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Recently, we showed that microRNA399s (miR399s) control inorganic phosphate (Pi) homeostasis by regulating the expression of
PHO?2 encoding a ubiquitin-conjugating E2 enzyme 24. Arabidopsis (Arabidopsis thaliana) plants overexpressing miR399 or the
pho2 mutant overaccumulate Pi in shoots. The association of Pi translocation and coexpression of miR399s and PHO?2 in vascular
tissues suggests their involvement in long-distance signaling. In this study, we used reciprocal grafting between wild-type and
miR399-overexpressing transgenic plants to dissect the systemic roles of miR399 and PHO2. Arabidopsis rootstocks over-
expressing miR399 showed high accumulation of Pi in the wild-type scions because of reduced PHO?2 expression in the rootstocks.
Although miR399 precursors or expression was not detected, we found a small but substantial amount of mature miR399 in the
wild-type rootstocks grafted with transgenic scions, which indicates the movement of miR399 from shoots to roots. Suppression of
PHO2 with miR399b or c was less efficient than that with miR399f. Of note, findings in grafted Arabidopsis were also discovered in
grafted tobacco (Nicotiana benthamiana) plants. The analysis of the phol mutant provides additional support for systemic
suppression of PHO2 by the movement of miR399 from Pi-depleted shoots to Pi-sufficient roots. We propose that the long-distance
movement of miR399s from shoots to roots is crucial to enhance Pi uptake and translocation during the onset of Pi deficiency.
Moreover, PHO2 small interfering RNAs mediated by the cleavage of miR399s may function to refine the suppression of PHO2.

The regulation of miR399 and PHO?2 via long-distance communication in response to Pi deficiency is discussed.

Mineral nutrients are acquired by roots from the
rhizosphere and are subsequently distributed to shoots.
The demand of shoots and supply from roots must be
balanced and coordinated to maintain normal growth
and development of plants. Therefore, communica-
tion between roots and shoots is indispensable; long-
distance signals are required to report the nutrient
status in these tissues. Local and long-distance signal-
ing pathways are triggered when the nutrient concen-
tration fluctuates (Forde, 2002; Atkins and Smith, 2007;
Schachtman and Shin, 2007). The local signaling path-
way is restricted to roots directly exposed to nutrient
solutions, such as in the localized proliferation of
branch roots and root hairs in response to the avail-
ability of nitrate, inorganic phosphate (Pi), and iron
(Robinson, 1994; Bates and Lynch, 1996; Schikora and
Schmidt, 2001). However, many adaptive responses
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are generated through the transmission of long-
distance signals. The early warning of alteration
in the external nutrient status sensed by shoots is
achieved by long-distance signals from roots to shoots.
Additional long-distance signals from shoots to roots
are necessary to ensure the integration of changes in
root physiology and development with the nutritional
demand of shoots. Many nutrient uptake systems and
enzymes involved in nutrient assimilation and mobi-
lization in roots are regulated by demand from the
shoot via shoot-derived signals (Marschner, 1995).
Hormones and nutrients themselves or their deri-
vates could be potential candidates of long-distance
signals (Forde, 2002; Atkins and Smith, 2007; Schachtman
and Shin, 2007). In the case of phosphorus, Pi itself
does not appear to be a long-distance signal from
shoots; instead, allocation or recycling of Pi between
shoots and roots is considered to provide the systemic
signals (Drew and Saker, 1984; Jeschke et al., 1997;
Burleigh and Harrison, 1999). Plants have developed a
series of adaptive responses to Pi deficiency to over-
come the low availability of Pi (Raghothama, 1999;
Poirier and Bucher, 2002). These responses include con-
servation of internal Pi resources and enhancement of
external Pi acquisition by roots, both depending on
coordinated regulation by local and systemic signals.
Identification and characterization of several mu-
tants have advanced our understanding of the local
and systemic regulation of Pi homeostasis. The pdr2 mu-
tant is unable to maintain the root meristem activity

732 Plant Physiology, June 2008, Vol. 147, pp. 732-746, www.plantphysiol.org © 2008 American Society of Plant Biologists



specifically under Pi-deficient conditions because
of the disruption of local Pi sensing (Ticconi et al.,
2004). The phol mutant is impaired in the loading of Pi
into xylem, which results in Pi-deficient symptoms in
shoots (Poirier et al., 1991; Hamburger et al., 2002). In
contrast to phol, the pho2 mutant overaccumulates Pi
in shoots as a result of enhanced Pi uptake and trans-
location (Delhaize and Randall, 1995; Dong et al.,
1998). Recently, PHO2 was identified as a target gene
of microRNA399 (miR399), encoding a ubiquitin-
conjugating E2 enzyme 24 (Aung et al., 2006; Bari
et al., 2006).

miRNAs are a group of small RNAs processed from
the stem-loop region of single-stranded endogenous
transcripts and are involved in posttranscriptional
gene regulation (Bonnet et al., 2006; Jones-Rhoades
et al., 2006; Mallory and Vaucheret, 2006; Sunkar et al.,
2007). Such small RNA-mediated regulation is crucial
for mRNAs or proteins to accumulate preferentially in
specific tissues, at specific growth stages, or in response
to environmental stimuli. The expression of miR399
was up-regulated by Pi deprivation in accordance
with reduced PHO2 mRNA level (Fujii et al., 2005;
Chiou et al., 2006; Chiou, 2007). Up-regulation of miR399
is a specific response to deficiency of Pi but not other
nutrients such as nitrogen, potassium, sulfate, or car-
bohydrates (Fujii et al., 2005; Bari et al., 2006). Trans-
genic plants overexpressing miR399, in which PHO2 is
suppressed, resemble pho2 mutant and PHO2 T-DNA
knockout lines. These plants all display Pi toxicity in
the shoots as a consequence of enhanced Pi uptake, Pi
translocation from roots to shoots, and retention of Pi
in old leaves (Aung et al., 2006; Chiou et al., 2006).
These observations reveal a crucial role of interaction
between miR399 and PHO?2 in the maintenance of Pi
homeostasis. This regulation appears to be conserved
among different plant species because of the conser-
vation of miR399 and PHO2 genes (Bari et al., 2006;
Chiou et al., 2006). Recently, AT4 and IPS1, members
of a noncoding RNA class highly induced by Pi starva-
tion (Burleigh and Harrison, 1999; Martin et al., 2000),
were found to inhibit the cleavage of miR399 on the
PHO?2 transcript through the mimicry of the target
sequence (Franco-Zorrilla et al., 2007). Of interest, up-
regulation of miR399, At4, and IPS1 by Pi deprivation
is mediated by phosphate starvation response 1, a
MYB transcription factor (Rubio et al., 2001; Bari et al.,
2006), which represents a regulatory circuit in con-
trolling Pi homeostasis during the fluctuation of avail-
able Pi.

