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The cell-to-cell transport of signaling molecules is essential for multicellular organisms to coordinate the action of their cells.
Recent studies identified DWARF14 (D14) as a receptor of strigolactones (SLs), molecules that act as plant hormones and inhibit
shoot branching. Here, we demonstrate that RAMOSUS3, a pea ortholog of D14, works as a graft-transmissible signal to
suppress shoot branching. In addition, we show that D14 protein is contained in phloem sap and transported through the
phloem to axillary buds in rice. SLs are not required for the transport of D14 protein. Disruption of D14 transport weakens the
suppression of axillary bud outgrowth of rice. Taken together, we conclude that the D14 protein works as an intercellular
signaling molecule to fine-tune SL function. Our findings provide evidence that the intercellular transport of a receptor can
regulate the action of plant hormones.

Intercellular transport of signaling molecules is crit-
ical in cell-to-cell communication and therefore essen-
tial for multicellular organisms to coordinate the action
of their cells. Plants use two distinct systems, apoplastic
and symplastic, for the intercellular transport of

signaling molecules (Bloemendal and Kück, 2013). In
the apoplastic system, signaling molecules are secreted
from cells to the apoplast. After moving through the
apoplast, they are then perceived by receptors in other
cells. Most plant hormones and peptides are thought to
be transported by this system (Bloemendal and Kück,
2013). Various kinds of molecules are also transported
in the symplastic system through the plasmodesmata
(PD), channels that connect the cytoplasm of plant cells
with neighboring cells (Bloemendal and Kück, 2013).
PD have a larger diameter than gap junctions, struc-
tures for symplastic transport in animals, and are
therefore able to transport macromolecules, including
proteins (Bloemendal and Kück, 2013). Disruption of
PD permeability causes defects in several aspects
of growth and development, indicating the importance
of symplastic transport in the regulation of plant de-
velopment (De Storme and Geelen, 2014). For example,
the short-distance transport of transcription factors
through PD is crucial in tissue patterning and organ
formation (Chen et al., 2016; Kawade et al., 2013;
Tsukagoshi et al., 2010; Yadav et al., 2011).

Signaling molecules can also be symplastically
transported over long distances through the phloem.
The phloem is composed of companion cells (CCs),
sieve elements (SEs), and parenchyma cells. CCs and
SEs are connected via PD. Molecules synthesized in or
transported to the CCs are sent to the SEs and then re-
leased into theflowof the phloem sap.Variousmolecules,
such as plant hormones, RNAs, and proteins, are present
in the phloem sap (Turgeon andWolf, 2009). For example,
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Arabidopsis (Arabidopsis thaliana) FT and rice Hd3a, a
long-distance florigen signal, are synthesized in the CCs
of leaves and transported through the phloem to the shoot
apical meristem where flowering is induced (Liu et al.,
2013). ELONGATEDHYPOCOTYL5, another example of
a transported protein, is a transcription factor that regu-
lates photomorphogenesis and is transported from shoot
to root through phloem and regulates light-dependent
root elongation and nitrate uptake in Arabidopsis (Chen
et al., 2016).
Strigolactones (SLs) are a class of plant hormones that

regulatemany aspects of plant growth and development
in order to optimize growth in response to changes in
environmental conditions (Brewer et al., 2013; Gomez-
Roldan et al., 2008; Seto et al., 2012; Umehara et al., 2008).
In rice, three proteins, DWARF3 (D3), DWARF14 (D14),
and DWARF53 (D53), an F-box protein, an a/b-fold
hydrolase protein, and a Clp ATPase protein, respec-
tively, have been identified as components of the SL
signaling pathway (Arite et al., 2009; Ishikawa et al.,
2005; Jiang et al., 2013; Zhou et al., 2013). D53 represses
the downstream events of SL signaling in the absence of
SLs. The receptor of SLs isD14. Perception and hydrolysis
of SLs byD14 induces formation of a complex of D14, D3,
and D53. Subsequently, D53 is polyubiquitinated by
D3 and degraded via the 26S proteasome pathway
(Hamiaux et al., 2012; Jiang et al., 2013; Yao et al.,
2016; Zhou et al., 2013).
In contrast to the rapid progress in understanding

