) tran-
scripts, leading to the degradation of PHO2 mRNA.
The resulting decrease of PHO2 protein level activates
the expression of phosphate transporter genes, such
as Pht1;8 and Pht1;9, thereby facilitating Pi uptake
and transport to the shoot (Fujii et al., 2005; Aung
et al., 2006; Bari et al., 2006; Chiou et al., 2006; Pant
et al., 2009). Thus, induction of miR399 gene expres-
sion by Pi limitation plays an important role as
the trigger in the restoration of Pi homeostasis by
promoting Pi acquisition in roots and Pi allocation
to shoots. Missing are mechanistic details of the

A -45 Figure 1. Putative cis-acting regulatory
TATAATTA elements in the miR399f promoter.
At2g34202 At2g34204 At2934208 At2g34210 A, Genomic organization of miR399f
(miR399a) (miR395e) (miR3991) (At2g34208) flanking regions. The lo-
—= — cation of the TATA-like sequence
< > (TATAATTA) of the miR399f gene is
-1384 Putativi;?%aaggnf/ region -1 —1 100bp indicated. B, Putative cis-a(;ting regu-
latory sequences on the miR399 pro-
B moter. An area 1,384 bp upstream of
Putative cis-acting elements in miR399f promoter the transcription start site was ana]yzed
Stresses Site Name Organism?® Position®  Strand® Sequence using PIantCA,RE' The selected matrix
score for all cis-acting elements was 5
Abiotic Stress MBS Arabidopsis thaliana -833 - TAACTG or greater. MBS, MYB2-binding site;
Arabidopsis thaliana -574 + TAACTG LTR, Iow—temperature response; ARE,
PHR1-binding  Arabidopsis thaliana -85 + GAATATGC anaerobic response element; ACE, ACGT-
LTR Hordeum vulgare -1157 + CCGAAA containing element; MRE, MYB re-
Defense ARE Zea mays -1041 + TGGTTT cognition element; AE-box, activating
Jasmonic acid TGACG-motif Hordeum vulgare -770 + TGACG element box.
CGTCA-motif Hordeum vulgare -770 CGTCA
Light response ACE Petroselinum crispum -896 + AAAACGTTTA
AT1-motif Solanum tuberosum -1067 + ATTAATTTTACA
GT1-motif Solanum tuberosum -1193 - GTGTGTGAA
CATT-motif Zea mays -1179 - GCATTC
GA-motif Arabidopsis thaliana -891 - ATAGATAA
GAG-motif Spinacia oleracea -941 - AGAGATG
Spinacia oleracea -22 + AGAGATG
MRE Petroselinum crispum -1025 - AACCTAA
Petroselinum crispum -735 + AACCTAA
Petroselinum crispum -454 - AACCTAA
I-box Pisum sativum -892 - TAGATAACC
AE-box Arabidopsis thaliana -408 - AGAAACAT
Box 1 Pisum sativum -740 + TTTCAAA
Box 4 Petroselinum crispum -158 + ATTAAT

2 This is the species in which the cis-acting element sequence was first described.
b Positions are relative to the miR399f precursor start site.

¢ (+) and (-) indicate sense or antisense DNA strands.
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regulation of miR399 gene expression in response to Pi
starvation. In fact, information on the transcriptional
regulation of miRNA genes is generally scarce, although
much is known about the genomic organization of
miRNA genes, molecular mechanisms of miRNA bio-
genesis, and miRNA functions in animals and plants
(Jones-Rhoades et al., 2006).

We demonstrate here that the positive regulation of
miR399 gene expression in response to Pi starvation is
mediated at least in part by the transcription factor
AtMYB2. AtMYB?2, a transcription factor that is known
to function in abiotic stress signaling in Arabidopsis
(Urao et al., 1996; Abe et al., 1997, 2003; Yoo et al.,
2005), directly binds to a MYB-binding site located in
the miR399f promoter. This enhances miR399f pro-
moter activity. AtMYB2 is coexpressed with miR399f in
vascular tissue, and its transcript level is increased
by Pi deprivation like that of miR399f. Constitutive
overexpression (OE) of AtMYB2 in Arabidopsis acti-
vates the transcription of miR399f and increases a
subset of PHOSPHATE STARVATION INDUCED (PSI)
gene expression, Pi uptake, and promotes changes in
root architecture. These results uncover a missing link
between Pi starvation and miR399 transcription that
also connects abiotic stress signaling to growth re-
sponses and Pi acquisition in the plant.