The vascular expression pattern of PHO2 and
miR399 and their systemic role in Pi uptake and trans-
location (Aung et al., 2006; Chiou et al., 2006) prompted
us to examine their systemic functions. Moreover, the
recent identification of a diverse and dynamic pop-
ulation of small RNAs in phloem sap of many plant
species suggested the potential function of these small
RNAs as information molecules (Yoo et al., 2004; Lough
and Lucas, 2006; Buhtz et al., 2008). In this study, we
performed reciprocal grafting between wild-type and
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miR399-overexpressing Arabidopsis (Arabidopsis thali-
ana) and tobacco (Nicotiana benthamiana) plants to
address the systemic regulation of PHO2 by miR399.
We analyzed quantitatively the level of miR399 pre-
cursors and mature miR399 and PHO2 mRNA, as well
as Pi accumulation, in scions and rootstocks of Arabi-
dopsis and tobacco and revealed systemic regulation
of PHO2 by the movement of miR399.

Recently, Pant et al. (2008) reported miR399 as a
long-distance signal for the regulation of Pi homeosta-
sis on the basis of the authors” detection of miR399 in
phloem sap of rapeseed and pumpkin (Cucurbita maxima)
and the movement of miR399 in grafted Arabidopsis
plants, research that is similar to the work we describe
here. Our results not only support the Pant et al. (2008)
findings but also provide additional and profound in-
formation about this systemic signaling. We show the
common phenomena for the long-distance movement
of miR399s in Arabidopsis and tobacco plants and the
differential efficiency of miR399 species in targeting the
PHO?2 transcript and identify miR399-mediated PHO2
small interfering RNAs (siRNAs). Furthermore, we
elucidate the biological significance for shoot-to-root
movement of miR399s in the initial response to Pi
deprivation and in the phol mutant.

RESULTS
Systemic Movement of miR399 in Arabidopsis

We performed reciprocal micrografting using wild-
type and miR399f-overexpressing transgenic Arabi-
dopsis plants (Chiou et al., 2006). Four combinations of
grafted plants were generated, including 2 self-grafted
controls, wild-type to wild-type (designated as wt/wt
for scion/rootstock) and transgenic to transgenic plants
(399£/399f), and two reciprocal grafts, wild-type to
transgenic plants (wt/399f and 399f/wt). The grafted
plants were maintained under Pi-sufficient conditions
to avoid the endogenous induction of miR399 expres-
sion. Scions and rootstocks from individual grafted
plants were harvested for Pi assay and measurement
of PHO2 mRNA, primary transcripts of miR399 and
mature miR399 by quantitative reverse transcription
(RT)-PCR. Specific mature miR399 species were mea-
sured by quantitative RT-PCR coupled with Tag-Man
probe. Results from quantitative RT-PCR are pre-
sented as relative expression levels with 272" x 10% or
278CT 5 10* for easy observation (Livak and Schmittgen,
2001; Schmittgen et al., 2004) and comparison of the
expression of the same transcript in different figures.
Because of variations in shoot Pi concentration among
individual plant, results from individual grafted
plants were not averaged but, rather, displayed as a
distribution of data collected from each plant (Fig. 1A).
Like nongrafted plants, wt/wt self-grafted plants dis-
played normal shoot Pi concentration, but 399f/399f
self-grafting plants showed a high level of Pi in the
scions (Fig. 1A).
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Figure 1. Reciprocal grafting be-
tween wild-type and miR399f-over-
expressing transgenic Arabidopsis
plants. A, Pi concentration in the
scions. Each spot indicates one data
point from an independent grafted
plant. B, Relative levels of PHO2
mRNA in the scions (black bars) and
rootstocks (gray bars) of grafted
plants. C, Relation between the Pi
concentration in scions and the ex-
pression of PHO?2 in rootstocks. D
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Wild-type scions grafted onto miR399f-overexpressing
rootstocks (wt/399f) showed a high level of Pi (Fig.
1A), which indicates that miR399f-overexpressing
rootstocks alone are sufficient to cause high accumu-
lation of Pi in wild-type scions. This observation is
similar to that in pho2 rootstocks grafted with wild-
type scions (Bari et al., 2006) because of the reduced or
nonfunctional PHO?2 protein in the rootstocks. Of note,
miR399f-overexpressing scions also accumulated high
concentrations of Pi when grafted onto wild-type
rootstocks (399f/wt; Fig. 1A). PHO2 mRNA level in
scions and rootstocks of all grafted plants was similar
to that of the original genotypes, except in wild-type
rootstocks of 399f/wt plants, which showed more than
10-fold lower PHO2 mRNA level than wt/wt controls
(Fig. 1B). The increased Pi concentration in miR399-
overexpressing scions is associated with reduced PHO2
mRNA in wild-type rootstocks.
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Plotting Pi concentration in scions against the level
of PHO2 mRNA in rootstocks gave a negative corre-
lation, with three groupings (Fig. 1C): (1) wt/wt self-
grafted plants accumulating normal Pi level in shoots
and a high PHO2 mRNA level in roots; (2) 399f/399f
and wt/399f plants with high Pi level in shoots but a
low PHO2 mRNA level in roots; and (3) 399f/wt plants
containing a high Pi level in shoots but a relatively low
PHO2 mRNA level in roots. When the PHO2 mRNA
in rootstocks drops to a critical level, as observed in
399f/wt, scions started to accumulate a high amount
of Pi. High accumulation of Pi in scions coexists with a
Pi toxic phenotype shown as chlorosis and necrosis in
leaf tips (Chiou et al., 2006). In addition, the Pi con-
centration in rootstocks of all grafted plants was normal
and similar to that in wt/wt controls (data not shown),
as seen in roots of pho2 or miR399-overexpressing
plants.
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Reduced PHO2 expression in wild-type rootstocks
of 399f/wt plants raises the possibility of movement of
miR399f from miR399f-overexpressing scions to suppress
the expression of PHO?2 in rootstocks. Movement of
miR399f was examined by detection of mature miR399f
and its primary transcript (pri-miR399f) on quantita-
tive RT-PCR (Fig. 1, D and E). As expected, a high level
of mature miR399f and pri-miR399f was observed in
scions and rootstocks from miR399f-overexpressing
plants. Mature miR399f was at an extremely low level
in wild-type scions or rootstocks except for a relatively
small but substantial amount of mature miR399f in
wild-type rootstocks of 399f/wt plants. Although the
level of mature miR399f in wild-type rootstocks was
only 0.35% of that in miR399f-overexpressing scions, it
reached 18-fold of that in wt/wt controls (Fig. 1E). This
level of miR399f did not result from de novo synthesis
in the wild-type rootstocks, because pri-miR399f was
barely detected and was as low as that in wt/wt con-
trol plants (Fig. 1D). Exclusion of de novo synthesis of
miR399f was provided by grafts of rootstocks of trans-
genic plants expressing the GFP:GUS fusion gene driven
by the miR399f promoter (Aung et al., 2006). The level
of GFP:GUS in the rootstocks grafted with miR399f-
overexpressing scions (399f/P,y,) was as low as that in
the rootstocks of self-grafted controls (Psg9/ P35 Fig.
1F). From these observations, we conclude that the
mature miR399f detected in the wild-type rootstocks
should originate from the miR399f produced in the
scions moving across graft unions to the rootstocks.