mechanisms of SL signal transduction, information
about the sites of SL biosynthesis and function are still
fragmental. The shoot branching defects in scions of SL
biosynthesis mutants were rescued by grafting to wild-
type rootstocks or stem interstocks (Bainbridge et al.,
2005; Beveridge, 2000; Booker et al., 2004, 2005; Foo
et al., 2001; Morris et al., 2001; Simons et al., 2007). This
implies that SLs or intermediates synthesized in root-
stocks and the stem interstocks are transported to
scions. In petunia, SL transport is regulated by
PLEIOTROPIC DRUG RESISTANCE 1 (PDR1), an SL
efflux carrier (Kretzschmar et al., 2012; Sasse et al.,
2015). It has been shown that SLs are required for the
response to phosphate deficiency in shoots and that
production and transport of SLs are regulated by
phosphate availability (Foo et al., 2013; Kohlen et al.,
2011; Kretzschmar et al., 2012; López-Ráez et al., 2008;
Sun et al., 2014; Umehara et al., 2010; Yoneyama et al.,
2012, 2013).
Grafting experiments are widely used to determine

whether hormone mutants may have defects in bio-
synthesis or signaling (Beveridge et al., 1996; Beveridge,
2000; Beveridge et al., 2005; Booker et al., 2004, 2005;
Foo et al., 2001; Johnson et al., 2006; Morris et al., 2001;
Simons et al., 2007). In principle, biosynthesis mutants
are rescued by grafting with wild-type plants, while
signaling mutants are not. Indeed, branching in scions
of the pea ramosus1 (rms1) mutant, an SL biosynthe-
sis mutant, was inhibited by wild-type rootstocks
(Beveridge, 2000; Foo et al., 2001;Morris et al., 2001). On
the other hand, defects in rms4, a D3 mutant of pea,

were not rescued by grafting (Beveridge et al., 1996;
Beveridge, 2000; Johnson et al., 2006; Morris et al.,
2001). Although the increased branching phenotype of
pea rms3was sometimes reduced by graftingwithwild-
type plants, rms3 was regarded as a signaling mutant
because the rescue of the phenotypeswas not consistent
or only partial (Beveridge et al., 1996, 2000; Morris
et al., 2001). Recently, it was shown that RMS3 is a pea
ortholog of D14 (de Saint Germain et al., 2016). This,
together with the grafting studies, indicates that
RMS3 or downstream components of RMS3 may act
non-cell-autonomously despite D14 functioning as a
receptor in the SL signaling pathway. In Arabidopsis,
comparison of expression patterns of AtD14 mRNA
and protein suggest short-distance transport of the
AtD14 protein (Chevalier et al., 2014). Furthermore,
the D14 protein was detected in the phloem sap of rice
and Arabidopsis using proteomic analysis (Aki et al.,
2008; Batailler et al., 2012). These reports indicate that
the D14 protein is transported through phloem.

Here, we demonstrate by further grafting experi-
ments that RMS3 works as a graft-transmissible signal
that partially suppresses shoot branching in pea. We
show that D14 is present in the phloem sap of rice and
transported to the axillary buds. Disruption of D14
transport weakens the function of SLs to suppress the
growth of tillers in rice. We propose that the D14 pro-
tein functions as an intercellular signaling molecule to
fine-tune SL signaling.

RESULTS

RMS3, a Pea Ortholog of D14, Works as a Graft-
Transmissible Signal

Previous research indicated that RMS3, a pea ortho-
log of D14, may control a graft-transmissible signal,
because branching of the rms3 scion was partially
inhibited by grafting to a wild-type rootstock (Beveridge
et al., 1996). In this study, we further investigated these
results using other rootstocks and two-shoot grafts. Wild-
type rootstocks reduced shoot branching of rms3 scions as
previously reported (Beveridge et al., 1996; Fig. 1A;
Supplemental Fig. S1, A and B), indicating that RMS3 or
downstream components of the SL signal work as a mo-
bile signal. As shown in previous studies, the comple-
mentation of rms3 branching is much weaker than that of
SL biosynthesis mutants grafted onto a wild-type root-
stock (Beveridge et al., 1996; Beveridge, 2000; Foo et al.,
2001; Morris et al., 2001; Fig. 1; Supplemental Fig. S1).