RESULTS

AtMYB?2 Expression, Like mi399f, Is Induced by
Phosphate Deficiency

The induction of miR399f gene expression in response
to Pi deficit is the earliest known step in the signaling
pathway leading from the sensing of Pi deficiency to
changes in root architecture and the restoration of Pi
homeostasis in Arabidopsis (Fujii et al., 2005; Hsieh

et al., 2009). To uncover mechanisms involved in con-
trolling miR399f gene expression, we performed an in
silico analysis of its presumptive promoter region using
the PlantCARE database (http://bioinformatics.psb.
ugent.be/webtools/plantcare/html/; Fig. 1). Several
cis-acting regulatory elements typically associated with
biotic and abiotic stress responses, such as defense,
jasmonic acid, and light signaling, were identified in
this region. Also found were two canonical binding
sites for AtMYB2, a drought-inducible transcription
activator of the dehydration-responsive gene RD22
that also participates in abscisic acid and salt stress
signaling (Urao et al., 1996; Abe et al., 1997, 2003; Yoo
et al., 2005). To test whether AtMYB2 plays a role in
miR399f-mediated Pi starvation signaling, we compared
the expression of AtMYB2 and the miR399f precursor
transcript in wild-type seedlings after transfer from
normal growth medium to high-Pi (1.25 mm KH,PO,),
low-Pi (0.0125 mm KH,PO,), or Pi-deficient (0 mm
KH,PO,) media by quantitative real-time (qRT)-PCR.
The temporal expression pattern of miR399f precursor
was similar to that of AtMYB2 at all three Pi levels
(Fig. 2). Significant increases in the steady-state levels
of AtMYB2 and miR399f transcripts were observed in
shoots and roots after 5 and 7 d of exposure to low Pi
or Pi deficiency. However, no increase in AtMYB2 or
miR399f transcript abundance was observed after ex-
posure to high Pi. These results suggested that AtMYB2
may be involved in miR399f-mediated Pi deficiency
signaling in Arabidopsis.

miR399f and AtMYB2 Are Expressed in the Same
Plant Tissues

miR399 is expressed mainly in the vascular tissues
of cotyledons, leaves, and roots. The expression in
these tissues is strongly enhanced by Pi starvation

Figure 2. Expression of AtMYB2 and A B
the miR399f precursor is induced in 100 - Shoot 20 Root
- 8 N
response to phosphate deficit. A to D, £ g4 <
Wild-type plants were grown on MS ;:: nS; 15
medium for 7 d, transferred to high-Pi, S 60 S 10
low-Pi, or Pi-deficient growth medium, E 40 1 §
and allowed to grow further for 0, 2, 5, > > 5
; s 20 s
and 7 d. Transcript levels were measured 3 3 I"I
= = 0l

by gRT-PCR in total RNA extracted from

shoots and roots at the indicated time

0
0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d

0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d

points. Transcript levels of AtMYB2 High Pi Low Pi Pi deficiency High Pi Low Pi Pi deficiency
(A and B) and miR399f precursor (C and c D
D), normalized to the transcript level of 50 - Shoot 20 Root
TUBULINZ, are shown. Bars represent g g
means = sp of three biological replicates 3 401 g 15
with two technical replicates each. 2 30 a
N g 10
S 20 1 )
8 &
£ 10- g 5
e [111. = 1 [
0 U 04
0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d 0d 2d 5d 7d
High Pi Low Pi Pi deficiency High Pi Low Pi Pi deficiency
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(Aung et al., 2006). In order to investigate whether
AtMYB2 is expressed in the same plant organs
and tissues, we performed histochemical analysis of
GUS expression in tissues of PromiR399f.GUS and
ProAtMYB2:GUS transgenic plants grown in high-Pi,
low-Pi, and Pi-deficient medium (Fig. 3). As reported
earlier (Aung et al., 2006), weak expression of the
miR399f promoter was detected by GUS staining in the
vascular tissues of cotyledons and leaves but not in
roots of seedlings grown in high Pi (Fig. 3, A-D).
Strong miR399f promoter activity was observed in
vascular tissues of cotyledons, rosette leaves, and pri-
mary and lateral roots of seedlings grown under Pi
deficit, but no activity was evident in root tips (Fig. 3, E-
L). Under high-Pi, low-Pi, and Pi-deficient conditions,
GUS activity was weaker in tissues of ProAtMYB2:GUS
transgenic seedlings than in the corresponding tissues
of PromiR399f.GUS seedlings. Consequently, only weak
GUS staining was observed in vascular tissues of coty-
ledons in ProAtMYB2:GUS seedlings in high-Pi medium,
and no GUS stain was observed in rosette leaves or
primary and lateral roots (Fig. 3, M-P). Clear induction
of AtMYB2 promoter activity was observed in response
to Pi limitation in cotyledons (Fig. 3, Q and U) and lateral
roots (Fig. 3, T and X). Overall, the GUS reporter ex-
pression patterns in tissues of ProAtMYB2:GUS and

Lateral root

Cotyledon Rosette leaf Root tip
A B C D
High Pi .
i | |
G H
¥
Low Pi
K L
Pi defici +
i deficiency
(0] P
High Pi X
Q R S T
g +
Low Pi %
{
u v w X
+
Pi deficiency P
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PromiR399f.GUS seedlings were essentially similar, in-
dicating that AtMYB2 and miR399f are expressed in the
same plant tissues, particularly under Pi limitation.
These results suggest direct regulation of miR399f ex-
pression by AtMYB2.

