











Fig. 2. BrdU incorporation assay of mitotic activity in the QC
region. (A) BrdU incorporation assay in mock-treated wild-type
(WT) roots. No obvious BrdU signals were detected in the region
of the QC and surrounding stem cells. (B) BrdU incorporation
assay in WT roots treated with 10 uM FCP2p for 1 d. BrdU signals
were detectable in the QC and surrounding stem cells, indicating
altered mitotic activity. (C) BrdU incorporation assay in FCP2-OE
transgenic line. BrdU signals were detectable in the QC and
surrounding stem cells, showing similar mitotic activity to that

of (B). Bar = 50 pm.

that of surrounding cells (Fig. 3A2, A3, A2, A3") (Kawata
et al., 1978; Scarpella et al., 2000). When wild-type plants
were treated with 10 pM FCP2p for 2 d, aberrant cell divi-
sions were observed in the cells at the position of late metax-
ylem adjacent to the QC (Fig. 3C3, C3’). It was suspected
that these aberrant divisions might be because of mis-spec-
ification of cell identity at the position of late metaxylem.
To explore this, T-DNA enhancer trap lines from the Rice
Mutant Database (RMD, http://www.ncpgr.cn/web/detail.
jsp?i_=420) were screened for QC- and vascular-specific
marker lines (Zhang et al., 2006). Despite no marker line for
the QC being obtained, an enhancer trap line, H729, with
early metaxylem-specific GUS expression was identified
(Fig. 4A, D, E). This line was treated with 10 pM FCP2p
and the GUS expression pattern was analysed after 1-2 d
treatments. In agreement with the assumption, ectopic GUS
staining signal was observed in the cells at the position of
late metaxylem adjacent to the QC (Fig. 4B, F), and early
metaxylem-like cell divisions could be found in these cells
when exposed to FCP2p for 2 d (Fig. 4C, G). Taken together,
these results strongly suggest that the FCP2 peptide plays a
key role in regulating metaxylem development in rice roots.
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Inducible overexpression of QHB reduced the
sensitivity of rice roots to FCP2p treatment

Previous studies on Arabidopsis showed that stem cell homeo-
stasis in the SAM is maintained through a CLV-WUS nega-
tive feedback loop (Brand ez al., 2000; Schoof et al., 2000).
Therefore experiments were carried out to determine whether
a similar feedback loop operated in rice root development.
Using an oestrogen receptor-based chemical-inducible sys-
tem (Zuo et al., 2000), it was investigated whether inducible
overexpression of QH B could rescue the RAM defects caused
by exogenous FCP2p application.

No obvious difference was observed between wild-type
and QHB-inducible (QHB-ind) lines grown on the non-
inductive medium, and, as expected, reduction of RAM size
and defects of vascular tissue patterning became evident in
these QHB-ind lines when treated with 10 uM FCP2p for 2
d (Fig. 5SA1-A3). In contrast, when the QH B-ind lines were
treated with 20 pM 17-B-oestradiol for 12h, and then trans-
ferred to a medium containing both 20 pM 17-f-oestradiol
and 10 uM FCP2p, an apparently functional RAM remained
after 2 d (Fig. 5B1-B3), and even after prolonged incuba-
tion (Fig. 5D). In contrast, the RAM of QHB-ind lines
treated solely with 10 pM FCP2p was completely con-
sumed and lateral root primordia appeared near the root
tip (Fig. 5C). Moreover, the BrdU incorporation assay indi-
cated that QH B-ind lines grown on the medium with 20 pM
17-B-oestradiol had an expanded QC and surrounding stem
cell areas (Fig. 5F) as compared with the wild type (Fig. 2A)
and QH B-ind lines grown on non-inductive media (Fig. SE).
These observations suggest that overexpression of QHB
could repress the differentiation of stem cells surrounding the
QC. In addition, unlike the detectable mitotic activity which
appeared in the wild-type QC after 24 h treatment with 10 pM
FCP2p (Fig. 2B), no BrdU signal was observed in the QC
of the QHB-ind lines induced with 20 pM 17-f-oestradiol
for 12h, and followed by an additional 24 h treatment with
20 pM 17-B-oestradiol plus 10 uM FCP2p (Fig. 5G), suggest-
ing the existence of a functional QC. Consistently, the time
course analysis showed that FCP2p-induced suppression of
root growth of QH B-ind plants was reduced in the presence
of 17-B-oestradiol (Fig. 5H).Notably, real-time qRT-PCR
analysis showed that an increase in FCP2 transcription in rice
roots was associated with the induction of QHB. In QHB-
ind lines treated with 20 pM 17-p-oestradiol, QH B transcrip-
tion gradually increased and peaked at 36h after treatment,
whereas elevated expression of FCP2 was observed from 24 h
after QHB induction (Fig. 6). Thus, these results suggest that
a negative feedback regulation between QHB and FCP2 may
exist and regulate RAM activity and vascular tissue identity
in rice roots.

