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One of the most fundamental events in plant ontogeny is the
specification of the shoot and root apical meristem (SAM
and RAM) in embryogenesis. In Arabidopsis, the restricted
expression of class III homeodomain leucine zipper (HD-ZIP
III) transcription factors (TFs) at the central–apical domain
of early embryos is required for the correct specification of
the SAM and RAM. Because the expression of HD-ZIP III TFs
is suppressed by microRNA165/166 (miR165/6), elucidation
of the sites of miR165/6 production and their activity range
is a key to understanding the molecular basis of SAM and
RAM specification in embryogenesis. Here, we present a
comprehensive reporter analysis of all nine Arabidopsis
MICRORNA165/166 (MIR165/6) genes during embryogenesis.
We show that five MIR165/6 genes are transcribed in a largely
conserved pattern in embryos, with their expression being
preferentially focused at the basal–peripheral region of em-
bryos. Our analysis also indicated that MIR165/6 transcrip-
tion does not depend on SCARECROW (SCR) function in
early embryos, in contrast to its requirement in post-
embryonic roots. Furthermore, by observing the expression
pattern of the miR-resistant PHBmu-GFP (green fluorescent
protein) reporter, in either the presence or absence of the
MIR165Amu transgene, which targets PHBmu-GFP, we ob-
tained data that indicate a non-cell-autonomous function
for miR165 in early embryos. These results suggest that
miR165, and possibly miR166 as well, has the capacity to
act as a positional cue from the basal–peripheral region
of early embryos, and remotely controls SAM and RAM
specification with their non-cell-autonomous function.

Keywords: Arabidopsis thaliana � Embryogenesis � HD-ZIP III
� Meristem � MicroRNA � Pattern formation.

Abbreviations: GFP, green fluorescent protein; HD-ZIP III,
class III homeodomain leucine zipper; lt, lower tier; miR,
microRNA; PD, plasmodesmata; RAM, root apical meristem;
SAM, shoot apical meristem; SEL, size-exclusion limit; TF,
transcription factor; ut, upper tier.

Introduction

Plant pattern formation relies on intimate cell–cell communi-
cation for the continuous exchange of positional cues (Van
Norman et al. 2011). Recently, the molecular identities of pos-
itional cues and their transmission mechanisms have begun to
be uncovered for some aspects of plant pattern formation,
including stem cell maintenance in the shoot apical meristem
(SAM), pattern formation in the root, vascular differentiation,
dorsoventral patterning in leaf primordia and spacing of leaf
stomata (Kurata et al. 2005, Chitwood et al. 2009, Yadav et al.
2009, Carlsbecker et al. 2010, Katsir et al. 2011, Miyashima et al.
2011). While some of these patterning processes adopt a mode
of exchanging positional cues shared by plants and animals, i.e.
ligand–receptor interaction (Katsir et al. 2011), others use a
plant-specific mechanism, i.e. direct exchange of signaling mol-
ecules through the cytoplasmic continuity at plasmodesmata
(PDs) (Van Norman et al. 2011).

PDs allow passage of molecules that are smaller than their
size-exclusion limit (SEL) (Maule et al. 2011). However, some
proteins larger than the SEL, in many cases transcription factors
(TFs), can also selectively traffic from cell to cell through PDs
(Kurata et al. 2005). One of the most extensively studied ex-
amples of this is a GRAS-type TF, SHORT-ROOT (SHR). In the
root meristem, SHR is produced specifically in the stele and
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moves to the adjacent cell layer (Helariutta et al. 2000,
Nakajima et al. 2001). In the adjacent cell layer, SHR activates
the expression of another GRAS-type TF, SCARECOW (SCR)
(Nakajima et al. 2001, Levesque et al. 2006). The SCR proteins
thus produced interact with SHR to form a regulatory complex
that activates the transcription of genes required for endoder-
mis differentiation (Levesque et al. 2006, Welch et al. 2007).
Because SCR captures SHR in the recipient cells, and is required
for the activation of downstream genes, only a single cell layer
adjacent to the stele differentiates into the endodermis (Cui
et al. 2007). Thus, the intercellular trafficking of SHR acts as a
positional cue from the stele to the endodermis.