Constitutive OE of AtMYB2 Promotes miR399f Expression
and Increases Tissue Pi Content

Next, we generated transgenic CaMV355:AtMYB2
plants and selected three lines (AtMYB2 OE) that
showed constitutive high-, middle-, and low-level OE
of AtMYB2 under normal growth conditions (Fig. 4A).
RNA gel-blot analysis showed that miR399f mRNA
abundance was significantly higher in the AtMYB2 OE
transgenic plants compared with wild-type plants
grown under identical conditions (Fig. 4C). The level
of miR399f accumulation was correlated positively
with the level of AtMYB2 expression (Fig. 4, A and C).
Thus, OE of AtMYB2 leads to a proportional increase
miR399f expression, even in the presence of sufficient
Pi.

Constitutive expression of miR399 leads to degra-
dation of the UBC24 (PHO?2) transcript and elevated
Pi accumulation in Arabidopsis even under high Pi

Figure 3. Spatial expression patterns
of miR399f and AtMYB2. Seeds of
PromiR399f.GUS and ProAtMYB2:GUS
transgenic lines, which express the

GUS reporter from the miR399f and
| AtMYB2 promoters, respectively, were

grown as described in Figure 5. Tissues
were stained 7 d after transfer to high-
Pi, low-Pi, or Pi-deficient medium. Blue
color indicates GUS activity. A to L,
Tissues of PromiR399f.GUS transgenic
plants. M to X, Tissues of ProAtMYB2:
GUS transgenic plants. Arrows indicate
lateral roots. Bars = 0.5 mm.

PromiR399f:GUS

ProAtMYB2:GUS
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Figure 4. OE of AtMYB2 induces miR399f expression and Pi accumulation. Wild type (WT) and three independent lines of
CaMV35S.AtMYB2 (AtMYB2 OE) were grown in MS medium. Ten-day-old seedlings were analyzed. A and B, Expression levels
of AtMYB2 (A) and UBC24 (B), normalized to the level of TUBULINZ. Transcript levels were analyzed in total RNA extracted
from the seedlings by gRT-PCR. Bars represent means = sp for three biological replicates with two technical replicates each. C,
Northern-blot analysis of miR399f expression in total RNA. Ethidium bromide-stained 55 rRNA bands are shown as loading
controls. D, Inorganic Pi concentrations were measured in the roots and shoots. Bars represent means = sb for two biological
replicates. Asterisks represent significant differences from the wild type (P = 0.05 from a Student’s ¢ test). F.W., Fresh weight.

(Fujii et al., 2005; Chiou et al., 2006). Accordingly,
AtMYB?2 OE plants grown under high Pi accumulated
lower levels of UBC24 transcript than wild-type plants
(Fig. 4B). A negative correlation was observed between
mRNA levels of UBC24 and AtMYB2 or miR399f (Fig.
4, A-C). The Pi content in shoots of all three AtMYB2
OE lines was significantly higher than that in wild-
type plants (Fig. 4D), as predicted from their ele-
vated miR399f expression levels and reduced UBC2
expression levels on the basis of earlier reports (Fujii
et al., 2005; Chiou et al., 2006). Elevated Pi accumula-
tion was also observed in roots of the two AtMYB2 OE
lines that expressed the highest levels of mi399f tran-
script. Moreover, it has been reported that elevated Pi
accumulation in pho2 mutant and miR399 OE Arabi-
dopsis transgenic plants induced Pi toxicity-mediated
chlorosis symptoms on their leaves (Fujii et al., 2005;
Aung et al., 2006). To test whether AtMYB2 OE plants
also exhibit chlorosis symptoms, we grew wild-type
and AtMYB2 OE plants on Pi-sufficient Murashige
and Skoog (MS) medium for 3 weeks under constant
light conditions. We observed the development of typ-
ical chlorosis symptoms on the leaves of AtMYB2 OE
plants and also less chlorophyll content in AtMYB2 OE
plants compared with wild-type plants, supporting
higher Pi content in AtMYB2 OE plants than the wild
type (Supplemental Fig. S1, A and B; Supplemental
Materials and Methods S1). These results suggest that
OE of AtMYB?2 affects Pi homeostasis in Arabidopsis

366

by activating miR399f-mediated phosphate starvation
signaling.

Pi Starvation-Induced Root Architectural Changes Are
Exaggerated in AtMYB2 OE Transgenic Plants

Under Pi limitation, root architecture is altered.
Lateral root growth is promoted (increased lateral root
number and length), while primary root length is re-
duced due to reduced cell elongation (Osmont et al.,
2007; Desnos, 2008). Based on our results that OE
of AtMYB2 activated miR399 accumulation and miR399-
mediated Pi starvation signaling, we hypothesized
that at least some Pi limitation-induced root ar-
chitecture changes should be exaggerated in the
AtMYB2? OE lines. Accordingly, we investigated root
morphology in wild-type plants, transgenic plants
expressing empty vector, and AtMYB2 OE trans-
genic plants 7 d after transfer from normal growth
medium to high- and low-Pi media and to Pi-defi-
cient medium (Fig. 5). Compared with plants grown
in high-Pi medium, primary root lengths of wild-type
and vector control seedlings grown in low-Pi and Pi-
deficient media were lower by 20% to 30% (Fig. 5, A
and B). However, low-Pi and Pi-deficient conditions
resulted in a dramatic reduction (60%-70%) of primary
root length of AtMYB2 OE seedlings relative to growth
in high Pi. Primary root lengths of AtMYB2 OE seed-
lings were about 20% less than those of wild-type and
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Figure 5. AtMYB2 OE enhances Pi
deficiency responses in root develop-