RMS4, an ortholog of D3 in pea, is another compo-
nent of SL signaling (Johnson et al., 2006). In contrast to
rms3, branching of rms4 scions was never suppressed by
grafting to wild-type rootstocks (Fig. 1A; Supplemental
Fig. S1, A and C; Beveridge et al., 1996; Beveridge, 2000;
Johnson et al., 2006;Morris et al., 2001). This indicates that
RMS4 or downstream components ofRMS4 are not graft-
transmissible. Interestingly, branching of rms3
scions was also suppressed when grafted onto either
rms4 SL-response or rms1 SL-biosynthesis mutant
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rootstocks (Fig. 1A; Supplemental Fig. S1B). These re-
sults indicate that SLs and downstream components of
the SL signal are not required for the graft-transmissible
function of RMS3. Thus, RMS3 itself, presumably its
mRNAor protein,works as a graft-transmissible signal to
suppress shoot branching.

The direction of transport of the RMS3 signal was
analyzed using two-shoot grafting. As illustrated in
Figure 1B, rms3 and rms4 scionswere grafted on an rms3
or an rms4 rootstock. While standard grafting experi-
ments showed that the RMS3 signal is transported
acropetally (Fig. 1A), the partial suppression of branching
in rms3 scions grafted with an rms4 scion and rms3 root-
stock indicates that the suppressive signal is able to ba-
sipetally move from one shoot to another (Fig. 1B;
Supplemental Fig. S1D). These various grafting results
indicate that the transport of theRMS3 signal occurs both
acropetally and basipetally. The bidirectional transport of
the RMS3 signal is in contrast with the unidirectional
transport of SLs, as suggested by grafting studies (Foo
et al., 2001). These differences might reflect a difference in
the transport mechanisms of the RMS3 signal and SLs. It
has been shown previously that SL is transported in a
polar manner by PDR1 (Sasse et al., 2015). In contrast, the
phloem, which moves according to source and sink re-
lationships, can move in both directions (Thieme et al.,
2015).

D14 Protein Is Contained in the Phloem Sap of Rice

We used rice for further examination of D14 trans-
port because of the availability of reporter lines. The

D14 protein has been detected previously in the phloem
sap of rice and Arabidopsis using proteomic analysis
(Aki et al., 2008; Batailler et al., 2012). To confirm the
presence of the D14 protein in rice phloem sap, we
expressed a D14:GFP fusion protein under the control
of the native D14 promoter in wild-type rice plants.
Since the intensity of GFP fluorescence in phloem was
not sufficiently high, localization of the D14:GFP fusion
proteinwas examined by immunostainingwith an anti-
GFP antibody. The lack of a detectable signal in non-
transgenic wild-type plants (Fig. 2A) indicates that the
specificity of this antibody is sufficiently high. The
signal observed in pD14::D14:GFP plants is most likely
derived from the D14:GFP fusion protein rather than
from a degraded D14:GFP fusion protein, because free
GFP was not detected in western blotting experiments
(Supplemental Fig. S2).

Phloem is composed of CCs, SEs (through which
phloem sap is transported), and parenchyma cells. In
pD14::D14:GFP lines, the GFP signal was observed in
the CCs and SEs (Fig. 2B) confirming that the D14
protein exists in the phloem sap. Since mature SEs are
highly specialized cells lacking nuclei and ribosomes,
proteins in phloem sap are thought to be synthesized in
CCs linked to the SEs or in immature SEs and trans-
ported through PD (Turgeon and Wolf, 2009). In gen-
eral, the increase in the Mr caused by fusion with
another protein reduces the PD permeability of the
protein (Kawade et al., 2013; Tsukagoshi et al., 2010;
Yadav et al., 2011). To confirm that D14 protein is
transported from CCs to SEs, we generated pD14::
D14:3xGFP lines that produce the D14 protein fused
with three repeated copies of the GFP protein. In the