Recently, we and others revealed that a subset of MICRO
RNA165/166 (MIR165/6) genes is transcribed in the root endo-
dermis in a manner dependent on SHR and SCR (Carlsbecker
et al. 2010, Miyashima et al. 2011). The Arabidopsis MIR165/6
gene family consists of nine members, two MIR165 (165A and
165B) and seven MIR166 (166A–166G), which produce the 21
nucleotide microRNA165 (miR165) and microR166 (miR166),
respectively. These two miR species differ only at a single nu-
cleotide position, and target the same transcripts encoding the
members of the class III homeodomain leucine zipper (HD-ZIP
III) TF family (Mallory et al. 2004). In the post-embryonic root
meristem, the products of MIR165A, MIR166A and MIR166B,
most probably mature forms of microRNA165/166 (miR165/6),
non-cell-autonomously suppress the expression of a HD-ZIP III
TF, PHABULOSA (PHB), and possibly also other members of this
TF family (Carlsbecker et al. 2010, Miyashima et al. 2011).
Furthermore, by examining the PHB expression pattern and
cell differentiation defects in response to the manipulation of
miR165 levels in the endodermis, we propose a model in which
endodermis-derived miR165 acts as a morphogen-like signal,
forming an activity gradient across the radially organized root
tissue layers and thereby controlling the multiple differen-
tiation statuses of root tissues (Miyashima et al. 2011). There-
fore, non-cell-autonomous TFs and miR play important roles in
the transmission of positional cues during root pattern
formation.

The early stages of Arabidopsis embryogenesis provide an-
other unique opportunity to study plant pattern formation. In
contrast to pattern formation in the post-embryonic root meri-
stem, which is essentially a process of maintaining a pre-formed
tissue pattern, embryonic pattern formation creates new pat-
terns from a single-celled zygote. Therefore, embryonic pattern
formation requires the coordinated production of new cells at
specific positions and the continuous assignment of new cell
fates. In the early stages of Arabidopsis embryogenesis, pattern
formation is mainly controlled by the patterned expression of
several TF genes (Jeong et al. 2012). For example, members of
the WUSCHEL-RELATED HOMEOBOX (WOX) TF family are
expressed in specific cells in early embryos. Loss-of-function
wox mutants are perturbed in embryonic pattern formation,
as well as in the expression of the other WOX genes (Breuninger
et al. 2008). Similarly, expression of the AUXIN RESPONSE
FACTOR (ARF) TFs is patterned in early embryos (Rademacher

et al. 2011). ARF TFs regulate transcriptional output at the end
of the TIR1/AFB-dependent auxin signal transduction pathway
(Hayashi 2012). Because ARF TFs are functionally diversified, the
ARF pre-pattern seems to play an important role in providing
distinct developmental output from a certain auxin level
(Rademacher et al. 2012).

Members of the HD-ZIP III TF family also play important
roles in early embryogenesis. In globular stage embryos, three
HD-ZIP III TFs, PHB, PHAVOLUTA (PHV) and REVOLUTA
(REV), are expressed in the central–apical domain of the
embryo proper and specify the apical fate (Grigg et al. 2009,
Liu et al. 2009, Smith and Long 2010). Their ectopic expression
in the basal part of embryos resulted in the formation of a SAM
in place of a root apical meristem (RAM; Smith and Long 2010).
HD-ZIP III expression is also regulated by miR165/6 in embryos.
Loss of a zinc-finger protein SERRATE (SE), which functions as a
scaffold in an miR biogenesis complex (Fujioka et al. 2007,
Machida et al. 2011), leads to embryo lethality due to uniform
expression of PHB and PHV in early embryos (Grigg et al. 2009).
These observations indicate a key role for the miR165/
6-dependent suppression of PHB and PHV in early embryos,
and hence the correct specification of the SAM and RAM in
embryogenesis. However, it has not been investigated in detail
at which stage and at which position the miR165/6-dependent
suppression operates in early embryos. While expression pat-
terns of MIR165/6 have been previously examined by in situ
hybridization of mature miR165/6, as well as reporter analyses
of MIR165A and MIR166A (Williams et al. 2005, Liu et al. 2009,
Yao et al. 2009), these available data do not have an adequate
signal-to-noise ratio and spatial resolution to address the mech-
anism by which miR165/6 control spatiotemporal expression
patterns of HD-ZIP III TFs. In this study, we analyzed the spa-
tiotemporal expression patterns of the MIR165/6 gene family in
embryogenesis, and their non-cell-autonomous functions in
controlling PHB expression patterns. The results indicated a
key role for miR165/6 production in the basal–peripheral
region of early embryos. These miRs restrict PHB expression
to the central–apical domain of embryos, which in turn is
required for the correct specification of the SAM and RAM.