AtMYB2 OE

1l

ment and also affects root hair devel-
opment. A, Seeds of the untransformed
wild type (WT), empty vector control
(VC) transformants, and three inde-
pendent lines of AtMYB2 OE trans-
formants were grown on MS agar
medium for 5 d and then transferred to
nutrient medium containing 1.25 mm
(high Pi), 0.0125 mm (low Pi), or 0 mm
(Pi deficiency) KH,PO,. Seedlings
were photographed 7 d after transfer.
B, Quantification of primary root
lengths of the seedlings depicted in A.
Bars represent means * st of three
replicates with 16 seedlings per repli-
cate. Asterisks represent significant
differences from the values of each line
under the high-Pi condition (P = 0.05
from a Student’s t test). C, Root hair
development at tips of the primary root
of seedlings grown in MS medium for
7 d. Bar = T mm. D, Quantification of
root hair densities at the primary root
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vector control seedlings even in high Pi (Fig. 5, A and
B). Similarly, AtMYB2 OE plants developed 5-fold more
hairs near the tip of the primary root than wild-type
plants even under normal Pi conditions (Fig. 5, C and
D). The Pi limitation-induced reduction of primary root
length and the increase in root hair density were ex-
aggerated in AtMYB2 OE lines, as expected. However,
OE of AtMYB?2 did not exaggerate the effect of Pi lim-
itation on lateral root development. The lateral root
numbers of wild-type, vector control, and AtMYB2 OE
plants all increased by 20% to 30% in response to low Pi
and Pi deficiency, respectively (Fig. 5E). Thus, OE of
AtMYB2 exaggerates some, but not all, Pi limitation-
induced root architectural changes.

Taken together, these results suggested that OE of
AtMYB?2 leads to a constitutive Pi starvation-induced
reprogramming of root development, such as sup-
pression of primary root growth and activation of
root hair development, under Pi-sufficient conditions.
Also, AtMYB2 OE plants become more sensitive to Pi

Plant Physiol. Vol. 161, 2013
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limitation than wild-type plants. These results led us to
hypothesize that the inactivation of AtMYB2 should
lead to the inhibition of Pi limitation responses of roots,
reduced expression of miR399f under Pi limitation, and
reduced Pi content under Pi sufficiency or excess.

Inactivation of AtMYB2 Does Not Affect Pi
Starvation Responses

To verify the above hypothesis, we obtained an atmyb2
mutant (SALK_045455) that contains a transfer DNA
insertion in the third exon of AtMYB2 (Supplemental Fig.
S2A). This insertion mutant was designated as atmyb2-3.
gRT-PCR analysis of AtMYB2 expression showed that
the atmyb2-3 mutant did not produce any detectable
AtMYB2 transcript (Supplemental Fig. S2B). In low-Pi
and Pi-deficient media, the inhibition of primary root
growth and miR399f transcript levels in wild-type and
atmyb2-3 plants was comparable (Supplemental Fig. S2,
C and D). Furthermore, there was no difference in the Pi
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contents of roots and shoots of wild-type and atmyb2-3
plants grown in high-Pi medium (Supplemental Fig.
S2E). As the inactivation of AtMYB2 did not produce the
expected phenotypes, we concluded that there is re-
dundancy of the function that AtMYB? fulfills in Pi
starvation signaling.

OE of AtMYB2 Affects the Expression of PSI Genes

In addition to changes in root architecture, Pi starva-
tion also induces the expression of PSI genes such as the
Pi transporters AtPT1 (Phtl;1; Shin et al, 2004) and
AtPT2 (Pht1;4; Shin et al., 2004), an acid phosphatase
(AtPS2; Baldwin et al., 2001), a glycerol-3-phosphate
permease (AtPS3; Ramaiah et al.,, 2011), an S-like
RNase (AtRNS1; Bariola et al.,, 1999), and a noncoding
transcript (AtIPS1; Franco-Zorrilla et al., 2007). To test
whether OE of AtMYB?2 also affects the expression of PSI
genes, the mRNA levels of several PSI genes were an-
alyzed in AtMYB2 OE plants after transfer from normal
growth medium to high-Pi, low-Pi, and Pi-deficient
medium. qRT-PCR analyses showed that the expression
of all PSI genes tested (AtPT1, AtPT2, AtPS2, AtPS3,
AtIPS1, and AtRNST) was highly induced by Pi limita-
tion in wild-type plants (Fig. 6). In AtMYB2 OE plants,
abundance of transcripts of the phosphate transporters
AtPT1 and AtPT2 was higher than that in wild-type
plants under high-Pi and low-Pi limitation conditions
but was not evident under Pi deficiency, because the