Association of miR399f movement with reduced
PHO2 mRNA level in rootstocks suggests the cleavage
of PHO2 mRNA by the scion-born miR399f. However,
from our experience, the level of translocated miR399f
seemed comparatively low, because it was undetect-
able by regular RNA gel-blot analysis. To determine
whether such a small amount of miR399f is functional
and sufficient to cleave PHO2 mRNA, we compared
its level with that in Pi-starved wt/wt self-grafted
plants. The wt/wt plants were treated under Pi-free
medium for 1 or 2 d, and the expression of mature
miR399f was analyzed. The level of miR399f (24T X
10% = 11.50) in rootstocks of 399f/wt plants was higher
than that in 1-d Pi-starved rootstocks (2 4T x 10% =
1.09) and close to that in 2-d Pi-starved rootstocks of
wt/wt plants 274 x 10 = 13.0; Fig. 1E). Although
the level was not as high as in long-term Pi-starved
samples, in which the expression of miR399f (24T x
10%) can reach over 350 after 5-d starvation (Fig. 5D),
constitutive accumulation of a low amount of miR399f
should be effective in keeping PHO2 mRNA at the low
level. Because the whole grafting process takes about
4 to 5 weeks, maintenance of a low level of miR399f
in an extended period could be effective enough to re-
duce the PHO2 mRNA level. Furthermore, the miR399-
guided cleavage products of PHO2 mRNAs in the
rootstocks of 399f/wt plants were identified by anal-
ysis of RNA ligase-mediated 5’ rapid amplification of
c¢DNA end (RLM-5' RACE; red numbers in Supple-
mental Fig. S1).
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Differential Targeting of PHO2 mRNA by miR399b/c
and miR399f

In addition to grafting with miR399f, we grafted
miR399b-overexpressing plants, which have been shown
to display a similar Pi toxic phenotype as miR399f-over-
expressing plants (Chiou et al., 2006). To our surprise,
unlike miR399f plants, transgenic scions of 399b/wt
plants showed a Pi concentration not as high as that of
wt/399b or 399b/399b plants (Fig. 2A). A low accu-
mulation of Pi in transgenic scions was associated with
a high expression of PHO2 in wild-type rootstocks of
399b/wt plants (Fig. 2B). The low efficiency in sup-
pressing PHO?2 in the rootstocks of 399b/wt plants was
not due to lower expression of miR399b in the trans-
genic scions or less movement of miR399b compared to
399f/wt plants. Subtracting expression from the basal
expression in wt/wt plants resulted in a comparable
increased amount of mature miR399b (27T x 10% =
11.22) or miR399f (2T x 10? = 10.85) in the wild-type
rootstocks of 399b /wt or 399f/wt grafting plants (Figs.
1E and 2D). This suggests that the movement of
miR399b from scions to rootstocks could be as efficient
as that of miR399f.

The differential efficiency on the suppression of
PHO?2 led us to inspect the sequence variation between
miR399b and f. Sequences of different miR399 species
(miR399a-f) aligned with the five potential target sites
of the PHO?2 transcript, in addition to a few mismatches
toward the 3’ ends of the miR399s, revealed that the
guanosine (G) at nucleotide 13 of miR399b/c is not
base-paired to all of five target sequences (Fig. 3A). We
postulated that the mismatch at this position may reduce
the cleavage efficiency. This hypothesis is supported
by a similar observation in transgenic plants with over-
expressed miR399b replaced with miR399c¢ as grafting
materials (Supplemental Fig. S2) because of the iden-
tical sequences of mature miR399b and c.

Movement of Arabidopsis miR399 in Tobacco Plants

We generated transgenic tobacco plants overexpress-
ing Arabidopsis miR399b or miR399f, and, similar to
Arabidopsis, transgenic tobacco plants overaccumulated
Pi in shoots and displayed Pi toxicity (Supplemental
Fig. S3, A and B). This finding suggests efficient target-
ing of the tobacco PHO2 homologue by Arabidopsis
miR399. Targeting of tobacco PHO2 by heterologous
Arabidopsis miR399s suggests a high degree of se-
quence homology between Arabidopsis and tobacco
miR399s. These transgenic tobacco plants were used for
reciprocal grafting materials as performed in Arabi-
dopsis. The results from tobacco grafting were consis-
tent with those from Arabidopsis. 399f/399%, wt/399f,
and 399f/wt tobacco plants accumulated high Pi con-
tent in scions (Fig. 4A) as a consequence of suppression
of tobacco PHO?2 in rootstocks (Fig. 4C). Wild-type
rootstocks of 399f/wt plants showed a significantly
higher level of miR399f (27%°T x 10? = 26.32) than
wt/wt controls (2747 x 10% = 0.21; Fig. 4G). De novo
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tween wild-type and miR399b-over-
expressing transgenic Arabidopsis
plants. A, Pi concentration in the
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plant. B, Relative levels of PHO2
mRNA in the scions (black bars) and
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synthesis of miR399f in the rootstocks was unlikely
because of no detectable pri-miR399f (Fig. 4E). Tobacco
plants also showed different performance of miR399f
and b. In 399b/wt tobacco plants, the suppression of
PHO?2 in rootstocks was less efficient than in 399f/wt
tobacco plants, which resulted in less Pi accumulation
in scions (Fig. 4, B and D). Although the level of mature
miR399b in the rootstocks of 399b/wt plants was lower
than that of miR399f in the rootstocks of 399f/wt plants,
possibly because of lower expression of miR399b in
these transgenic lines, miR399b still moved from trans-
genic scions to wild-type rootstocks (Fig. 4H). Interest-
ingly, sequence alignment also revealed the mismatch
at nucleotide 13 of Arabidopsis miR399b/c to the four
potential targets on the tobacco PHO?2 transcript (Sup-
plemental Fig. S3C). Taken together, similar results
obtained from Arabidopsis and tobacco grafting ex-
periments demonstrate the long-distance movement of
miR399 from shoots to roots and suggest a common
phenomena for the movement of miR399 in plants.

Long-Distance Movement of miR399 from Shoots to
Roots as an Early Response to Pi Deficiency

Results from grafting experiments provide evidence
of long-distance movement of miR399 from shoots to
roots. However, both roots and shoots show a similar
amount of mature miR399 (Chiou et al., 2006), and
promoter::reporter analysis revealed transcriptional
activity of all six miR399 genes in vascular tissues of
roots and shoots (Aung et al., 2006). Why do miR399s
need to travel from shoots to roots if both tissues can
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synthesize miR399s and what is the biological signif-
icance of such movement? In previous study (Aung
et al., 2006; Chiou et al., 2006), miR399s were examined
after long Pi starvation (3-5 d), so we confined the
treatment to a shorter period (1 h-2 d) and examined
the level of all species of pri-miR399 and mature
miR399 in roots and shoots, respectively.

