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We have previously demonstrated that miR399s control
phosphate (Pi) homeostasis by regulating the expression of a
ubiquitin-conjugating E2 enzyme (UBC24/PHO2) in Arabidopsis.
Changes in miR399-dependent PHOZ2 gene expression modu-
late Pi uptake, allocation and remobilization. More recently, we
provided evidence that miR399s are able to move in the phloem
stream and across grafting junctions from the scions overexpressing
miR399 to the wild-type rootstocks. Movement of miR399s serves
as a long-distance signal to report and balance the Pi status between
shoots and roots. Of note, results from grafting experiments indi-
cate that miR399b is less efficient in cleaving the PHO2 mRNA
than is miR399f, despite the similar mobility of the two miR399s.
We propose that nucleotide 13 of miR399s, which gives rise to
the sequence variation among different miR399 species, could be
involved in regulating the abundance of PHO2 mRNA through
sequence complementarity to the target sequences of PHO2 mRNA
and mimicking target sequence of A#4/IPS1 noncoding RNAs.

Regulation of Phosphate Homeostasis by MIR399s and PHO2
MicroRNAs (miRNAs), a novel class of noncoding small RNAs,

are crucial in regulating many biological processes, including stress
responses.!> Previously, we uncovered a mechanism by which
miR399s control phosphate (Pi) homeostasis by regulating the
expression of UBC24, encoding a ubiquitin-conjugating E2 enzyme
in Arabidopsis.6’7 During Pi starvation, the miR399s are upregu-
lated and UBC24 is downregulated. Accumulation of the UBC24
transcript is suppressed in transgenic Arabidopsis overexpressing
miR399.98 Several features of miR399-overexpressing phenotypes
are similar to those described for the pho2 mutant.”! The pho2
mutant is in fact caused by a single nucleotide mutation resulting
in early termination within the UBC24 gene, which indicates that
PHO?2 is UBC24.811 MiR399-overexpressing, pho2 and PHO2
T-DNA knockout Arabidopsis plants all accumulated a high level
of shoot Pi and displayed Pi toxic symptoms as a consequence of
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enhanced Pi uptake, facilitated translocation of Pi from roots to
shoots and retained Pi in old leaves. These observations support
the importance of miR399s and PHO2 in the maintenance of Pi
homeostasis.

MIR399s as a Long-Distance Signal

Recently, we further revealed a regulatory network of miR399 and
PHO?2 by systemic signaling.!? The association of Pi translocation
and co-expression of miR399s and PHO2 in vascular tissues suggests
their involvement in long-distance signaling.”-!! Our grafting results
from Arabidopsis and tobacco plants revealed that miR399s are able
to move across grafting junctions from the scions overexpressing
miR399s to the wild-type rootstocks to suppress the expression of
PHO2.'? The expression of PHO2 in the roots is negatively corre-
lated with Pi accumulation in the shoots. We showed that mature
miR399s produced in shoots function as a long-distance signal to
suppress the expression of PHO2 in the roots. Suppression of PHO2
in the roots rather than shoots is necessary to activate Pi uptake from
the rhizosphere and Pi translocation from roots to shoots, because the
Pi content remained at normal levels in the pho2 scions grafted onto
wild-type rootstocks (Fig. 1A).8 The results of detailed time-course
analysis of the accumulation of primary transcripts of miR399s and
mature miR399s in shoots versus roots suggest that the movement
of miR399s from shoots to roots could be a crucial early defense
machinery in response to Pi deficiency.!? Together with findings
from Pant et al.,’3 we provide the first direct evidence for miRNA
functioning as a long-distance signal. In addition to the long-distance
movement, local cell-to-cell movement of miR399s to target PHO2
mRNA surrounding the phloem cells is expected after unloading of
miR399s from sieve elements of the root because the expression of
PHO?2 is not restricted in the phloem cells.!!