Figure 6. Expression patterns of Pi starvation-
induced genes in AtMYB2 OE plants. Seeds
of the untransformed wild type (WT) and three
independent lines of AtMYB2 OE transformants
were grown on MS agar medium for 7 d and then
transferred to the high-Pi, low-Pi, or Pi-deficient
medium described in Figure 4. Transcript levels
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expression level of the wild type was equally high (Fig.
6, A and B). These results provide some explanation of
the higher Pi content of AtMYB2 OE plants compared
with the wild type under high-Pi growth (Fig. 4D).
However, it is possible that other PSI genes, for which
we did not analyze the expression patterns in this
study, may also play important roles in the enhanced Pi
uptake of AtMYB2 OE plants. Expression of the acid
phosphatase AtPS2 was comparable in wild type and
AtMYB2 OE plants grown under high Pi but was in-
duced to a greater extent in AtMYB2 OE plants com-
pared with the wild type under low Pi and Pi deficiency
(Fig. 6C). In contrast, the abundance of AtRNSI and
AtIPST mRNA was comparable in wild-type and
AtMYB2 OE plants grown under high Pi. Although
these transcripts were induced by Pi limitation in the
AtMYB2 OE plants, the magnitude of induction was
less than that in wild-type plants grown under the same
conditions (Fig. 6, E and F). These data indicate that
AtMYB2 is involved in the regulation of a subset of PSI
gene expression.

AtMYB2 Directly Binds to the miR399f Promoter and
Activates miR399f Expression

Two putative MYB-binding sites (MBSs; 5'-TAACTG-
3’') that have opposite orientations were found by in
silico analysis of the putative regulatory region of
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miR399f (Figs. 1B and 7A). To examine whether the
AtMYB2 protein binds to one or both of these MBSs,
we performed electrophoretic mobility shift assays
(EMSA) with **P-labeled oligonucleotides correspond-
ing to promoter fragments containing the MBS-1 or
MBS-2 motif (140 or 149 bp, respectively) and re-
combinant glutathione S-transferase (GST)-AtMYB2
or GST proteins. A GST-AtMYB2-specific mobility-
retarded band indicating binding to AtMYB2 was
observed with the MBS-2 oligonucleotide (Fig. 7A).
The intensity of this band was enhanced by increasing
the amount of GST-AtMYB2 protein in the binding
reaction. No mobility-retarded bands were observed
with MBS-1 oligonucleotide, indicating absence of
binding.

Next, a chromatin immunoprecipitation (ChIP) assay
was performed using total protein extracts of wild-type
and CaMV355:FLAG-AtMYB?2 transgenic plants. After
immunoprecipitation with an antiserum against the
FLAG tag, the relative contents of miR399f promoter
fragments P1 to P4 (Fig. 7B) in the immunoprecipitates
were estimated by qRT-PCR (Fig. 7C). The amplicons
P1 and P2, which surrounded and included the MBS-2
region, respectively, were significantly enriched by
gRT-PCR. No enrichment of the P3 amplicon that in-
cludes MBS-1, or the P4 amplicon, was observed in the
CaMV355:FLAG-AtMYB2 extracts. Together, the results
from EMSA and ChIP assays indicate that AtMYB2
directly binds to the MBS-2 region in the miR399f pro-
moter in vitro and in vivo.

A _x3 -o74
CAGTTA TAACTG 1
5 h, 4 h 4 ——3'
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Next, we verified that AtMYB2 was a nucleus-
localized protein. As shown in Supplemental Figure S3,
the GFP signal in Arabidopsis protoplasts transiently
transformed with CaMV355:AtMYB2-sGEP (for synthetic
GFP) was exclusively localized in the nucleus. We then
tested whether AtMYB2 can transactivate reporter gene
expression from the miR399f promoter. Cotransforma-
tion of atmyb2-3 protoplasts with PromiR399f.GUS re-
porter and CaMV355:AtMYB2-sGFP or CaMV35S:sGFP
(negative control) as effector construct showed that
AtMYB2-sGFP greatly increases miR399f promoter ac-
tivity compared with sGFP alone (Fig. 8). These results
indicate that AtMYB2 can function as a transcriptional
activator for the miR399f gene in vivo.