We began to detect a considerable amount of pri-
miR399s in shoots at 12 h after treatment, which
continued to increase during treatment (Fig. 5A). In
shoots, pri-miR399d showed the greatest accumula-
tion, followed by pri-miR399¢, b, a, and f after 2 d of
treatment. The expression of miR399e was very low
within 2 d of treatment and is therefore not shown. In
contrast to pri-miR399 expression in shoots, that in
roots was scarce prior to 1-d treatment. The accumu-
lation of pri-miR399s in roots was much less abundant
than that in shoots, which suggests a faster response of
shoots than roots in up-regulating miR399 genes.
When mature miR399s were examined, a high amount
of pri-miR399s in the shoots did not result in high
accumulation of mature miR399s. In fact, roots accu-
mulated a higher amount of mature miR399s than
shoots (Fig. 5B) despite a very low level of pri-miR399s
(Fig. 5A). A high level of pri-miR399s was detected in
shoots, but a high level of mature miR399s was noticed
in roots. This finding was true for all different miR399
species. The accumulation of mature miR399s was
associated with reduced PHO2 mRNA level in roots
(Fig. 5B). The opposite accumulation of pri-miR399s
and mature miR399s in shoots and roots implies the
movement of mature miR399s from shoots to roots,

Plant Physiol. Vol. 147, 2008
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Figure 3. Sequence alignments among dif-
ferent miR399 species and five potential
targets on PHO2 mRNA (A) and the mim-
icked target sequence on At4/IPST non-

miR399a UCCCGUUUAGAGGARACCGUs: miR399a UCCCGUUUAGAGGAAACCGUs coding RNAs (B). Mismatched nucleotides
miR399b/c GUCCCGUUGAGAGGAAACCGU miR399/c GUCCCGUUGAGAGGAARACCGU are indicated in bold and GU base.pajrings
miR399d GCCCCGUUUAGAGGAAACCGU miR399d GCCCCGUUUAGAGGAAACCGU are marked in gray. The position of nu-
miR39%  GCUCCGUUUAGAGGAAACCGU miR39%  CGCUCCGUUUAGAGGAAACCGU cleotide 13 is highlighted. Solid triangles
MiR399f CCCGUUUAGAGGAAACCGU miR399f CGGCCCGUUUAGAGGARACCGU indicate the cleavage sites of target se-
v v quences by miR399s.

@ 5 ' ~UUGGGCAAAUCUCCUUUGGCA- @  5'_UCGAGCAAAUCUCCUUUGGCA-

miR399a UCCCGUUUAGAGGAARACCGUs miR3993 UCCCGUUUAGAGGAAACCGUs:

miR399/c GUCCCGUUGAGAGGAAACCGU

miR399d CCCCGUUUAGAGGAAACCGU miR399d

miR39% CUCCGUUUAGAGGAAACCGU miR39%

miR399f CCCGUUUAGAGGAAACCGU miR399f
\J

®)

5'-UAGAGCAAAUCUCCUUUGGCA-

miR399% UCCCGUUUAGAGGAAACCGUs
miR399b/c GUCCCGUUGAGAGGAAACCGU

miR399d CCCCGUUUAGAGGAAACCGU
miR399% CUCCGUUUAGAGGAAACCGU
miR399f GCCCGUUUAGAGGAAACCGU

B mimic target sequence of miR399 on
At4/IPS1 family

5'-UUGGGCAACUUCGAUCCUUUGGCA-

miR399%a UCCCGUUUAG---AGGARACCGUs
miR39%/c GUCCCGUUGAG---AGGARACCGU
miR399d CCCCGUUUAG---AGGAAACCGU
miR39% CUCCGUUUAG---AGGAAACCGU
miR399f CCCGUUUAG---AGGAAACCGU

which is important for the suppression of PHO2 in
roots to activate the Pi acquisition from the rhizo-
sphere and subsequent translocation during the onset
of Pi starvation. After 5-d starvation, the expression of
miR399 continued to increase, and the levels of pri-
miR399s and mature miR399s were comparable in
both shoots and roots except for a higher level of
mature miR399d and f in roots (Fig. 5, C and D).

One may argue that the low level of pri-miR399s but
high level of mature miR399s in roots is a consequence
of higher processing efficiency from precursors to
mature products. This scenario seems unlikely. From
our calculations, the processing for miR399b and c in
roots has to be 15-fold more efficient than that in
shoots to explain the differences we observed. In fact,
we compared the processing efficiency between shoots
and roots by calculating the ratio of level of mature
miR171b to that of its primary transcript and found
similar processing efficiency in shoots and roots of
wild-type plants grown under Pi-sufficient or -deficient
conditions (Supplemental Fig. S4A). Moreover, on the
basis of the expression of the endoplasmic reticulum-
localized GFP reporter gene, the promoter activity of
miR399a, b, ¢, or f was 2 to 20 times greater in shoots
than in roots 2 d after Pi starvation (Supplemental Fig.
54B). Higher promoter activity is correlated with
higher accumulations of pri-miR399s in shoots, which
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miR399%/c CUCCCGUUGAGAGGAAACCGU
CCCCGUUUAGAGGAAACCGU
CUCCGUUUAGAGGAAACCGU
GCCCGUUUAGAGGAAACCGU

supports a faster induction of miR399 genes in shoots
than in roots.

Systemic Regulation of PHO2 by miR399 in phol

The phol mutant is defective in the loading of Pi into
the xylem of roots and thus displays a Pi-deficient
phenotype in shoots (Poirier et al., 1991). Because Pi
level is low in shoots of phol but remains at normal
levels in roots, we examined the expression and pos-
sible systemic regulation of miR399 and PHO?2 in phol.
In response to an internal low Pi level, both pri-
miR399s and mature miR399s accumulated in phol
shoots (Fig. 6, A and B), along with an increased amount
of pri-miR399s in phol roots, which suggests the exis-
tence of a shoot-derived signal to systemically up-
regulate the expression of miR399 in roots (Fig. 6A).
Similar to the observation during short-term Pi defi-
ciency, a higher amount of pri-miR399s, except pri-
miR399a, accumulated in shoots than in roots, whereas
more mature miR399s were detected in roots (Fig. 6, A
and B). The abundance of pri-miR399d in shoots was
much higher than that of other miR399 species, but
this did not result in a high accumulation of mature
miR399d in shoots or roots. Whether this observation
is caused by differential processing among different
miR399 species requires further studies. The level of
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PHO2 mRNA in shoots and roots of the phol mutant
was reduced as a result of increased miR399s (Fig. 6C).
The miR399-guided cleavage of PHO2 mRNA was
further revealed by RLM-5" RACE (blue numbers in
Supplemental Fig. S1). The analysis of phol offers
additional lines of evidence for systemic suppression
of PHO2 by the movement of miR399 from shoots to
roots.
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Pi Starvation-Induced and miR399-Dependent
PHO2 siRNAs