Figure 1. RMS3 works as a graft-transmissible signal.
A, Total length of lateral branches of wild type (WT),
rms3, and rms4 scions grafted with WT, rms3, rms4,
and rms1 at their epicotyls 42 d after grafted plants
were scored. B, Total length of lateral branches of
rms3 grafted with rms3 and rms4 using the two-shoot
graft technique 27 d after grafted plants were scored.
rms3 scions grafted to rms3 stock (i, ii); rms3 scion
grafted with an rms4 scion to rms4 stock (iii); and
rms3 scion grafted with an rms4 scion to rms3 stock
(iv). Data are means 6 SE; n = 15 to 20 (A); n = 9 to
12 (B). The different letters denote significant differ-
ences at P , 0.05 (one-way ANOVA with Tukey-
Kramer test).

Figure 2. D14 protein is distributed in SEs.
Immunostaining of phloem using an anti-GFP
antibody in WT (A), pD14::D14:GFP/WT (B)
and pD14::D14:3xGFP/WT (C). B, pD14::
D14:GFP/WT. C, pD14::D14:3xGFP/WT. As-
terisk, SEs; triangle, CCs; bars = 5 mm.
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pD14::D14:3xGFP lines, the GFP signal was detected in
CCs but not in SEs (Fig. 2C). This result supports the
hypothesis that the D14 protein is transported from
CCs to SEs.

D14 Protein Is Transported to the Axillary Buds in Rice

To understand the significance of intercellular D14
protein movement, we examined D14 protein move-
ment in axillary buds in more detail. We first investi-
gated D14 mRNA expression patterns by in situ
hybridization. Our results indicate that D14 mRNA
accumulates in vascular bundles and leaf primordia
(Fig. 3, A and B). In vascular bundles, D14 mRNA is
expressed in CCs and parenchyma cells in phloem and
xylem parenchyma cells (Fig. 3C). D14 mRNA was
below detectable levels in axillary meristems (Fig. 3B).
Next, we examined the spatial localization of the D14

protein in wild-type rice plants transformed with
pD14::D14:GFP and pD14::D14:3xGFP. We confirmed
that GFP mRNA expression patterns in the transgenic
lines were indistinguishable from that of endogenous
D14 mRNA (Fig. 3B; Supplemental Fig. S3, A and C).
In pD14::D14:GFP lines, GFP fluorescence was ob-
served in the axillary meristem where D14:GFPmRNA
was not detected (Fig. 4A; Supplemental Fig. S3, A and
C). In pD14::D14:3xGFP lines that produce immobile
D14:3xGFP fusion protein, while GFP fluorescence
was observed in the vascular bundles and the basal part
of the meristem, it was undetected in the axillary mer-
istems (Fig. 4B). These results suggest that the GFP
fluorescence observed in the axillary meristem of

pD14::D14:GFP lines is derived from D14:GFP trans-
ported to the axillary meristem.

We then tested whether SLs influence D14 protein
transport to axillary buds. pD14::D14:GFP was intro-
duced into dwarf10 (d10), an SL biosynthesis mutant
(Arite et al., 2007). GFP fluorescence was observed in
axillary meristems and leaf primordia in pD14::D14:
GFP/d10 plants (Fig. 4, A and C). This indicates that SLs
are not required for the transport of the D14 protein to
the axillary buds.

pD14::D14:GFP and pD14::D14:3xGFP lines showed
different patterns of GFP fluorescence localization in
leaf primordia. GFP fluorescence was detected in leaf
primordia in pD14::D14:GFP lines but not in pD14::
D14:3xGFP lines, despite the fact that both endogenous
D14mRNA and GFPmRNAwere transcribed (Figs. 3B
and 4B; Supplemental Fig. S3, B and C). This im-
plies that posttranscriptional regulation of D14:3xGFP,
such as suppression of translation or promotion of
protein degradation, exists in leaf primordia. Since
SL-dependent D14 protein degradation has been
reported previously (Chevalier et al., 2014), we hy-
pothesized that the absence of GFP florescence in leaf
primordia in pD14::D14:3xGFP lines was caused byD14
degradation through the same SL-dependent mecha-
nism. GFP fluorescence, however, was not detected in
the leaf primordia in pD14::D14:3xGFP lines in the d10
background (Fig. 4D). This implies that GFP florescence
was abolished in the leaf primordia by other mecha-
nisms in pD14::D14:3xGFP lines. Assuming that the
same posttranscriptional regulation applies toD14:GFP
mRNA expressed in the leaf primordia, the GFP flo-
rescence observed in the leaf primordia in pD14::D14:
GFP lines should be derived from D14:GFP protein that
has been transported to the leaf primordia. Therefore,
we can conclude that the D14 protein level in the leaf
primordia is regulated by at least two distinct mecha-
nisms. One is the unknown posttranscriptional regu-
lation and the other is likely to be the transport of D14,
which would be substantially hindered in pD14::
D14:3xGFP.