FCP2p exerts evolutionarily conserved and species-
specific roles in Arabidopsis roots

In Arabidopsis, overexpression of CLV3, CLEI9, and
CLE40, and exogenous application of the corresponding
CLE peptides, has been shown to trigger the consumption of
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Fig. 3. FCP2p negatively regulates QHB expression in rice roots. (A1-A4) GUS expression in the mock-treated QHB-GUS line. (A2 and
A4) Enlargements of the upper and lower boxed regions in A1, showing the GUS signal in the late metaxylem and QC cells, respectively.
(A3) Transverse section at the position indicated by the black line in A1, showing the GUS signal in late metaxylem cells. (B1-B4) GUS
expression in the QHB-GUS line treated with 10 uM FCP2p for 1 d. (B2 and B4) Enlargements of the upper and lower boxed regions

in B1, showing decreased GUS signal in late metaxylem cells (B2), and a diffuse GUS signal around the QC (B4) compared with the
mock-treated line. (B3) Transverse section at the position indicated by the black line in B1, showing decreased GUS signal. (C1-C4)
GUS expression in the QHB-GUS line treated with 10 uM FCP2p for 2 d. No obvious GUS signal was detected in the root tip. (C2 and
C4) Enlargements of the upper and lower boxed regions in C1, respectively. (C3) Transverse section at the position indicated by the
black line in C1. Aberrant periclinal cell divisions at the position of late metaxylem cells were observed in C3. (A1-A4") In situ analysis of
QHB expression in mock-treated rice root using an antisense cDNA probe of QHB. (A2" and A4’") Enlargements of the upper and lower
boxed regions in A1, showing QHB transcripts in late metaxylem and QC cells, respectively. (A3') Transverse section at the position
indicated by the black line in A1’, showing QHB transcripts in late metaxylem cells. The inset in A1 is the sense probe control which
had no detectable signal in late metaxylem cells. (B1'-B4') In situ analysis of QHB in rice root treated with 10 pM FCP2p for 1 d using
an antisense cDNA probe of QHB. (B2" and B4') Enlargements of the upper and lower boxed regions in B1’, showing a decreased
expression level of QHB in late metaxylem cells (B2') and diffuse expression of QHB around the QC (B4') compared with the mock-
treated control. (B3') Transverse section at the position indicated by the black line in B1’. Note that QHB transcripts were decreased
compared with the mock-treated control. (C1-C4') In situ analysis of QHB expression in rice root treated with 10 uM FCP2p for 2 d
using an antisense cDNA probe of QHB. No obvious signal was detected. (C2" and C4') Enlargements of the upper and lower boxed
regions in C1', respectively. (C3') Transverse section at the position indicated by the black line in C1'. Aberrant periclinal cell divisions at
the position of late metaxylem cells were observed in (C3'). A1, B1, C1, A1’, B1’, and C1": bar=200 um; A2-A4, B2-B4, C2-C4, A2'-
A4', B2'-B4', and C2'-C4’": bar=50 pm. Seven-day-old seedlings with different periods of peptide treatment were examined. Arrows in
A3, B3, C3, A3', B3', C2', and C8' indicate late metaxylem cells or cells at the positions of late metaxylem cells.
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the RAM (Casamitjana-Martinez et al., 2003; Hobe et al., 2007), suggesting that the molecular mechanism underlying
2003; Fiers et al., 2004, 2005); and Kinoshita ez al. (2007) the regulation of RAM maintenance is conserved between
found that among 26 Arabidopsis CLE peptides examined, 19 monocot and dicot species. Consistent with this notion,
had an inhibitory effect on the rice RAM (Kinoshita et al., Arabidopsis CLE peptide CLV3p is able to trigger meristem
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Fig. 4. Effect of exogenously applied FCP2p on the enhancer trap
line H729. (A) GUS signals in the vascular tissue of mock-treated
H729 root. (B and C) GUS expression in H729 treated with 10 pM
FCP2p for 1 d (B) and 2 d (C), respectively. Note that ectopic GUS
expression appeared in the procabium of the vascular tissue.