Two miRNA-directed cleavages may generate siRNAs
(Axtell et al., 2006). Because the PHO?2 transcript con-
tains five potential miR399 target sites, examining
whether targeting by miR399 can generate PHO2
siRNA is of interest. Several fragments corresponding
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to different regions of cleaved product were used as
probes to detect the PHO2 small RNAs. The signal was
observed when the downstream sequence at the fifth
target site was used as a probe (Fig. 7A). Intriguingly,
these PHO2 small RNAs were detected only in the Pi-
starved samples of wild-type and pho2 plants, which
indicates that their production is Pi-starvation depen-
dent. Moreover, these PHO2 small RNAs were noticed
in transgenic plants overexpressing miR399b or f,
regardless of their Pi status (Fig. 7, B and C). The
association between the expression of miR399s and
PHO2 small RNAs suggests that the production of
these small RNAs may rely on the cleavage of miR399s.
These small RNAs are about 20 nucleotides long, are
present in both roots and shoots, and are double-
stranded, because they could be detected by both
sense and antisense probes. They likely function as
siRNAs to reinforce the repression of PHO?2. Because
the level of these siRNAs was enhanced in transgenic
plants under Pi starvation, the enhancement may
result from an additive effect by the overexpression
of transgenes and induction of endogenous miR399.
To understand the biogenesis of PHO2 siRNAs, we
analyzed mutants defective in small RNA biogenesis
(Fig. 7D). PHO2 siRNAs could be detected in all Pi-
starved mutants except dcll and henl, two essential
components in the biogenesis of miRNAs (Park et al.,
2002; Chen, 2005). No signal of PHO2 siRNAs was
detected in henl-1 with a Landsberg erecta back-
ground, whereas a slightly larger band was observed
in henl of the Columbia ecotype, likely resulting from
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the uridylation of a nonmethylated 3" end (Li et al.,
2005). An abnormal size or absence of PHO2 siRNAs is
associated with a significant reduction in the level of
miR399 in dcll and henl mutants (Fig. 7D). These
results further support the involvement of miR399 in
generating PHO2 siRNAs. Consistent with the low
expression of miR399 in dcll and henl mutants, the
level of PHO2 mRNA was not down-regulated in
response to Pi deficiency (Fig. 7E).

DISCUSSION

From results of grafting in Arabidopsis and tobacco
plants, we revealed the long-distance movement of
miR399 from shoots to regulate the expression of
PHO?2 in roots. The observations of differential accu-
mulation in expression of miR399 precursors and ma-
ture miR399 in shoots and roots of phol mutant plants
and during Pi deficiency further supported this no-
tion. Targeting of miR399b/c on the PHO?2 transcript
was less efficient than that of miR399f likely because
of a mismatch at nucleotide 13. Furthermore, identifi-
cation of Pi starvation-induced and miR399-mediated
PHO?2 siRNAs provides an additional layer of regula-
tion of PHO?2 expression.

Long-Distance Movement of miR399 via Phloem

Detection of mature miR399 in the wild-type root-
stocks grafted with miR399-overexpressing scions pro-
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vides evidence for the movement of miR399 from
shoots to roots (Figs. 1, E and F, 2D, and 4, G and H).
The increased level of miR399 did not result from de
novo synthesis of miR399 in the rootstocks, because
the level of miR399 precursors was undetectable or as
low as that in wt/wt controls (Figs. 1D, 2C, and 4, E
and F). Moreover, transcription of miR399f was not
enhanced in the miR399f promoter::reporter root-
stocks grafted with miR399f-overexpressing scions
(399f/P,qq; Fig. 1F). Importantly, grafting results ob-
tained from Arabidopsis could be reproduced in to-
bacco plants, which suggests that the movement and
regulatory network of miR399 could be common and
conserved. This suggestion is also supported by the
identification of miR399 and PHO2 homologues in
many plant species (Bari et al., 2006; Chiou et al., 2006;
miRBase, release 10.1). Furthermore, downward but
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not upward movement of miR399 indicates the trans-
portation of miR399 via the phloem stream, which is
consistent with the observation of many miRNA spe-
cies in phloem sap but no RNAs in xylem sap (Yoo
et al., 2004; Buhtz et al., 2008). miR166 may function as
a movable signal because of its progressively expand-
ing expression pattern during leaf development and
its accumulation in phloem (Juarez et al., 2004). How-
ever, synthetic miRNA targeting auxin response fac-
tors (miR-ARF) was not able to cross graft unions in
tomato (Solanum lycopersicum) or tobacco plants in a
study based on characterization of phenotype (Alvarez
et al., 2006). Similar to miR399-overexpression plants
used in this study, miR-ARF was driven by a 35S pro-
moter, so the difference in mobility between miR399
and miR-ARF should not result from different expres-
sion patterns. Instead, the long-distance movement of

Plant Physiol. Vol. 147, 2008
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Figure 7. Detection of PHOZ2 siRNA. The location of probe (double-pointed black arrow) and sequenced small RNAs (single-
pointed gray arrows indicating the direction of 5 to 3’) corresponding to the PHO2 transcript are marked in A. The vertical bars
within the second exon indicate the five miR399 target sites. B and C, RNA gel-blot analysis of PHO2 siRNAs in Pi-sufficient
(+Pi) and 5-d Pi-starved (—Pi) shoots (B) and roots (C) of wild-type (wt), pho2, and miR399-overexpressing (399b and 399f)
plants. The siRNA could be detected by both SP and ASP. D, Detection of PHOZ2 siRNA (ASP) and miR399 in the roots of small
RNA biogenesis mutants subjected to 5-d Pi-starvation treatment. E, RNA gel-blot analysis of PHO2 mRNA in the roots of
different mutants under Pi-sufficient or -deficient conditions. Staining of 5S ribosomal RNA and tRNA (B-D) and 25S and 18S

ribosomal RNAs (E) is shown as the loading control.

the miRNA information network should be regulated
tightly with selectivity and specificity.