Results

A subset of MICRORNA165/6 genes are expressed
in largely conserved patterns during
embryogenesis

We previously generated reporter lines of all nine Arabidopsis
MIR165/6 genes, by fusing the 50 upstream region of each
MIR165/6 gene to a cell-autonomous GFPer reporter that en-
codes an endoplasmic reticulum-targeted green fluorescent
protein (GFP) (Miyashima et al. 2011). This reporter collection
allowed us to demonstrate that three MIR165/6 genes,
MIR165A, MIR166A and MIR166B, are expressed specifically in
the endodermis and quiescent center of the post-embryonic
root meristem (Miyashima et al. 2011). In the present study, we
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utilized this reporter collection to examine MIR165/6 expres-
sion patterns in the course of embryogenesis.

For each MIR165/6 gene, embryos were isolated from 3–5
independent reporter lines, and observed by confocal laser scan-
ning microscopy. Cellular patterns were visualized by counter-
staining the embryos with propidium iodide or FM4-64, which
both emit red fluorescence. Four MIR165/6 genes, namely
MIR165A, MIR166A, MIR166B and MIR166G, showed GFP fluor-
escence in embryos (Fig. 1). The expression patterns were
shared by the majority of independent lines for each gene, con-
firming that the observed expression patterns were controlled
by the inserted promoter regions. In our initial observation, the
MIR165B reporter lines did not show GFP fluorescence in either
the embryos or the post-embryonic roots (Miyashima et al.
2011). We suspected that the 2.6 kb MIR165B promoter region
used in the reporter lines had been insufficient, because it did
not include the entire 4.0 kb intergenic region (Supplementary

Fig. S1). We therefore generated an additional reporter con-
struct of MIR165B using the entire intergenic region (Supple-
mentary Fig. S1). Observation of three independent lines
produced with this construct indicated that MIR165B is
indeed expressed in a pattern very similar to those of the four
MIR165/6 genes mentioned above (Fig. 1B1–6). As shown in
Supplementary Fig. S2, the new MIR165B reporter lines also
exhibited strong GFP fluorescence in the root endodermis, simi-
larly to the MIR165A, MIR166A and MIR166B reporter lines
(Miyashima et al. 2011). Expression of the other four genes
(MIR166C, MIR166D, MIR166E and MIR166F) was not detected
at any stage of embryogenesis. Considering that the entire inter-
genic region was used as a promoter for each of these four re-
porter constructs, as well as our observation that some of these
reporter lines showed GFP expression in other aspects of Arabi-
dopsis development (our unpublished results), it is likely that
these four MIR166 genes do not function in embryogenesis.