DISCUSSION

Our results show that AtMYB?2 binds to the miR399f
promoter, leading to the activation of miR399f expres-
sion. AtMYB2 and miR399f are expressed in the same
tissues, particularly under Pi limitation, and are also
induced by Pi limitation, and they activate the same
subset of PSI genes. Thus, we infer that AtMYB2
functions as a transcription factor regulating miR399f-
mediated signaling in the establishment of Pi homeo-
stasis under Pi limitation. We subsequently were able to
support this role for AtMYB2 in the plant response to Pi
limitation on the basis of the phenotypes of transgenic
AtMYB2 OE lines. As there were no differences
with respect to phenotype in the response to Pi

B
p— MBS-2 MBS-1 miR399f precursor
g (At2g34208)

Pl P2 P3 P4
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Figure 7. AtMYB2 binds to MBS-2 on the miR399f promoter region. A, Top, schematic representation of predicted MYB-
binding sites (MBS-1 and MBS-2) in the miR399f promoter. Bottom, EMSA of the binding of recombinant AtMYB2 protein to
oligonucleotides spanning the MBS-2 and MBS-1 regions. The autoradiogram shows resolved binding reactions of **P-labeled
DNA probes (MBS-2 and MBS-1) without protein (Free) or with the indicated amounts of AtMYB2-GST (AtMYB2) or GST
(negative control). B, Schematic drawing of the miR399f locus and locations of the ChIP assay amplicons (P1-P4). C, ChIP assay
for miR399f chromatin regions associated with AtMYB2. The ChIP assay was performed on total protein extracts of MS-grown
3-week-old seedlings of the untransformed wild type (WT) and CaMV35S:FLAG-AtMYB2 transformed Arabidopsis. Fold en-
richment is the ratio of CaMV35S:FLAG-AtMYB2 to wild-type signal. Bars represent means = s for three technical replicates.
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Figure 8. AtMYB2 enhances the miR399f promoter activity. Top,
schematic representation of the effector and reporter constructs used in
the transient expression assay of miR399f promoter activity. Each ef-
fector construct was introduced into atmyb2-3 protoplasts along with
the reporter construct and an internal control CaMV35S:LUC construct
by polyethylene glycol-mediated transformation. Bottom, GUS re-
porter activity in each sample was obtained after normalization to LUC
activity. Fold induction is the ratio of the GUS activity of CaMV35S:
AtMYB2-sGFP transformed protoplasts (AtMYB2) relative to the GUS
activity of CaMV35S:sGFP transformed protoplasts (vector control
[VCI). Bars represent means =* sp of three technical replicates.

starvation between wild-type and null atmyb2-3 plants
(Supplemental Fig. S2), we conclude further that
AtMYB2 is functionally redundant.

Our discovery of AtMYB2 as a transcription factor
activating miR399f expression began with an in silico
analysis for cis-acting elements in the 1,384-bp region
upstream of the primary transcript of the miR399f gene
(pri-miR399f; At2¢34208). It has been reported that a
TATA box-like sequence is located within 50 nucleo-
tides upstream of the majority of the primary miRNA
transcripts of Arabidopsis miRNA genes (Xie et al.,
2005a). A TATA box-like sequence, TATAATTA, was
mapped at 45 nucleotides upstream of the miR399f
precursor (Fig. 1A), indicating that miR399f is a typical
RNA polymerase Il-transcribed independent tran-
scription unit. In addition to the TATA box-like motif
and MYB-binding sites, we found several canonical
cis-regulatory elements in the miR399f promoter. A
GNATATNC element was located at —84 bp on the
miR399f promoter (Fig. 1B). This sequence is known to
bind PHR1, a MYB transcription factor that causes up-
regulation of Pi-responsive genes (Rubio et al., 2001).
The presence of a PHR1-binding motif in the miR399f
promoter raises the possibility that the MYB family
transcription factor PHR1 compensates at least partly
for AtMYB2 function. More experiments are needed in
order to both verify the role, if any, of PHR1 in the
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regulation of miR399f expression and investigate how
much the two promoter-binding factors overlap or
diverge in the activating capacity.

The miR399 family in Arabidopsis consists of six
members, miR399a to miR399f, all of which are induced
by Pi starvation and function in Pi homeostasis by
regulating the expression of UBC24 (Fujii et al., 2005;
Aung et al., 2006; Chiou et al., 2006; Doerner, 2008;
Pant et al., 2008; Hsieh et al., 2009; Kuo and Chiou,
2011). We found that the putative promoter regions of
miR399a, miR399b, and miR399c also contain GNA-
TATNC elements (data not shown). Soybean (Glycine
max) miRNA genes responsible for Pi starvation
signaling contain several types of Pi-responsive cis-
elements in their promoters, including the PHRI-
binding site (Zeng et al., 2010). This suggests that the
induction of several miRNA399 family members, in-
cluding miRNA399f, in response to Pi limitation could
be mediated in part by PHR1. Defense-, hormone-,
light-, and water stress-responsive cis-regulatory ele-
ments were detected in the miR399f promoter (Fig. 1B).
This is consistent with a previous report indicating that
the cis-acting elements involved in hormone and abi-
otic stress responses are overrepresented in miRNA
promoters when compared with promoters of protein-
coding genes (Megraw et al., 2006). It would be
interesting to ascertain whether miR399f and other
members of this family constitute a hub that is im-
portant for coordinating environmental cues with nu-
trient acquisition to modulate plant growth. It must be
noted that AtMYB2, established by us as a transcrip-
tional activator of miR399f, also functions in hormonal
and abiotic stress signaling in Arabidopsis (Urao et al.,
1996; Abe et al., 1997, 2003; Yoo et al., 2005; Guo and
Gan, 2011).