Recently, Pant et al. (2008) reported the application of
an Arabidopsis grafting approach similar to what we
describe here. Although our two studies found a sim-
ilar conclusion of the long-distance movement of
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miR399 from scion to suppress PHO2 expression in
rootstocks, the detectable movement of miR399 dif-
fered. Pant et al. (2008) detected a very high level of
mature miR399d in wild-type rootstocks of 399d/wt
plants. The level was close to that in the original
miR399d-overexpressing plants or the level of UBQ10,
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one of most abundant transcripts in plants. The similar
level of miR399d in overexpressing scions and wild-
type rootstocks suggests highly efficient movement of
miR399d. However, we did not observe such highly effi-
cient movement. In our system, the detectable miR399f
or b level in wild-type rootstocks of 399/wt Arabidop-
sis or tobacco plants was relatively small (0.35%-5%) as
compared with the original overexpressing scions. One
explanation is the difference in transgenic lines express-
ing different miR399 species. Whether miR399d shows
different mobility than miR399f would be interesting,
because these two contain only one nucleotide differ-
ence at position 20 (Fig. 3). One nucleotide change in the
potato (Solanum tuberosum) spindle tuber viroid was
reported to interfere in its trafficking to phloem for
systemic infection because of differences in tertiary
structure (Zhong et al., 2007). Nevertheless, the size of
miRNAs is much smaller than that of viroid RNAs, and
the formation of a secondary or tertiary structure is not
clear. Also, the discrepancy may result from different
experimental systems, such as grafting procedures,
growth conditions, or detection methods.

Under natural conditions, the movement of miR399s
should occur when Pi is depleted because of the up-
regulation of miR399s by Pi deprivation. However, the
movement of miR399s was observed in grafted plants
grown under Pi-sufficient conditions, which indicates
that the movement of miR399s could be independent
of Pi status and the machinery is ready and functional
under both Pi-sufficient and -deficient conditions.
Nevertheless, other components induced under Pi
deficiency may be involved and facilitate the move-
ment during deficiency.

One may wonder whether the miRNA precursors
can move. If they can move, the precursors left from
processes would have to move out of the nucleus,
travel through the phloem, and be processed very
quickly after arriving at roots, because we were unable
to detect increased levels of primary transcript (pri-
miR399) and stem-loop precursors (pre-miR399, data
not shown) in the wild-type rootstocks of 399/wt plants.
Moreover, the processing of precursors by dicer after
long-distance movement is less possible, because they
have to reenter the nucleus to be processed unless the
process can take place in the cytosol. The lower abun-
dance of miRNA precursors and nucleus localization
of processing machinery (Chen, 2005; Fang and Spector,
2007) make them unlikely to be the mobile candi-
dates.

At the beginning of this study, quantitative RT-PCR
failed to detect mature miR399 in the wild-type root-
stocks of 399/wt plants with a polyadenylation
method (Shi and Chiang, 2005) used for cDNA syn-
thesis. With a stem-loop priming method (Chen et al.,
2005) coupled with the Tag-Man probe, we began to
detect the mature miR399. The lower sensitivity of
polyadenylation may be caused by the inhibition of
tailing at the 3’ end of mature miRNA because of the
methyl group on the 2’ OH of 3’ terminal nucleotide
(Yang et al., 2006). One should be cautious about the
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detection of low abundance of miRNAs with this
polyadenylation methodology.

Suppression of PHO2 by the Movement of miR399

In 399f/wt plants, the reduction of PHO2 mRNA was
associated with the existence of miR399f in rootstocks
(Fig. 1, Band E). Down-regulation of PHO2 was not due
to the reduced transcriptional activity of PHO2, be-
cause the transcript level of the GFP:GUS fusion re-
porter driven by the PHO2 promoter in the rootstocks
grafted with miR399f-overexpressing scions (399f/P;;..,)
was not altered (data not shown). Down-regulation of
PHO?2 in wild-type rootstocks should result from the
posttranscriptional cleavage by miR399f transported
from scions to rootstocks. The level of miR399f in the
rootstocks was close to that in 2-d Pi-starved wt/wt
control plants (Fig. 1E). In fact, the level of PHO2
mRNA in roots was reduced 40% after 2-d starvation
(Fig. 5B). One has to keep in mind that such reduction is
a collective effect of all six miR399 species. Although
the level of miR399f is not high, constitutive mainte-
nance of such a low level could be sufficient to reduce
PHO?2 expression. Moreover, PHO2 siRNAs derived
from the targeting of miR399s (Fig. 7) may enhance the
suppression effect.

Even though transgenic plants overexpressing
miR399b, ¢, or f all display Pi toxicity due to the
inhibition of PHO2 (Chiou et al., 2006), our grafting
experiments showed that miR399b and ¢ were not as
efficient as miR399f in suppressing PHO2 in rootstocks
and accumulating Pi in scions (Fig. 2; Supplemental
Fig. 52). These observations are not likely due to the
different mobility of these miR399s (Figs. 1E and 2D).
The difference might reside in the variation at nucle-
otide 13 of the miR399s. The G at nucleotide 13 of
miR399b/c is not complementary to any of five po-
tential target sequences on PHO2 mRNA, but inter-
estingly, makes better base-pairing with the consensus
sequence of At4/IPS1 noncoding RNAs (Fig. 3). The
function of noncoding RNAs from the At4/IPS1 family
was recently described to inhibit the cleavage of
miR399 by mimicking target sequences of PHO2
(Franco-Zorrilla et al., 2007). The degree of comple-
mentary to the target sequences of PHO?2 or consensus
sequence of At4/IPS1 noncoding RNAs may explain
the difference in cleavage efficiency between miR399b/c
and miR399f. This differential targeting may be ob-
served only when the amount of miR399 is limited, as
in grafted plants; however, the low-targeting efficiency
by miR399b/c can be compensated by a high level
of expression, as with miR399b- or c-overexpressing
transgenic plants (Chiou et al., 2006). In addition to
finding this variation in nucleotide 13 in Arabidopsis,
we also observed the variation in other miR399s from
rice, Medicago, and Populus. Interestingly, like the G at
position 13 in miR399b/c in Arabidopsis, that in the
other miR399s results in mismatches to all their tar-
get sequences but better base-pairing to the homo-
logues of At4/IPS1 noncoding RNAs in the species. We
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hypothesize that this feature may be involved in a
mechanism to control the abundance of PHO2 mRNA
through the regulation of targeting efficiency.

Previously, the miR399-guided cleavage of PHO2
mRNA was validated by 5° RACE with Pi-replete
tissues, and the target sites 2 and 3 appeared to be the
predominant cleavage sites (Allen et al., 2005). In our
assay, most of the 5’ end of PHO2 mRNA fragments
was mapped to target sites 3, 4, and 5 on analyses of
rootstocks of 399f/wt plants and roots of phol and Pi-
starved wild-type plants (Supplemental Fig. S1). Be-
cause five miR399 target sites exist on PHO2 mRNA,
mapping the 5’ end of RNA fragments on site 5 does
not exclude the cleavage on the other upstream sites.
The discrepancy among these assay results may be
caused by differences in the abundance of miR399s in
these samples.