Fig. 1 MIR165/6 genes are transcribed in a largely conserved pattern in embryogenesis. Confocal images showing the GFP reporter expression
patterns (green) of MIR165A (A1–6), MIR165B (B1–6), MIR166A (C1–6), MIR166B (D1–6) and MIR166G (E1–6), at the stages indicated above.
The inset in E1 is an image of a two-cell stage embryo of an MIR166G reporter line. White filled arrows, expression in the outermost cell layer;
open arrows, weak expression in the inner layer of 16-cell stage embryos; yellow arrowheads, expression in the embryonic ground tissue; blue
arrowheads, focused expression in the embryonic endodermis of torpedo stage embryos; asterisks (white or black), expression in the cells of the
basal lineage. Bar, 20 mm.
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The five MIR165/6 genes exhibited largely conserved expres-
sion patterns (Fig. 1). The expression of all five MIR165/6 genes
was detected from the early embryo stages onward, although
the stage in which expression was first detected varied slightly
amongst the genes. The earliest expression was detected for
MIR166G, whose expression became visible at the uppermost
suspensor cell of the two-cell stage embryo (inset in Fig. 1E1).
Expression of MIR165B was first detected in the uppermost
suspensor of the eight-cell stage embryo (Fig. 1B1).
Expression of MIR165A, MIR166A and MIR166B became detect-
able from the 16-cell stage onwards (Fig. 1A2, C2, D2). At this
stage, expression was detected in the uppermost suspensor
cells (asterisks in Fig. 1A2, B2, C2, D2, E2), though expression
was weak for MIR165A. For the lines other than MIR165A and
MIR165B, cells at the basal half domain of the embryo proper
(lower tier = lt; Scheres et al. 1994) also expressed GFP (filled
and open arrows in Fig. 1C2, D2, E2). In the early and late
globular stages, all five MIR165/6 genes were expressed in a
similar pattern; strong GFP signal was found at the outermost
lt layer and the 2–3 cells located at the upper end (at the side of
the embryo proper) of the suspensor (arrows and asterisks in
Fig. 1A3, 4, B3, 4, C3, 4, D3, 4, E3, 4). We will refer to this
expression domain as the ‘basal–peripheral’ region. For all five
MIR165/6 genes, expression in the outermost lt layer persisted
throughout the later stages of embryogenesis. Expression in this
layer gradually extended toward the tip of cotyledon primordia,
except for MIR166G (Fig. 1A5, 6, B5, 6, C5, 6, D5, 6, E5, 6).
Expression in the upper suspensor cells disappeared in
MIR165A reporter lines at the late globular stage (Fig. 1A4),
while it persisted in MIR165B, MIR166A, MIR166B and MIR166G
(Fig. 1B4–6, C4–6, D4–6, E4-6).

In addition to the expression in the outermost lt layer and
upper suspensor cells described above, the expression of all five
MIR165/6 reporters became detectable in the inner lt layers in
late globular to heart stage embryos (yellow arrowheads in
Fig. 1A5, B4, C4, D4, E5). These inner lt layers, termed the
embryonic ground tissue, are the progenitor of the cortex
and endodermis layers of post-embryonic roots (Wysocka-
Diller et al. 2000). For MIR165A, MIR165B, MIR166A and
MIR166B, expression in the embryonic ground tissue became
stronger in a single cell layer corresponding to the
post-embryonic endodermis at the torpedo stage (blue arrow-
heads in Fig. 1A6, B6, C6, D6). In contrast, MIR166G was not
expressed in the embryonic endodermis (Fig. 1E6).

Multiple upstream pathways regulate
MICRORNA165/6 expression in embryogenesis

We previously reported that three MIR165/6 genes, MIR165A,
MIR166A and MIR166B, are expressed in the root endodermis in
a manner dependent on SCR (Miyashima et al. 2011). Carls-
becker et al. (2010) also reported the same results for MIR165A
and MIR166B, and demonstrated the direct binding of SHR to
the MIR165A and MIR166B promoters. Because SHR and SCR
are known to form a TF complex that regulates a number of

endodermis-specific genes in roots (Welch et al. 2007), we sus-
pected that expression of MIR165A, MIR165B, MIR166A and
MIR166B in the embryonic ground tissue is also controlled by
the SHR–SCR TF complex. In support of this view, SHR and SCR
are expressed in the embryonic stele and the ground tissue
from the globular and triangular stages onwards, respectively
(Supplementary Fig. S3; Helariutta et al. 2000, Wysocka-Diller
et al. 2000).

To test this hypothesis, we observed the expression of
MIR165A, MIR166A and MIR166B reporters in the loss-of-
function scr-3 mutant (Fukaki et al. 1998). In the wild-type
torpedo stage embryo, MIR165A expression was stably main-
tained in the endodermis layer of late torpedo stage embryos
(blue arrowheads in Fig. 2G, H). In contrast, the expression of
the MIR165A reporter was not focused in the corresponding
cell layer in scr-3 embryos at the comparable stage (Fig. 2E, F),
indicating that the SHR/SCR-dependent expression of MIR165A
in the endodermis starts in late torpedo stage embryos and
continues to the post-embryonic root. The expression of
MIR166A and MIR166B also became less focused in the
ground tissue layer of scr-3 torpedo stage embryos (Supple-
mentary Fig. S4D, H). In contrast, the strong GFP expression in
the outermost lt layer of early embryos was not altered in scr-3
embryos for all three MIR165/6 genes tested (Fig. 2A–C; Sup-
plementary Fig. S4B, F). Somewhat unexpectedly, a weak GFP
signal in the ground tissue of heart- and early torpedo stage em-
bryos was also maintained in the scr-3 embryos (yellow arrow-
heads in Fig. 2B, C; Supplementary Figs. S4C, D, G, H). These
observations indicate that while the expression of MIR165A,
MIR166A and MIR166B in the embryonic endodermis depends
on the SHR/SCR pathway after the late torpedo stage as in the
root, expression in the outermost lt layer and in the embryonic
ground tissue before the torpedo stage is controlled by
unknown upstream factors.