D14 Transport Is Required to Fully Suppress Tiller Growth
in Rice

Next, we examined whether the transport of D14
protein is required for its function. Plants were grown
in soil for 28 d and their tiller growth was analyzed.
Rice ACTIN1 promoter is active in all tissues including
axillary buds (Supplemental Fig. S3D). When D14:GFP
or D14:3xGFPwere expressed constitutively by the rice
ACTIN1 promoter (pAct::D14:GFP, pAct::D14:3xGFP) in
the d14 mutant, the tillering phenotype of the d14 mu-
tant was rescued (Fig. 5, A–D, G; Supplemental Fig.
S4A). This result suggests that both D14:GFP and
D14:3xGFP proteins are functional. Introduction of
pD14::D14:GFP to the d14mutant also fully suppressed
the tillering, indicating that the D14 promoter used in
this experiment contains a region sufficient to control

Figure 3. D14mRNA expression pattern. In situ hybridization analysis
using a D14 mRNA anti-sense probe in basal part of rice shoot (A),
axillary bud in the axil of second leaf (B) and vascular bundle of a leaf
(C). Arrows, a vascular bundles; triangles, axillary meristems; Ph,
phloem; Xy, xylem. Bars = 50 mm.
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tiller growth (Fig. 5A, B, E, G; Supplemental Fig. S4A).
However, the rescue by pD14::D14:3xGFP was much
weaker than that in other constructs whether grown on
soil (Fig. 5, C–G; Supplemental Fig. S4A) or in hydro-
ponic culture system (Supplemental Fig. S4). These re-
sults observed with multiple independent lines suggest
that the transport of the D14 protein is required to fully
suppress tiller growth.

DISCUSSION

Inhibition of axillary bud outgrowth was the first in
planta function of SLs (Gomez-Roldan et al., 2008;
Umehara et al., 2008) to be identified. Since this dis-
covery, extensive studies using several species have
revealed that SLs have a role in the control of multiple
aspects of development, including root development,
secondary growth of the stem, leaf senescence, seed
germination, and hypocotyl growth (Brewer et al., 2013;
Seto et al., 2012). These roles share a common theme,
namely, that the function of SLs is to adjust the plant’s
growth to its environment and to optimize its growth
and reproduction. It has been demonstrated that SL
function is finely tuned at various stages, such as at its
biosynthesis, transport, perception, and signaling, in
order to achieve this unique function (Drummond et al.,
2015; Foo et al., 2013; Kohlen et al., 2011; Kretzschmar
et al., 2012; López-Ráez et al., 2008; Sun et al., 2014;
Umehara et al., 2010; Yoneyama et al., 2012, 2013). In
this study, we have demonstrated that D14, a receptor
of SL, is transported between cells and that this trans-
port is required for the full function of SLs. Components
in plant signaling pathways are regulated at various
levels, such as transcription, translation, subcellular
localization, stability, and degradation of proteins
(Chevalier et al., 2014, Marin et al., 2010; Pérez-Torres
et al., 2008; Russinova et al., 2004). In addition to these
known types of regulation, our study has shown that
the intercellular transport of receptors also functions to
modulate plant hormone signaling.