Refining PHO2 by miR399-Mediated PHO2 siRNA

Production of transacting siRNAs (tasiRNAs) by
miRNA-direct cleavage on noncoding TAS genes has
been well documented (Vazquez etal., 2004; Allen etal.,
2005; Williams et al., 2005; Yoshikawa et al., 2005). Like
miRNAs, tasiRNAs function in trans to inhibit the
expression of other genes. In addition, detection of
siRNAs corresponding to several miRINA target genes
in wild-type plants, but not the agol or dcll mutant,
suggests that miRNAs can trigger the production of
secondary siRNAs (Ronemus et al., 2006). Here, we
revealed a population of PHO2 siRNAs that is accu-
mulated in response to Pi deficiency and associated
with the expression of miR399 (Fig. 7). These siRNAs
may function to reinforce or fine-tune the regulation of
PHO2 by miR399s. Detection of PHO2 siRNAs in the
mutants dcl2, dcl3, dcl4, sgs3, rdrl, rdr2, and rdr6 sug-
gests that the biogenesis of these siRNAs is different
from that of tasiRNAs or may not be mediated on a
single dicer or RNA-dependent RNA polymerase.

From current small-RNA databases, ASRP (http://
asrp.cgrb.oregonstate.edu/db/download.html), MPSS
(http:/ /mpss.udel.edu/at/), and 454 pyrosequencing
(http:/ /www.ncbinlm.nih.gov/geo/query/acc.cgi?acc=
GSEb5228), several small RNAs corresponding to the
PHO2 gene were identified and shown in Figure 7A.
The significance of these small RNAs is not clear
because of their very low abundance in the databases,
usually only 1 or 2 reads. None were located in the
region of the probe giving the signals. This finding is
not surprising, because the current small-RNA data-
bases are generated from plants grown under Pi-
sufficient conditions.

Because transgene-derived coat protein siRNAs
move in the long-distance phloem across graft unions
(Yoo et al., 2004), we wondered whether the PHO?2
siRNAs can also move like miR399s. From RNA gel-
blot results, we were unable to detect their movement.
More sensitive detection methods are needed to val-
idate their mobility. Because no specific sequence is
available for these siRNAs, quantitative RT-PCR can-
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not be employed. Deep sequencing of small RNAs
from phloem sap isolated from Pi-deficient plants will
provide sequence information for these siRNAs.

Biological Relevance of the Movement of miR399

Time course analyses of Pi starvation treatment
indicated the early induction of miR399s in shoots
(before 12 h), whereas the induction is much slower in
roots (after 1-2 d; Fig. 5A). However, the high accu-
mulation of mature miR399s was noticed initially in
roots rather than shoots despite the high accumulation
of pri-miR399s in shoots (Fig. 5, A and B). This in-
consistency between the accumulation of pri-miR399s
and mature miR399s in shoots and roots offers indirect
evidence for the movement of mature miR399s from
shoots to roots. Earlier and greater induction of
miR399s in shoots provides a reasonable explanation
for the need for miR399 movement to roots. Shoot-
derived miR399s are responsible for early clean-up of
PHO2 mRNA in roots, where miR399s are not readily
expressed. Of note, the suppression of PHO2 by
miR399s has to take place in roots to activate Pi uptake
from the rhizosphere and Pi translocation from roots
to shoots. Such communication between shoots and
roots could be crucial as one of the early defense
machineries in response to Pi deficiency. For extended
starvation, roots will express sufficient miR399s to
suppress the PHO?2 expression (Fig. 5, C and D). The
role for the movement of miR399s during long-term
Pi deficiency requires further study.

In Figure 8, we propose a hypothesis for signal
communication between roots and shoots to regulate
the expression of miR399s and PHO2. Upon initiation
of Pi deficiency, roots first sense the changes and emit
two types of response: one is the local response re-
stricted to the roots directly exposed to the nutrient;
the other is a systemic response of sending a signal to
shoots (Forde, 2002; Atkins and Smith, 2007; Schachtman
and Shin, 2007). A systemic root-born signal is deliv-
ered through the xylem to trigger the initial expression
of miR399s in shoots (Fig. 8, 1). Mature miR399 pro-
duced in shoots move down to roots via a phloem
stream (Fig. 8, 2). Soon after the induction of miR399s
in shoots, a systemic shoot-born signal, alone or to-
gether with a local root-born signal, then activates the
expression of miR399s in roots (Fig. 8, 3). Detection of
pri-miR399s in phol roots (Fig. 6A) suggests that the
activation of miR399s in phol roots is triggered by a
signal derived from Pi-starved shoots. The existence of
a local root-born signal is supported by the expression
of miR399s in the detached Pi-starved roots (K. Aung,
Y.-N. Chen, and T.-J. Chiou, unpublished data). The
miR399s accumulated in roots, derived from shoots or
de novo synthesis in roots, inhibit PHO2 expression
and result in enhanced Pi uptake and translocation.
Generation of PHO2 siRNAs by the targeting of
miR399 may reinforce the suppression of PHO?2 at a
later stage (Fig. 8, 4). Movement of PHO2 siRNAs is
not known and remains to be uncovered.
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Figure 8. A proposed model for the regulation of miR399 and PHO2
through signal communication between roots and shoots in response to
Pi deficiency. SRS, Systemic root-born signal; SSS, systemic shoot-born
signal; LRS, local root-born signal. Movement of PHO2 siRNAs is not
known and is indicated as a dashed line. Allocation and recycling of Pi
between shoots and roots may be involved in this long-distance
signaling network and are indicated as circular arrows. See text for a
detailed description.

The root-shoot communication is necessary for
plants to survive through unfavorable nutrient condi-
tions, because roots are responsible for the nutrient
uptake and transportation that has to coordinate with
the demand of shoots. As proposed previously, Pi
allocation and recycling between shoots and roots is
considered to provide the systemic signals (Drew and
Saker, 1984; Jeschke et al., 1997; Burleigh and Harrison,
1999). Thus, Pi allocation and recycling may reflect the
Pi status in different tissues. Reduced transport of Pi
from roots to shoots during the onset of Pi deficiency
may trigger the induction of miR399s in shoots. The
miR399s produced in shoots serve as long-distance
signals to activate Pi transport systems in roots by
the inhibition of PHO2 expression. In the future, iden-
tification of the associated partners of miR399s during
the long-distance transportation will provide further
insight into the regulation of miRNA trafficking.
Whether the phloem SMALL RNA BINDING PRO-
TEIN1 (CmPSRP1) involved in small RNA trafficking
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in pumpkin (Yoo et al., 2004) also participates in the
movement of miR399 awaits investigation. In addition
to miR399, miR395 and miR398 were also detected in
the phloem sap of Brassica napus under sulfate and
copper starvation, respectively (Buhtz et al., 2008). The
progress of these innovative studies has opened a new
prospect for the systemic role of miRNAs in the
regulation of nutrient homeostasis.