miR165/6 non-cell-autonomously control the PHB
expression pattern in early embryos

We have previously demonstrated that, in the post-embryonic
root, endodermis-derived miR165/6 non-cell-autonomously re-
strict PHB expression to the central stele, and thereby function
as a dose-dependent positional cue to pattern root tissue or-
ganization (Miyashima et al. 2011). While the involvement of
HD-ZIP III TFs in axis formation and organogenesis during em-
bryogenesis has been well documented, the miR-mediated spa-
tiotemporal regulation of HD-ZIP III expression patterns has
not been analyzed at the resolution of embryonic cellular pat-
terns. It is also not known whether or not miR165/6 act in a
non-cell-autonomous manner in embryos, as has been demon-
strated in the post-embryonic root meristem (Carlsbecker et al.
2010, Miyashima et al. 2011).

To address these questions, we utilized the PHB-GFP,
PHBmu-GFP and PHBmu-GFP/MIR165Amu transgenic plants
generated in our laboratory (Fig. 3A; Miyashima et al. 2011).
Briefly, PHB-GFP plants contain a transgenic copy of the PHB
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genomic fragment fused in-frame with a GFP-coding sequence
at the C-terminal end. GFP fluorescence in this line closely
mimics the endogenous distribution pattern of PHB transcripts
that are suppressed by miR165/6. The second line, PHBmu-GFP,
contains a transgene that is identical to PHB-GFP except for the
presence of two point mutations that abolish miR165/
6-dependent suppression. Because the protein products from
PHB-GFP and PHBmu-GFP transgenes are identical in amino
acid sequence and possess PHB protein functions, PHBmu-
GFP plants phenocopy miR-resistant phb-D mutants. Moreover,
by comparing the GFP expression patterns of PHB-GFP and
PHBmu-GFP plants, one can investigate the extent of miR165/
6-dependent post-transcriptional regulation of PHB expression
(Miyashima et al. 2011). The third line, PHBmu-GFP/
MIR165Amu, contains another transgene, MIR165Amu, in add-
ition to PHBmu-GFP. The MIR165Amu transgene harbors two
point mutations that restore complementarity to PHBmu-GFP.
MIR165Amu can completely suppress the phb-D-like pheno-
types of PHBmu-GFP plants (Miyashima et al. 2011).

PHB-GFP embryos exhibited no morphological defects and
their GFP expression faithfully recapitulated the expression pat-
tern of endogenous PHB transcripts in the course of wild-type
embryogenesis (Fig. 3B–G; Smith and Long 2010). In PHB-GFP
embryos, the GFP signal was first detected in the upper four
cells in the eight-cell stage embryo (arrows in Fig. 3C; upper
tier = ut; Scheres et al. 1994). Subsequently, the GFP signal
became restricted to the apical domain of the embryo proper
(Fig. 3D) and then to the central–apical region (Fig. 3E, F). In
torpedo stage embryos, the GFP signal was restricted to the
region comprising the central vascular cylinder, presumptive
SAM and the adaxial side of cotyledon primordia (Fig. 3G).