In angiosperms, D14 homologs are classified into
three subclades: D14, KAI2/D14Like, and D14like2 (DLK2;

Delaux et al., 2012;Waters et al., 2012). Intriguingly,D14 is
not the onlyD14 familymember found in the phloem sap
by proteomic analysis of rice and Arabidopsis. D14Like
and AtDLK2 were also identified in phloem sap of rice
(Aki et al., 2008) and Arabidopsis (Batailler et al., 2012),
respectively. As these studies revealed a limited number
of proteins due to technical limitations, intercellular
transport may be a general feature of D14 family pro-
teins. We have also presented evidence that the function
of RMS3, as evidenced by graft-transmissible inhibition
of branchin but not the downstream components of the
SL signaling pathway, has a mobility component. The
results of these experiments suggest that D14 transport
may be a phenomenon that is conserved in a wide range
of plant species. However, in Arabidopsis, despite the
fact that short-distance movement of AtD14 protein is
observed and that it is present in phloem sap, branching
defects in the Atd14 mutant were not suppressed by
grafting with a wild-type rootstock (Chevalier et al.,
2014). The function of DAD2, the petunia D14 ortholog,
was also not transmitted by grafting in petunia (Simons
et al., 2007). These results may be caused by the technical
limitations of grafting. Otherwise, the mobility of the
D14 protein and/or the dependence of its function on its
transport may differ between species. Certainly these
species are diverse with respect to other aspects of SL
biosynthesis and response (Brewer et al., 2015, 2016; Dun
et al., 2012; Guan et al., 2012; Mashiguchi et al., 2009;
Minakuchi et al., 2010; Shinohara et al., 2013; Yoneyama
et al., 2012).

The mechanism of D14 transport is currently un-
known. We showed that RMS3 signal is transported
bidirectionally in the two-shoot grafting system. This
may suggest passive diffusion of RMS3 in the phloem
sap. Indeed, many proteins in phloem sap move both
acropetally and basipetally (Thieme et al., 2015; Turgeon
andWolf, 2009). On the other hand, phloem loading and
unloading of D14/RMS3 might be actively regulated at
PD connecting CCs and SEs, as FT loading is controlled
by FT-INTERACTING PROTEIN 1 (Liu et al., 2013).

The biological role of D14 transport is still unclear.
One hypothesis is that D14 is transported in order to

Figure 4. D14 protein is transported to axillary
buds. Axillary buds in the axil of the second leaf of
pD14::D14:GFP/WT (A),pD14::D14:3xGFP/WT (B),
pD14::D14:GFP/d10 (C) andpD14::D14:3xGFP/d10
(D). Left, visible light; right, pseudocoloring image of
GFP fluorescence intensities; arrows, vascular bun-
dles; triangles, axillary meristems. Bars = 50 mm.
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deliver SLs. However, we have shown that D14 can be
transported in the absence of SLs in the SL biosynthesis
d10 mutant and that SL biosynthesis mutant rms1
rootstocks that do not produce SLs can transport RMS3
signal to rms3 shoots. This implies that SLs are not
required for D14 movement. Also, previous grafting
experiments have shown that RMS3 is not required for
SL transport in pea (Morris et al., 2001), as mutant rms3
rootstocks can inhibit branching in SL biosynthesis
mutant scions. These results indicate that the transport
of D14 and SLs is independent.
Another hypothesis is that D14 transport is involved

in the fine-tuning of shoot branching in response to the
environment. The availability of light and nutrients is a
major environmental factor that influences the pattern
of shoot branching (Drummond et al., 2015; González-
Grandío et al., 2013; Henry et al., 2011; Kebrom et al.,
2010; Kelly et al., 2012; Kohlen et al., 2011; Mason et al.,
2014; Osuna et al., 2007; Rabot et al., 2012; Su et al., 2011;

Umehara et al., 2010; Whipple et al., 2011). Therefore, it
is crucial for plants to sense light and nutrient condi-
tions accurately and adjust their branching patterns
accordingly. Recent studies have shown that SLs may
be involved in the regulation of both. It is known that
SL biosynthesis is up-regulated in the root in nutrient-
deficient conditions (Foo et al., 2013; Kohlen et al., 2011;
Kretzschmar et al., 2012; López-Ráez et al., 2008; Sun
et al., 2014; Umehara et al., 2010; Yoneyama et al., 2012,
2013). The expression of SL signaling genes is also
known to be influenced by carbon source conditions
(Osuna et al., 2007) and the quality of light (Drummond
et al., 2015). For example, in Arabidopsis, the mRNA
level of AtD14 and MAX2, the Arabidopsis D3 ortholog,
was decreased by Suc treatment (Osuna et al., 2007) and
Suc has been shown to promote branching (Henry
et al., 2011; Kelly et al., 2012; Mason et al., 2014; Rabot
et al., 2012; Su et al., 2011; Umehara et al., 2010;
Whipple et al., 2011). The high ratio of far-red light to