Of the two MBS motifs in the miR399f promoter,
only MBS-2, the more distal element in the pri-miR399f
sequence, was identified as a functional binding site
for the AtMYB2 transcription factor in vitro and in
vivo (Fig. 7). This suggests that both the core element
sequences and the flanking sequences are important
for efficient binding of AtMYB2 on the miR399f promoter.
MBS motifs are found in the promoters of many miR399
family members of Arabidopsis and rice (data not shown).
From an analysis of 1.5-kb upstream sequences of
miR399a, miR399b, miR399c, miR399d, and miR39%, we
found that miR399b and miR399¢ have MBS motifs in their
promoter regions (Supplemental Table S2). However,
in contrast to miR399f, transcript levels of miR399b and
miR399c genes in AtMYB2 OE plants were comparable to
those in wild-type plants (Supplemental Fig. S4). These in
silico promoter analyses and subsequent gene expression
analyses suggest that the transcriptional regulation by
AtMYB?2 affects specifically the miRNA399f gene among
the miR399 family members. The upstream region of other
Pi-responsive miRNA genes, including miR156a, miR156e,
and miR2111a, also contain MBS motifs (Supplemental
Table S2). Additional experimental data will be required
to ascertain whether AtMYB?2 is also involved in the reg-
ulation of miR156a, miR156e, and miR2111a expression in
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response to Pi starvation or whether this group of
miRNAs diversifies into additional functions. Further
analyses of promoters of the miRNA genes that regulate
low-Pi responses should illuminate other mechanisms
and the signaling cross talk that govern their expression.

MATERIALS AND METHODS
Plant Materials and Stress Treatments

All Arabidopsis (Arabidopsis thaliana) lines were in the ecotype Columbia-0
background. The atmyb2-3 mutant (SALK_045455) was obtained from the
Arabidopsis Biological Resource Center at Ohio State University (http://
www.arabidopsis.org/). Transgenic lines were generated by Agrobacterium
tumefaciens-mediated transformation using the floral dip method as described
(Clough and Bent 1998). Homozygous lines were generated by back-crossing
and were used in the experiments. The genotype of the transformants was
verified by PCR. Seeds were germinated and grown on MS medium con-
taining 1% Suc and 0.7% (or 1.2%) agar, pH 5.7. For testing the effect of Pi
limitation, 5- or 7-d-old seedlings were transferred to growth medium con-
taining 1% Suc, 1/20X micronutrients (Miura et al., 2005), and 1.25 mm
KH,PO, (high Pi; this is equivalent to the Pi content of 1X MS), 0.0125 mm
KH,PO, (low Pi), or 0 mm KH,PO, (Pi deficiency) for the indicated times
(Miura et al., 2005). Plants were grown in a growth chamber at 22°C under a
16-h-light/8-h-dark cycle.

qRT-PCR Analysis

Total RNA was isolated using an RNeasy Kit (Qiagen) according to the
manufacturer’s instructions and treated with DNase I (Promega) to remove
genomic DNA contamination. Total RNA (2 ug) was used for first-strand
complementary DNA (cDNA) synthesis using a cDNA Synthesis Kit (Invi-
trogen) and subjected to qRT-PCR analysis. The primers used in qRT-PCR
analysis are described in Supplemental Table S1. The SsoFast EvaGreen
Supermix (Bio-Rad) was used for the PCRs. PCR conditions were 50°C for
2 min, 95°C for 10 min, and 40 cycles of 95°C for 15 s and 60°C for 60 s. The
relative expression levels of all the samples were automatically calculated and
analyzed three times using CFX Manager software (Bio-Rad).

Northern-Blot Analysis of miRNAs

Northern-blot analysis of miRNAs was performed essentially as described
(Xie et al., 2005b). Total RNA was extracted from seedlings using Plant RNA
reagent (Invitrogen) following the supplier’s instructions. Briefly, total RNA
(20 ug) was resolved on a 15% polyacrylamide gel containing 7 m urea and
transferred to an Amersham Hybrid-N* membrane (GE Healthcare). The
probe complementary to miR399f (5'-UGCCAAAGGAGAUUUGCCCGG-3')
was 5'-end labeled with [y-**P]ATP using Optikinase (Affymetrix/USB). Blots
were prehybridized for at least 1 h and hybridized for 24 h in PerfectHyb Plus
Hybridization buffer (Sigma) at 37°C. Posthybridization, blots were washed
successively at 42°C with 2X SSC and 0.1% SDS for 15 min, 0.5X SSC and
0.1% SDS for 15 min, and 0.1X SSC and 0.1% SDS for 15 min.

Pi Measurement

Total Pi contents were analyzed as described previously (Fujii et al., 2005).