We next observed embryos derived from PHBmu-GFP/
MIR165Amu double homozygous parents. GFP expression pat-
terns in the embryos of this genotype were almost identical to

those of the PHB-GFP embryos described above (compare
Fig. 3H–M with 3B–G), with the exception that the eight-cell
stage PHBmu-GFP/MIR165Amu embryos expressed GFP in all
eight cells in the embryo proper (compare Fig. 3C and I,
arrows). These observations indicate that miR165 derived
from MIR165A is sufficient to pattern wild-type PHB expression
in the course of embryogenesis, except in eight-cell stage em-
bryos. Ectopic expression of PHBmu-GFP in the basal region of
eight-cell stage PHBmu-GFP/MIR165Amu embryos suggests
that MIR165/6 genes other than MIR165A, i.e. MIR165B,
MIR166A, MIR166B or MIR166G, are required for the suppres-
sion of PHB in the basal part of eight-cell stage embryos.
However, at the eight-cell stage or earlier, the only detectable
MIR165/6 expression is that of MIR165B and MIR166G in the
uppermost suspensor cells (Fig. 1B1, E1), and not in the basal
embryo proper cells per se. These results suggest that the
miR165/6 produced from the MIR165B and MIR166G loci in
the upper suspensor cells non-cell-autonomously suppresses
PHB expression in the basal region of the embryo proper
(Fig. 4).

We then observed GFP fluorescence in the PHBmu-GFP em-
bryos, which reflects the PHB expression patterns in the
absence of miR-dependent suppression. Because the PHBmu-
GFP line is not maintainable on its own, we observed embryos
from the parental plants that were homozygous for PHBmu-
GFP and hemizygous for MIR165Amu. As expected, about a
quarter of the embryos showed GFP expression in nearly
every cell in the embryo proper up to the early torpedo stage
(Fig. 3N–Q). We regarded these embryos as segregants without
MIR165Amu. After the heart stage, the morphology of
PHBmu-GFP embryos deviated from those of the wild type
(Fig. 3P, Q). A comparison of the GFP expression patterns be-
tween PHBmu-GFP (Fig. 3N–Q) and PHBmu-GFP/MIR165Amu
(Fig. 3J–M) embryos suggested that miR165 had additional

Fig. 2 The SHR/SCR pathway does not control MIR165A expression in early embryos. Confocal images showing the GFP reporter expression
patterns (green) of MIR165A in scr-3 (A–C, E, F) and wild-type (D, G, H) embryos. F and H are magnifications of the boxed regions in E and G,
respectively. White filled arrows, expression in the outermost cell layer; yellow arrowheads, expression in the embryonic ground tissue; blue
arrowheads, focused expression in the embryonic endodermis; Bar, 20 mm (A–D, F, H); 50mm (E, G).
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non-cell-autonomous functions. In the globular stage embryos,
for example, MIR165Amu restricted the expression of PHBmu-
GFP to a few cells at the central–apical domain of the embryo
proper (compare Fig. 3K and O). At this stage, however,
MIR165A is expressed only in the outermost lt layer
(Fig. 1A4). These observations suggest that the miR165 pro-
duced in the outermost lt layer non-cell-autonomously restricts
PHB expression to the central–apical domain. In heart and tor-
pedo stage embryos, PHBmu-GFP expression is restricted to a
narrow domain along the central embryo axis (Fig. 3L, M). At
these stages, MIR165A expression is found in the outer layers
away from the GFP-expressing domain (Fig. 1A5–6), suggesting
that miR165 produced in the outer embryo layers non-cell-
autonomously restricts PHB expression to the central domain.

Discussion

Our comprehensive reporter analysis revealed the expression
patterns of MIR165/6 genes in the course of embryogenesis in

much higher resolution than previous reports. The data indi-
cated that five MIR165/6 genes, namely MIR165A, MIR165B,
MIR166A, MIR166B and MIR166G, are expressed in an overall
similar pattern, i.e. in the ‘basal–peripheral’ region of embryos
(Fig. 4A, cells shown in green). The conserved expression pat-
terns across the members of the gene family suggest that this
expression pattern arose before the duplication of MIR165/6
genes. Maher et al. (2006) analyzed the phylogenetic relation-
ship between Arabidopsis MIR166 genes. They found that
MIR166A and MIR166B reside in the duplicated genomic seg-
ments. Similarly, the tandemly arranged MIR166C/MIR166D
pair and MIR166G are located in the duplicated segments.
While a conserved expression pattern of MIR166A and
MIR166B in the post-embryonic root endodermis is in good
agreement with their close phylogenetic relationship, the con-
served expression across the phylogenetically distant MIR166A/
B and MIR166G in early embryos suggests that this expression
pattern reflects an ancient role for the miR166/HD-ZIP III
module in embryogenesis. Considering the evolutionarily