(D and E) Transverse sections at the positions indicated by the
lower and upper lines in A, respectively. Red asterisks indicate
GUS expression in the early metaxylem cells. Black arrows
indicate the late metaxylem cells, showing no detectable GUS
signal in this region. (F and G) Transverse sections at the positions
indicated by the lines in B and C, respectively, showing ectopic
GUS expression at the position of late metaxylem cells. A-C:
bar=200 pm; D-G: bar=20 pm. Seven-day-old seedlings with
different periods of peptide treatment were examined. Arrows in
D-G indicate late metaxylem cells or cells at the positions of late
metaxylem cells.

termination, as reported by Kinoshita er al. (2007), and vas-
cular defects in rice roots, which resembled those caused by
FCP2p application (Supplementary Fig. S3 at JXB online),
whereas FCP2p application led to the consumption of
the RAM in Arabidopsis (Fig. 7A, B) and suppressed the
QC-specific expression of WOX5-GUS and QC46 (Fig. 7C,
D; Sarkar et al., 2007). Compared with the mock control,
cells at the QC position became enlarged after FCP2p
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treatment (Fig. 7C, D), resembling those of wox5 mutants
(Sarkar et al., 2007), and ectopic starch granule accumula-
tion was observed in columella stem cells (Fig. 7C, D), indi-
cating loss of QC and stem cell activities in FCP2p-treated
roots. The expression of ACR4, encoding a receptor-like
kinase of the CRINKLY4 family (Tanaka ez al., 2002), was
increased in the QC and distal cells after FCP2p treatment,
which was similar to the case of CLE40p treatment (Stahl
et al., 2009) (Fig. 7E). Taken together, the results provide
strong evidence for an evolutionarily conserved role for CLE
signalling in root development.

It was next asked whether FCP2p could regulate xylem dif-
ferentiation in Arabidopsis. Vascular morphological changes
were monitored in Arabidopsis seedlings treated with FCP2p,
CLV3p, or TDIF. TDIF affected xylem differentiation
in the leaf (Supplementary Fig. S4A, B at JXB online), as
reported previously (Hirakawa et al., 2008; Whitford ez al.,
2008), but FCP2p and CLV3p did not (data not shown),
suggesting a unique role for TDIF in leaf vascular develop-
ment. Interestingly, none of these three peptides caused vis-
ible phenotypic changes in protoxylem and metaxylem cells
in Arabidopsis roots (Supplementary Fig. S4D-F compared
with the mock-treated wild type in Supplementary Fig. S4C),
indicating that the regulatory mechanism controlling root
xylem development in Arabidopsis is probably distinct from
that of rice.