Expression and Purification of Recombinant
GST-AtMYB2 Protein

AtMYB2 cDNA was inserted as a BamHI/Sall fragment into the same sites
of pGEX-2T (Amersham Biosciences) to create an in-frame GST fusion. The
primers used in cDNA cloning are described in Supplemental Table S1. The
construct was verified by sequencing. pGEX-2T::AtMYB2 was introduced into
Escherichia coli strain BL21 (Merck). For protein expression, cells were induced
for 3 h at 30°C with 0.5 mm isopropylthio-B-galactoside. Induced cells were
harvested, suspended in 1X GST bind/wash buffer (4.3 mm Na,HPO,,
1.47 mm KH,PO,, 137 mm NaCl, and 2.7 mm KCl, pH 7.3), incubated on ice for
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20 min, and lysed by sonication. After centrifugation at 12,000 rpm at 4°C for
30 min, the supernatant was added to 0.5 mL of Glutathione-Agarose 4B
(PEPTRON) that had been equilibrated with 1X GST bind/wash bulffer. The
slurry was mixed gently by shaking at room temperature for 30 min. The resin
was then collected and washed two or three times with 10 mL of 1X GST
bind/wash buffer. GST-AtMYB2 was eluted in 1 mL of 1X GST elution buffer
(50 mm Tris-HCI, pH 8.0, and 10 mm reduced glutathione).

EMSA

To generate the **P-labeled DNA probes, oligonucleotides spanning the
MYB-binding sites on the miR399f promoter, MBS-1 (140 bp) and MBS-2 (149
bp), were annealed and the 5’ overhangs were filled in using the Klenow
fragment of DNA polymerase (Takara), dCTP, dGTP, dTTP, and [a—32P]dATP.
The DNA-binding reaction was allowed to proceed at 25°C for 20 min in
binding buffer (20 mm HEPES, pH 7.9, 0.5 mm dithiothreitol, and 0.1 mm
EDTA), 50 mm KCl, 15% glycerol, 1 ug of poly(dI-dC), and various concen-
trations of purified bacterially expressed AtMYB2 protein. The reaction was
started by adding **P-labeled DNA probe (40,000 cpm) and allowed to pro-
ceed at 25°C for 30 min. The reaction mixture was then subjected to electro-
phoresis on an 8% polyacrylamide gel in 0.5X Tris-borate/EDTA buffer at
80 V for 3 h. The gel was dried, mounted for autoradiography with intensi-
fying screens, and exposed at —70°C.

ChIP Assay

The Gateway system was used to generate a CaMV35S:FLAG-AtMYB2
construct in the pGWB12 vector. This construct expresses FLAG-tagged full-
length AtMYB2 protein. The construct was introduced into wild-type Arabi-
dopsis plants through A. tumefaciens-mediated (strain GV3101) transformation.
ChIP assays were performed as described by Saleh et al. (2008) using leaf
tissue (100 mg) from 3-week-old plants. Monoclonal anti-FLAG M2 (Sigma)
was used for immunoprecipitation. The amount of immunoprecipitated DNA
was quantified by qRT-PCR. The primers used in the ChIP assay are listed in
Supplemental Table S1.

Measurement of Promoter Activity

Transcriptional activity of the miR399f promoter was analyzed in Arabi-
dopsis protoplasts as described by Zhu et al. (2008). The reporter construct
was PromiR399f£.GUS, and the effector constructs were CaMV355:AtMYB2-
sGFP and CaMV355:sGFP. Plasmids carrying the reporter and an effector gene
construct, along with an internal control plasmid carrying a CaMV35:LUC
gene construct, were introduced into protoplasts prepared from leaves of 20-d-
old atmyb2-3 plants by polyethylene glycol-mediated transformation as de-
scribed by Baek et al. (2004). Fluorescence was measured using a SpectraMax
GEMINI XPS spectrofluorometer (Molecular Devices) using the SoftMax Pro 5
software. GUS activity was normalized to luciferase activity to eliminate ex-
perimental variation between samples.

Histochemical Analysis of GUS Activity

Plants expressing the PromiR399f.GUS or ProAtMYB2:GUS transgenes in
the wild-type background were used for histological analysis. Seedlings of
transgenic plants grown in various levels of Pi were incubated at 30°C for 6 h
in the dark in staining buffer (0.5 m Tris, pH 7.0, and 10% Triton X-100)
containing 1 mm 5-bromo-4-chloro-3-indolyl-B-p-glucuronide. Chlorophyll
was removed with an ethanol series consisting of 20%, 35%, 50%, and 70%
ethanol washes at room temperature for 30 min each.

Supplemental Data

The following materials are available in the online version of this article.
Supplemental Figure S1. Chlorosis phenotype in AtMYB2 OE plants.
Supplemental Figure S2. Responses of atmyb2-3 to Pi starvation.

Supplemental Figure S3. Subcellular localization of AtMYB2.
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Supplemental Figure S4. Expression patterns of miR399b and miR399c in
AtMYB2 OE plants.

Supplemental Table S1. List of primers used in this study.
Supplemental Table S2. MBS elements in a Pi-responsive miRNA promoter.
Supplemental Materials and Methods S1.
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