Fig. 3 The expression patterns of PHB in the presence or absence of miR165/6-dependent suppression. (A) A diagram showing the configur-
ations of PHB-GFP reporters and MIR165A transgene fragments. Nucleotide sequences of miR165 and their target site in PHB, as well as mutations
introduced into these constructs (in red font) are shown. Base pairing at the position shown in a blue background is critical to the
miR-dependent cleavage (Mallory et al. 2004). This diagram is modified from Miyashima et al. (2011). (B–Q) GFP expression patterns (green)
in embryos transformed with PHB-GFP (B–G), PHBmu-GFP/MIR165Amu (H–M) and PHBmu-GFP (N–Q). Arrows indicate GFP expression in
eight-cell stage embryos. Bar, 20mm.
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conserved roles of HD-ZIP III TFs and the major contribution of
miR165/6-dependent restriction to the spatial control of
HD-ZIP III expression in land plants (Floyd and Bowman
2004, Floyd et al. 2006, Prigge and Clark 2006), it is conceivable
that the acquisition of the ‘basal–peripheral’ expression pattern
could date back to the older node of land plant evolution.
While the miR166 expression patterns have been investigated
in some stages of rice embryos (Nagasaki et al. 2007), a detailed
expression analysis of embryos from more plant species is
necessary to define the evolutionary origin of the miR165/6
expression patterns in embryos.

Our data indicated that the expression of MIR165A,
MIR166A and MIR166B does not depend on SCR function
before the late torpedo stage. This is even the case for globular
and heart stage embryos (Fig. 2; Supplementary Fig. S4), in
which SHR and SCR are already expressed and regulating the
periclinal divisions of embryonic ground tissue (Supplemen-
tary Fig. S3) (Helariutta et al. 2000, Wysocka-Diller et al. 2000).
These observations suggest that the SHR/SCR-dependent
expression of MIR165/6 requires an as yet unknown factor(s)
present in the torpedo stage embryos, and that this regulation
is carried over to pattern formation in the post-embryonic
root meristem (Carlsbecker et al. 2010, Miyashima et al.
2011). The SHR/SCR-independent expression of the MIR165/6
genes in early embryos raised another question as to what de-
fines the observed expression patterns of MIR165/6 in early

embryogenesis. The basal–peripheral region-specific expression
of MIR165/6 suggests that expression is regulated by the com-
binatorial action of region-specific TFs (Jeong et al. 2012). In
addition, the conserved expression pattern of the five MIR165/6
genes suggests the existence of shared cis-regulatory elements
in their promoters. However, our sequence comparison did not
provide promising candidates for further analysis. We are
currently performing promoter deletion analysis of the
MIR165/6 genes. A comprehensive interpretation of such ex-
perimental data and in silico analysis will shed light on the
molecular mechanism that enables the production of
miR165/6 in the ‘basal–peripheral’ region of early embryos,
which appears to make a key contribution to the shoot and
root meristem specification.

We have previously shown that the PHB-GFP marker used in
this study faithfully recapitulates the expression pattern of en-
dogenous PHB in post-embryonic roots (Miyashima et al. 2011).
The present study extends this notion to embryogenesis, since
the PHB-GFP expression pattern was almost identical to that
determined previously by in situ hybridization, i.e. PHB tran-
scripts accumulated specifically at the central–apical domain in
globular stage embryos onward (Fig. 4B, pink; Smith and Long
2010). Our observation further indicated that PHB expression
starts as early as in eight-cell stage embryos, where the expres-
sion is already confined to the apical half region of the embryo
proper (Fig. 3C). In contrast, expression of the miR-resistant