Discussion

CLE genes have been found from a variety of dicot and
monocot plants such as Arabidopsis, soybean, rice, wheat, and
maize (Cock and McCormick, 2001). In Arabidopsis, CLE
genes have been categorized into A-type and B-type classes
based on their ability to promote terminal differentiation of
the SAM and RAM. Overexpression of A-type CLE genes
or exogenous application of A-type CLE peptides triggers
consumption of the RAM and SAM, whereas B-type CLE
genes such as those encoding TDIF (CLE4] and CLE44)
are known to promote procambial cell proliferation while
suppressing xylem differentiation (Whitford ez al, 2008).
A synergistic effect of A-type and B-type CLE peptides on
vascular development was also observed (Whitford et al.,
2008), but the underlying mechanism was not understood.
Here, it is shown that overexpression of the rice FCP2 gene
and exogenous application of FCP2p or Arabidopsis CLV3p
suppresses the RAM activity in both rice and Arabidopsis,
and that FCP2p or CLV3p influences late metaxylem devel-
opment in rice roots, but not in Arabidopsis roots. The obser-
vations suggest that CLE genes have evolutionarily conserved
and species-specific roles in root development, and indicate
that FCP2 and probably other rice CLE genes have a dual
function in rice roots, regulating both meristem activity and
vascular cell identity.

Both FCPI! and FCP2 were previously shown to be
expressed in the rice root tip, and exogenous application of
FCP1p could also cause patterns of changes in root morphol-
ogy and expression of QH B similar to those seen with FCP2p
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Fig. 5. Ectopic expression of QHB rescues the defects caused by exogenously applied FCP2p. (A1-A3) Root tip of a 7-day-old QHB-
ind line treated with 10 yM FCP2p for 2 d. (A2, A3) Transverse sections at the positions indicated by the upper and lower lines in A1,
respectively. (B1-B3) Root tip of a 7-day-old QHB-ind line treated with 20 ntM 17-p-oestradiol for 12h, and then treated with 10 pM
FCP2p for 2 d in the medium containing 20 pM 17-f3-oestradiol. (B2, B3) Transverse sections at the positions indicated by the upper
and lower lines in B1, respectively. (C) Root tip of a 7-day-old QHB-ind line treated with 10 pM FCP2p for 4 d. Red asterisks indicate
lateral root primordia which appeared near the root tip. (D) Root tip of the 7-day-old QHB-ind line treated with 20 pM 17-3-oestradiol for
12h, and then treated with 10 pM FCP2p and 20 pM 17-f-oestradiol for 4 d. (E) BrdU incorporation assay in the mock-treated QHB-
ind line. (F) BrdU incorporation assay in the QHB-ind line treated with 20 nM 17-B-oestradiol for 12h. (G) BrdU incorporation assay in
the QHB-ind line treated with 20 pM 17-f3-oestradiol for 12h, and then treated with 10 pM FCP2p and 20 pM 17-3-oestradiol for 1 d.
(H) Time course analysis of primary root lengths of QHB-ind seedlings grown in the indicated conditions. Graph values are means +SD,
n=12. “t-test, P-value <0.01. A1, B1, C, and D: bar=200 um; A2, A3, B2, and B3: bar=20 pm, E-G: bar=40 um. Arrows in A2, A3,
B2, B3) indicate late metaxylem cells or cells at the positions of late metaxylem cells.
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Fig. 6. Expression analyses of QHB and FCP2 in QHB-ind lines
treated with 20 uM 17-3-oestradiol. The relative expression levels
of QHB and FCP2 were quantified as fold changes normalized

to those of the WT, respectively. gRT-PCR analysis showed that
the QHB transcript was increased in QHB-ind lines at 12h after
induction by 20 nM 17-f3-oestradiol, and peaked at 36 h after
induction. An increased expression of FCP2 was observed after
24 of induction.