Figure 5. D14 transport regulates tiller outgrowth. Twenty-eight-d-old wild type (WT) (A), d14-1 (B), pAct::D14:GFP (C), pAct::
D14:3xGFP (D), pD14::D14:GFP (E), and pD14::D14:3xGFP (F) grown in soil. Top, whole shoot; bottom, enlarged view of base
part. G, Number of tillers. The different numbers along the x axis denote independent transgenic lines. Data aremeans6 SE, n = 5.
Two-way ANOVA with genotype and line as factors revealed a significant effect of genotype (P , 0.001). The different letters
denote significant differences between genotypes at P , 0.001 (Tukey-Kramer test).
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red light suppresses shoot branching (González-Grandío
et al., 2013; Kelly et al., 2012; Whipple et al., 2011). In
petunia, D14 transcription is up-regulated by far-red
light and down-regulated by red light (Drummond
et al., 2015). In most species, axillary buds are located at
the base of a leaf and are enclosed in several young
leaves, where it might be difficult to sense photosyn-
thesis conditions and the quality of light. Thus, it seems
plausible that D14 transport might contribute to the
transmission of information regarding light conditions
from themature leaves to the axillary buds. On the other
hand, the amount of SLs transported from the roots re-
flects the nutrient conditions in the soil. A possible sce-
nario is that the information from both leaves and roots
is combined in the axillary bud to allow adjustment of
bud outgrowth according to the surrounding environ-
mental conditions.

MATERIALS AND METHODS

Plant Materials and Growth Conditions

The d10-2 rice mutant was described previously (Umehara et al., 2008). The
d14-1mutant (Arite et al., 2009) was backcrossed to Nipponbare four times and
then used in this study. Sterilized seeds were germinated in water for 1 d in the
dark. They were grown on solidified media for 7 d and then transferred to
hydroponic culture bottles (Umehara et al., 2008; 16 h light, 8 h dark at 25°C). To
analyze the tillering phenotype of rice plants grown on soil, plants were grown
for 28 d in an incubator (16 h light, 8 h dark at 26°C).

Themutants rms3-2 (K564) and rms4-1 (K164) are derived from thewild-type
pea cultivar Torsdag (L107) and have been described previously in Arumingtyas
et al., 1992. The mutant rms1-2T was obtained by backcrossing rms1-2 with the
wild-type cultivar Torsdag. The mutants rms3-5 (M2T-32) and rms4-3 (M3T-946)
are derived from the dwarfwild-type pea cultivar Térèse and have beendescribed
previously in Rameau et al., 1997.

Grafting

Grafts were performed using the epicotyl-epicotyl wedge graft technique as
described in Beveridge et al., 1994 on 6-d-old seedlings grown at two per 2-L pot
in Green Fingers EcoZ Plus potting mix with approximately 2 g of Osmocote
(Scotts) per pot under natural photoperiod and 23°C.

Two-shoot grafts were performed using the epicotyl-epicotyl wedge graft
technique and two scions grafted on the same rootstock instead of one. Plants
were grown in a growth chamber with a 16-h-light (21°C):8-h-dark (16°C)
photoperiod at a light intensity of 150 mE m–2 s–1.

Nodes were numbered from the first scale leaf as node 1. The lengths of the
lateral branches and buds at each node along the stem(s) weremeasured using a
ruler (branches .10 cm) or digital calipers (branches and buds ,10 cm).