MATERIALS AND METHODS
Plant Materials and Growth Conditions

Arabidopsis (Arabidopsis thaliana) ecotype Columbia and tobacco (Nicotiana
benthamiana) wild-type and transgenic plants overexpressing miR399 were
used for grafting experiments. phol-2 (CS8507) was obtained from the
Arabidopsis Biological Research Center. Seeds of small RNA biogenesis
mutants were gifts from Drs. Xuemei Chen and Shu-Hsing Wu: dcl1-9
(CS3828), dcl2-1 (SALK_064627), dcl3-1 (SALK_005512), dcl4-2 (GABI_160G05),
rdrl-1, rdr2-1 (Xie et al.,, 2004), rdr6-11 (CS24285), sgs3-11 (CS24289), henl
(SALK_049197), and hen1-1 (Chen et al., 2002). For time-course analysis, wild-
type seeds were surface sterilized and germinated on agar plates with one-half
Murashige and Skoog medium for 9 d. The seedlings were then transferred to
hydroponic culture with one-half Hoagland solution containing 250 um
KH,PO, for an additional 8 d. Pi starvation was initiated by replacing
250 um KH,PO, with 10 um KH,PO,. Seedlings were harvested at 1, 3, 6, 12,
24, and 48 h and 5 d after treatment. Nutrient solution was replenished every
5 d. Root and shoot samples were collected separately for Pi assay or RNA
isolation. All growth conditions were at 22°C under a 16-hr photoperiod with
cool fluorescent light at 100 to 150 uE m™> s~'. The phol mutant was also
grown hydroponically under Pi-sufficient conditions.

Grafting of Arabidopsis and Tobacco Plants

Hypocotyl reciprocal grafting was performed with wild-type plants and
miR399-overexpressing transgenic (Chiou et al., 2006) and miR399f promoter::
reporter lines (Aung et al., 2006). For Arabidopsis, micrografting was
performed as previously described (Turnbull et al., 2002) with minor modi-
fications. Seeds were germinated on one-half Hoagland medium for 4 d, and
seedlings were transferred to vertical plates and incubated in the dark for 2 d.
Scions and rootstocks were obtained by use of a no. 15 scalpel blade, and
grafting involved use of a dissecting microscope. Grafted plants were incu-
bated vertically in the dark for 1 d prior to being transferred to the culture
room. To observe and remove adventitious roots generated from scions,
grafting was carried out without collars. Two weeks after grafting, plants were
transferred to hydroponic culture and grew for another 10 d. Grafted plants
were checked without adventitious roots before harvest. Scions and rootstocks
were collected separately for Pi assay and RNA isolation. Lack of contami-
nation of adventitious roots in the rootstocks of 399/wt grafted plants was
confirmed by the absent expression of hygromycin-resistant gene located
within the transgene by PCR. Tobacco grafting was conducted similar to that
in Arabidopsis, except that 2-week-old plants were used for grafting and the
samples were harvested after 1 month of hydroponic culture. All grafting
experiments were repeated at least three times independently, and similar
results were obtained. Data from one of them was presented.

Phosphate Content Analysis
Pi content was determined as described (Ames, 1966) with minor modi-
fications (Chiou et al., 2006).

RNA Isolation and Quantitative RT-PCR

RNA isolation was performed as described previously (Lin et al., 2005)
using TRIzol reagent (Invitrogen). Total RNA was treated with DNase I
(Ambion) prior to quantitative RT-PCR analyses to eliminate genomic DNA
contamination. cDNA was synthesized from 0.5 ug total RNA by Moloney
murine leukemia virus reverse transcriptase (Promega) using oligo(dT)
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primer. Quantitative RT-PCR of pri-miR399 and PHO?2 transcript involved the
Power SYBR Green PCR Master Mix kit (Applied Biosystems) on the 7300 Real
Time PCR system (Applied Biosystems) following the manufacturer’s in-
structions. For comparable quantitation among different sets of primers, PCR
efficiency was determined as described (Schmittgen et al., 2004) by a series of
2-fold dilutions of cDNAs. The calculated efficiency of all primers was 1.96 to
2.17. Relative expression levels were normalized to that of an internal control
(UBQ10 for Arabidopsis and actin for tobacco) and presented as 274CT % 10% or
10* to simply the presentation of data (Livak and Schmittgen, 2001; Schmittgen
et al., 2004). The primer sequences are listed in Supplemental Table S1. The
primers for quantitation of PHO2 mRNA were designed across the second
miRNA399 target site.

cDNAs used for quantitation RT-PCR of mature miRNA were synthesized
from 10 ng of total RNA by use of the Tag-Man MicroRNA Reverse Tran-
scription kit (Applied Biosystems). Content of specific mature miR399 species
(miR399a, b/c, e, and f) was quantified by use of Tag-Man Gene Expression
Master Mix combined with Taq-Man MicroRNA Assay (Applied Biosystems)
following the manufacturer’s instructions. Tag-Man MicroRNA Assays quan-
titate only mature miRNA, not the precursors. Relative expression levels were
normalized to the amount of mature miR171b, whose expression was com-
patible in shoots and roots and was not altered in miR399-overexpressing lines
or by Pi deficiency. Because a commercial detection kit for miR399d was
unavailable, the specific primers and Tag-Man probe were designed in-house
(see Supplemental Table S1). Two experimental repeats were performed for all
PCR reactions.

According to the manufacturer’s declaration, the Taqg-Man MicroRNA
assay is able to discriminate between highly homologous miRNA sequences
differing by only a single nucleotide (Chen et al., 2005). We found that the
detection is specific to each miR399 species, except for 19% to 28% of cross
detection between miR399a and b/c (Supplemental Fig. S5). Thus, our assays
possibly entailed overestimation of miR399a and b/c in Figures 5, B and D,
and 6B.

RNA Gel-Blot Analysis

RNA gel-blot analysis was performed as described (Chiou et al., 2006). For
the detection of PHO2 siRNAs, PCR fragments (sense probe [SP] and antisense
probe [ASP]; see Supplemental Table S1 for primer sequences) containing the
RNA polymerase promoter sequence (T7 or SP6) were used as templates for
in vitro transcription reaction with the use of MAXIscript kit (Ambion) and
[«-*P]UTP (800 Ci mmol '; Perkin Elmer). Unincorporated *P was removed
by a ProbeQuant G25 microcolumn (Amersham Biosciences) before hybrid-
ization.

Sequence data from this article can be found in the GenBank/EMBL data
libraries under accession number EU375892 (N. benthamiana PHO?2).

Supplemental Data

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

Supplemental Figure S1. Identification of miR399-guided cleavage prod-
ucts.

Supplemental Figure S2. Reciprocal grafts between wild-type and
miR399c-overexpressing Arabidopsis plants.

Supplemental Figure S3. Overexpressing of Arabidopsis miR399b or
miR399f in tobacco plants.

Supplemental Figure S4. Processing efficiency of miR171b and promoter
activities of miR399a, b, ¢, or f in shoots versus in roots.

Supplemental Figure S5. Specificity of Tag-Man miRNA assays among
different miR399 species.

Supplemental Table S1. Primers used in this study.
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