(Suzaki et al., 2008), suggesting that FCP/ and FCP2 are
functionally redundant. In agreement with this, repression of
the endogenous gene activity of FCPI (Suzaki et al., 2008) or
FCP2 (this study, data not shown) by RNAi led to no obvious
defect in rice roots. When both FCP! and FCP2 were down-
regulated, either constitutively or inducibily, however, no
transgenic plants could be obtained from calli (Suzaki et al.,
2008) or no roots could be formed after induction (Ohmori

et al., 2013), further supporting the notion that FCPI and
FCP2 have redundant functions in the rice root.

While a better understanding on the in planta functions
of CLEs has long been hindered due to the lack of loss-of-
function mutants or analysable knockdown or knockout
phenotypes, the use of synthetic CLE peptides and gain-of-
function studies have proved to be extremely useful for deter-
mining the regulatory relationships among the components
of CLE signalling. Using these approaches, it is shown that
exogenous application FCP2p eliminates the expression of
QHB, whereas overexpression of QHB is sufficient to induce
FCP2 transcription and stem cell fate, and reduce the defects
caused by FCP2p application. Together, these data allow a
potential negative feedback loop mechanism to be proposed
that fine-tunes the expression level and distribution of FCP2
and QHB, and regulates RAM activity and root vascular tis-
sue identity in rice.

Interestingly, similar to CLE40 (Stahl ez al., 2009), FCP2
is also expressed in the columella root cap cells (Suzaki ez al.,
2008). FCP2p appeared to induce changes in Q HB expression
in the QC of rice roots (Fig. 3C4, C4’) and in WOX35 expres-
sion in the QC of Arabidopsis roots (Fig. 7C), similar to those
induced by CLE40p in WOXS5 expression in Arabidopsis
(Stahl et al., 2009). These similarities indicate that RAM
activity in rice and Arabidopsis is controlled by parallel CLE-
WOX signalling modules.

The findings presented here, together with previous reports
on TDIF-WOX4 signalling in Arabidopsis (Hirakawa et al.,
2008), strongly suggest that in both Arabidopsis and rice,
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Fig. 7. Effect of FCP2p on the RAM of Arabidopsis. (A) Root
lengths of 7-day-old seedlings treated with (right) or without

(left) 10 uM FCP2p. (B) DIC images of roots treated with (right)

or without (left) 10 uM FCP2p. Arrows indicate the distal and
proximal ends of the RAM. (C) WOX5-GUS expression in roots
treated with (right) or without (left) 10 uM FCP2p for 7 d. (D) QC46
expression in roots treated with (right) or without (left) 10 uM
FCP2p for 7 d. (E) ACR4-H2B-YFP expression in roots treated
with (right) or without (left) 10 uM FCP2p for 7 d. Violet colour in
C and D indicates starch granules visualized by lugol staining,
indicating differentiated columella root cap cells. B: bar=100 um;
C-E bar=50 pm. QC, quiescent centre; CSC, columella stem cell;
COL, columella.

vascular development is controlled by signalling through
CLEs/WOXs. TDIF appears to act through increasing the
expression of WOX4 to promote the proliferation of pro-
cambial/cambial cells but suppressing their differentiation
into xylem in a WOX4-independent manner (Hirakawa ez al.,
2010), whereas FCP2p exerts its inhibitory effects on late
metaxylem differentiation through repressing the expression
of QHB, suggesting that the regulation of CLEs on WOXs is
complex and associated with different stages of vascular devel-
opment. Future studies will be important to reveal whether
other CLE-WOX signalling modules in rice roots (if any) are
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able to induce the proliferation of different types of vascular
cells such as procambium and protoxylem. These should shed
more light on the factors and signalling pathways that estab-
lish and maintain vascular tissue identity, as well as on the
mechanism shared by vascular and meristem development.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Amino acid sequences of 11 CLE peptides and
their effects on RAM.

Figure S2. Root phenotypes caused by in vitro application
of CLE peptides.

Figure S3. Root phenotypes caused by treatment with
10 uM CLV3p.

Figure S4. Effects of CLE peptides on vascular develop-
ment in Arabidopsis.

Table S1. Primers and TagMan probes used in this study
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