Plasmid Construction and Transgenic Rice Production

To construct pD14::D14:GFP, an approximately 4.5-kb region containing the
D14 promoter and D14 open reading frame was amplified using the primer set
D14 F and D14 R. The PCR fragment was introduced into the pGWB4 expres-
sion vector (Nakagawa et al., 2007) using the Gateway system (Invitrogen). To
construct pD14::D14:3xGFP, pD14::D14:GFP D STOP, and GFP D STOP, a GFP
regionwas amplified from pD14::D14:GFP using primer sets D14 F2 andGFP R,
GFP F and GFP R, and GFP F and GFP R2, respectively. They were cloned into
the pBI 101.2 vector. To construct pAct::D14:GFP, D14:GFPwas amplified from
pD14::D14:GFP using primer sets D14 F3 and GFP R3 and then cloned into the
pAct/Hm2 vector (Inukai et al., 2005). To construct pAct::D14:3xGFP, D14:GFP
D STOP, and GFP D STOP, a GFP region was amplified from pD14::D14:GFP
using primer sets D14 F3 and GFP R, GFP F and GFP R, and GFP F and GFP R2,
respectively. They were cloned into the pAct/Hm2 vector. To construct pHSP::
GFP, the promoter region ofOsHSP101 (Chang et al., 2007) was amplified using
the primer set OsHSP F and OsHSP R. After subcloning into pBluescript SK, it

was cloned into pBI 101.2, together with theGFP fragment. The primer sets used
for construction are described in Supplemental Table S1. These constructs were
transformed into wild-type rice (cv Nipponbare), the d14 mutant, or the d10-2
mutant. Transformation of rice was performed as described in Nakagawa et al.,
2002.

Observation of GFP Fluorescence

The basal parts of rice seedlings were mounted in 7% agarose gel and sec-
tioned at 50-mm thickness using a microslicer. GFP fluorescence was observed
with a confocal laser-scanning microscope (FV1000; Olympus). For each con-
struct, except for pD14::D14:3xGFP in a d10 background, more than 10 inde-
pendent lines were observed at the T0 generation and at least 2 lines were
selected among these for more detailed analysis at the T1 generation. For pD14::
D14:3xGFP in a d10 background, three independent lines were observed at the
T0 generation. The selected lines were then used for the analysis of phenotypes,
immunostaining, and mRNA in situ hybridization.

Immunostaining

Immunostaining was performed as described in Yamaji and Ma, 2007.
Polyclonal anti-GFP rabbit IgG (Thermo Fisher) and Alexa Fluor 555 goat
antirabbit IgG (Molecular Probes) were used as primary and secondary
antibodies, respectively. Fluorescence of the secondary antibody and auto-
fluorescence of the cell wall were observed with a confocal laser-scanning
microscope (LSM700; Carl Zeiss). At least two independent lines were ob-
served for each construct.

In Situ Hybridization

In situ hybridization was performed as described in Kouchi et al., 1995. The
full-lengthD14 cDNAwas amplified using the primer set D14 F and D14 R. The
PCR fragment was cloned into pENTR/D-TOPO (Thermo Fisher) and then
cleaved by Hind III. A 39 region of the fragment was used as a template to make
the D14 antisense probe. A GFP fragment, cloned into pBluescript SK as de-
scribed above, was used as a template to make the GFP antisense probes. All
experiments were carried out with the same concentration of probes and same
detection time. At least two independent lineswere observed for each construct.

Statistical Analysis

To compare the total length of lateral branches between grafted plants or the
number of tillers betweenplants grown in soil, one-way or two-wayANOVA
with the Tukey-Kramer test was performed, respectively. To analyze the
effect of genotype on tiller length between plants grown using hydroponic
culture, the Kruskal-Wallis test was performed. Subsequently, each geno-
type was compared using the Steel-Dwass test. These analyses were carried
out using R, version 3.1.3.

Supplemental Data

The following supplemental materials are available.

Supplemental Materials and Methods. A list of supplemental materials
and methods.

Supplemental Figure S1. RMS3 works as a graft-transmissible signal.

Supplemental Figure S2. Free GFP is not detected in pD14::D14:GFP line.

Supplemental Figure S3. Expression pattern of introduced genes.

Supplemental Figure S4. D14 transport regulates tiller outgrowth.

Supplemental Table S1. Primers used in this study.
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