Fig. 4 Diagrams showing the spatial control of the PHB expression domain by miR165/6 in embryogenesis. (A) The site of miR165/6 production
(green) and their predicted activity range (green and orange). In the 16-cell stage embryo, expression in the basal embryo proper (hatched area)
was very weak. The strong PHB suppression observed in these cells suggests that the miR produced in the basal suspensor cells has
non-cell-autonomous effects. (B) The site of PHB transcription (pink and lilac) and the distribution patterns of PHB mRNA and proteins in
embryogenesis (pink).
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PHBmu-GFP marker was expanded over the entire embryo
proper in eight-cell to torpedo stage embryos (Fig. 3I, N–Q;
Fig. 4B, pink and lilac). Co-expression of MIR165Amu and
PHBmu-GFP resulted in GFP expression that was identical to
that of wild-type PHB-GFP after the 16-cell stage. Since
MIR165Amu is constructed in the MIR165A genomic fragment,
the mutated miR165 is expected to be produced in the region
marked by MIR165A reporter expression (Fig. 1A1–6). The
discrepancy between the site of miR165mu production
(Fig 4A, green) and the region of miR165mu activity as
predicted by the comparison of PHBmu-GFP and PHB-GFP ex-
pression (Fig. 4A, orange) suggests that miR165mu can act
non-cell-autonomously in early embryos, as has been demon-
strated in the post-embryonic root meristem (Carlsbecker et al.
2010, Miyashima et al. 2011). In eight-cell stage embryos,
PHBmu-GFP expression was still expanded to the basal cells
even in the presence of MIR165Amu. Since MIR165A expression
has not yet been initiated by this stage, the miR165/6 produced
from the other loci are responsible for the suppression of PHB in
the wild-type eight-cell stage embryos. Based on our reporter
analysis, we suspect that MIR165B and MIR166G adopt this role,
though this possibility has to be tested by modifying MIR165B
and MIR166G to target PHBmu-GFP, and introducing them into
the PHBmu-GFP background. It is notable that the observed
non-cell-autonomous function of miR165/6 in early embryos
is consistent with the previous observation that early
Arabidopsis embryos consist of a single symplastic domain
(Kim and Zambryski 2005). It should also be noted that Zhu
et al. (2011) recently reported that the ARGONAUTE10
(AGO10) protein inhibits miR-dependent suppression of
HD-ZIP III by sequestering miR165/6. Since AGO10 is expressed
in the central region of early embryos (Lynn et al. 1999, Tucker
et al. 2008), the range of miR165 activity revealed in this
study could have been even broader in the absence of
AGO10 action.

The involvement of non-cell-autonomous miR165 (and pos-
sibly miR166) in embryogenesis led us to ponder the develop-
mental significance of such non-cell-autonomous miR in
embryonic pattern formation. An interesting possibility is
that a small embryonic region at the outermost lt position
acts as a signaling center that emits an miR-mediated positional
cue, and thereby remotely defines the position of the SAM.
Region-specific disruption of miR165/6 function is necessary
to test this possibility, by, for example, the targeted expression
of miRNA-sequestering molecules in these cells (Yan et al.
2012).

Materials and Methods

Plant materials

The MIR165/6 reporter lines were generated previously (Miya-
shima et al. 2011). Additional GFPer reporter lines for MIR165B
were generated by sequentially inserting a GFPer-coding region
derived from G3GFP (Kawakami and Watanabe 1997) and the

entire 4.0 kb intergenic region upstream of MIR165B into the
pGWB-NB1 vector (Toyokura et al. 2011) using Gateway� tech-
nology (Invitrogen). This construct was introduced into
wild-type Col-0 plants to yield the reporter lines for MIR165B.
PHB-GFP, PHBmu-GFP, PHBmu-GFP/MIR165Amu and pSCR-
GFP-SCR transgenic plants have been described previously
(Gallagher et al. 2004, Miyashima et al. 2011). The pSHR-GFPer
line was generated by transforming Col-0 plants with the
UAS-GFPer-pSHR-GV construct, which was prepared by insert-
ing a 2.5 kb SHR promoter fragment (Helariutta et al. 2000)
upstream of the GAL4:VP16 (GV)-coding region of pBIN-UAS-
GFPer-hssb-GV (Waki et al. 2011).

Microscopy

Ovules were isolated from developing siliques and soaked in a
drop of a solution containing 0.4 M glucose and either
7 mg ml�1 propidium iodide (Sigma-Aldrich) or 10mg ml�1

FM4-64 (Invitrogen) on a slide glass. Ovules were opened
using the tips of dental injection needles (DENTSPLY
SANKIN) to release embryos into the solution. After about
5 min, a coverslip was placed on the sample solution and the
embryos were observed using a C2 confocal laser scanning
microscope (Nikon).

Supplementary data

Supplementary data are available at PCP online.
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