Detection of miRNAs in the phloem sap of several plant species
implies the movement of miRNAs; 41> however, the expression of
artificial miRNAs in the phloem stream under the regulation of SUC2
promoter is not sufficient to move miRNAs into the surrounding
cells (Tretter et al., 2008).1° Different biogenesis pathways, whereby
small RNAs interact with specific Dicer enzymes or specific RISC
complexes, may confine or liberate the mobility of small RNAs.1®
The long-distance movement of miR399s we observed suggests that
further regulation or an additional mechanism is required for the
movement of specific miRNAs, such as miR399s. How cells distin-
guish cell-autonomous miRNAs from noncell-autonomous miRNAs
will be an intriguing topic to pursue.
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Figure 1. Long-distance movement and differential targeting of miRNA399s. (A) Summarized results of reciprocal grafting between wild-type (wt) plants and
pho2 or transgenic plants overexpressing miR399 (miR399b or mR399f). Combinations of grafted plants are designated as scion/rootstock. The wild-type
scions accumulate a high level of Pi and display Pi toxicity seen as chlorosis at the leaf tips when grafted onto pho2- or miR399-overexpressing rootstocks
(Parts a, c and e). Greater Pi uptake and transport activities are presented as thick black arrows. In pho2/wt grafted plants, the Pi in pho2 scions remains
at normal levels because of functional PHO2 in the rootstocks (Part b). MiR399b and miR399f in the scions are able to move across the graft junction to the
wild-type rootstocks (Parts d and f); however, the cleavage of PHO2 mRNA by miR399b is not as efficient as that by miR399f, possibly because it is less
complementary to the target sequences (Part d). Suppression of PHOZ in the wild-type rootstocks of miR399f/wt grafted plants results in a high level of Pi in
the scions (Part f). (B) The sequence variation at nucleotide 13 of different miR399 species (indicated as red or purple) could be critical in determining the
cleavage efficiency on PHO2 mRNA and target mimicry effect by At4/IPS1 noncoding RNAs through sequence complementarity.

The Guanosine at Nucleotide 13 of MIR399s

During the process of reciprocal grafting experiments, we were
surprised to find the differential targeting of PHO2 mRNA by
different miR399 species.!? Although miR399b and miR399f
showed a similar mobility from shoots to roots, cleavage of root
PHO2 mRNA by miR399b was inefficient as compared with that by
miR399f (Fig. 1A). We hypothesized that this differential targeting
might reside in the variation at nucleotide 13 of different miR399
species.!? Unlike miR399a, d, e and f, the guanosine (G) at nucle-
otide 13 of miR399b and c is not base-paired to any of five target
sequences on PHO2 mRNA (the sequences of mature miR399b
and c are identical) (Fig. 1B). However, this G nucleotide gives
miR399b and ¢ better base-pairing to the consensus sequence of
Ar4/IPS1 noncoding RNAs. The function of A#4/IPSI noncoding
RNAs was recently identified to inhibit the cleavage of miR399b on
PHO2 mRNA by sequestering miR399b through a partial sequence
complementary to A#4/IPS1.'7 This phenomenon was described
as “target mimicry,” whereby the activity of miRNA is antago-
nized by the binding of RNA molecules containing noncleavable
mimicking target sequences. The suppression effect of A#4/IPS1 was
demonstrated by overexpressing A4 or IPSI in wild-type plants or
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transgenic plants overexpressing miR399b.17 These transgenic plants
displayed reduced Pi content because of elevated PHO2 expression.
Because miR399b and ¢ show the highest complementarity to A4/
IPS1, inhibition of cleavage activity of miR399b or ¢ may be more
effective than that of other miR399 species. Therefore, the effective-
ness of suppression by A#4/IPS1 on miR399a, d, e and f, which
possess an additional mismatch at nucleotide 13, requires further
investigation (Fig. 1B).

In addition to Arabidopsis, other plant species show the sequence
variation at nucleotide 13 of miR399s (miRBase, Release 11.0,
http://microrna.sanger.ac.uk/sequences/index.shtml). As was found
in Arabidopsis, the G at nucleotide 13 of miR399s in rice, Medicago
and Populus results in mismatches to all the five potential target
sequences but better base-pairing to the homologues of A#4/IPS1 in
these species. This observation suggests that the sequence at nucle-
otide 13 could be critical in regulating the targeting efficiency of
miR399s by adjusting base-pairing to the real target sequences of
PHO?2 or mimicking target sequences of Ar4/IPS].
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