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Characterization of SHORT-ROOT Function in the
Arabidopsis Root Vascular System

Nan-le Yu', Shin Ae Lee'?, Mi-Hyun Lee"?, Jung-Ok Heo', Kwang Suk Chang'?, and Jun Lim

Development of the vascular tissues is a dynamic process
that integrates extrinsic and intrinsic factors to control vas-
cular tissue formation throughout the plant life cycle. During
vascular tissue formation in Arabidopsis roots, radial and
longitudinal signals, including nuclear factors and plant
hormones, control the developmental processes involved in
the specification, differentiation, and maintenance of the
correct cell types. SHR, a GRAS transcription factor, has
been known to regulate the specification of the stem cell
niche and ground tissue identity in the root meristem in a
non-cell-autonomous manner. However, the role of SHR in
the root vasculature is relatively overlooked, despite local-
ization of its mRNA and protein in the stele. Here, we inves-
tigated the role of SHR in the vascular system of the primary
root using a reverse genetic approach and detailed pheno-
typic analysis. A novel, loss-of-function null mutant, shr-6,
was isolated in the Columbia background, and vascular
patterning was characterized in detail. Our results reveal
that shr mutants have developmental defects in both proto-
phloem and protoxylem elements. Our study also suggests
that SHR plays a central role in the root vascular system to
control patterning processes, possibly regulated by longitu-
dinal and radial signals.

INTRODUCTION

The plant vascular system serves as a continuous conduit sys-
tem to transport and allocate water, ions, nutrients, and hor-
mones, in a manner analogous to the arterial and venous sys-
tems in animals. In Arabidopsis roots, concentric layers of epi-
dermis, cortex, and endodermis (outer to inner layers) encircle
the stele (which consists of the pericycle and vascular system)
(Fig. 1A). Stem cells in contact with an organizing center, known
as the “quiescent center (QC)”, a group of mitotically less active
cells, can be identified in the root tip (Dolan et al., 1993; Lim and
Lee, 2007). Together, the stem cells and the QC constitute a
stem cell niche in the root meristem (Sabatini et al., 2003). In the
center of the root is the vascular system, which is composed of
two distinct tissue types: phloem and xylem. Both phloem and
xylem are derived from the vascular meristem (procambium) by a
series of asymmetric cell divisions (Carlsbecker and Helariutta,

1,2,

2005). The phloem is composed of enucleated conducting sieve
elements (SE), companion cells (CC), non-conducting paren-
chyma cells and fibers, whereas the xylem consists of enucleated
conducting tracheary elements (TE), non-conducting paren-
chyma cells, and xylem fibers (Bauby et al., 2007; Baucher et al.,
2007; Carlsbecker and Helariutta, 2005).

Recent molecular and genetic research has revealed the
regulatory mechanisms that specify these two tissue types
(Bonke et al., 2003; Dettmer et al., 2009; Mahonen et al., 2000;
2006). The first gene identified in the phloem specification,
ALTERED PHLOEM DEVELOPMENT (APL), encodes a MYB
transcription factor that is necessary for phloem-related asym-
metric cell division and cell differentiation. In addition, APL
suppresses xylem differentiation in the location where the
phloem is specified (Bonke et al., 2003). Mutations in the cyto-
kinins (CK) receptor [Arabidopsis Histidine Kinase 4 (AHK4)/
CYTOKININ RESPONSE 1 (CRE1)/WOODEN LEG (WOL)]
cause a dramatic decrease in the number of cell divisions in the
root vasculature, and as a result, the null mutants lack phloem
tissues in the root (Mahonen et al., 2000; Scheres et al., 1995).
Furthermore, the triple ahk2 ahk3 ahk4 mutants for the three
genes encoding the CK receptor family (CRE family receptors;
AHK2, AHK3, and AHK4) in Arabidopsis also exihibit a drastic
reduction of cell numbers within the vascular bundle (Higuchi et
al., 2004; Inoue et al., 2001; Nishimura et al., 2004). Conse-
quently, all the vascular cell files are specified as protoxylem.
Similarly, depletion of CK by ectopically expressing the CY-
TOKININ OXIDASE 2 (CKX2) gene under the CRET promoter
leads all the vascular cells in the root vascular bundle to the pro-
toxylem lineage (Wemer et al., 2001). In addition, AHP6, an in-
hibitory pseudophosphotransfer protein essential for protoxylem
specification, counteracts CK signaling in the root vasculature
(Mahonen et al., 2006). These results indicate that CK signaling,
possibly through the CRE-family receptors, is required for cell
proliferation and maintenance of stem cell activity in procambium
cells (Dettmer et al., 2009; Mahonen et al., 2000; 2006; Nishi-
mura et al., 2004; Werner et al., 2001).

SCARECROW (SCR) and SHORT-ROOT (SHR), which
belong to a plant-specific GRAS transcription factor family,
regulate radial patterning in the root (Bolle, 2004; Di Laurenzio
et al., 1996; Helariutta et al., 2000; Lee et al., 2008; Pysh et al.,
1999). Loss of either SCR or SHR function produces roots with
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Table 1. Primer sequences used in PCR analysis

Forward primer

Reverse primer

Primer name 5-3

AHP6-F CGCCCAGGGTGCTTGA

APL-F AGTCTTTCAGCAGCGGTGGG

SCR-F TAGCGGTTGGAGGACCATCG

SHR-F TGGTCGAGGAGGATGAGGAATAG

GAPC-F AGCTGCTACCTACGATG

VND6-F CCCAACTACAATAATGCAACGA

VND7-F GGGACGAATAAAGATCAGAACG

proSHR-F CACCGTATCGAGACAAACGAGAAAATCATGATG
Salk_002744-F TCGTTGACAAACTTGTTGGCC

LB1 GGCAATCAGCTGTTGCCCGTCTCACTG GTG

Primer name 5'-3

AHP6-R TCTTGAGGTAATGATACTCATGCTCTACT
APL-R TGGTCGAGGACTTGGTCGGT

SCR-R CGCTTGTGTAGCTGCATTTCC

SHR-R ACACTGTACCATCGACCAAACACC
GAPC-R CACACGGGAACTGTAAC

VND6-R TTGGCTCATGATTAGCTGAGAA

VND7-R ATGCGGATGTATGACTTGTGTC
proSHR-R AAT GAA TAA GAA AAT GAA TAG AAG

Salk_002744-R TCCACCAAACCCATTCTCTAC

an aberrant ground tissue layer. In scr the single ground tissue
exhibits mixed characteristics of the cortex and endodermis, but
shrmutant roots lack the endodermis layer, indicating that SHR is
required for the endodermis specification and that SCR is needed
for the asymmetric division that separates the cortex and
endodermis lineages (Benfey et al., 1993; Di Laurenzio et al.,
1996; Helariutta et al., 2000). It is well established that SHR
mRNA is transcribed and translated in the stele, and its protein
moves into the adjacent cells [the endodermis, cortex/endo-
dermis initial (CEIl), cortex/endodermis initial daughter (CEID), and
the QC] (Cui et al., 2007; Gallagher and Benfey, 2009; Gallagher
et al., 2004; Nakajima et al., 2001). Consequently, SHR activity in
the adjacent cells activates expression of SCR, a downstream
target gene of SHR, for the specification of QC and ground tissue
formation.

Despite localization of both its MRNA and protein in the stele,
the role of SHR in the root vasculature has been overlooked.
Here we report that shr mutants have developmental defects in
the root vascular system other than the stem cell niche specifi-
cation and ground tissue formation. In particular, shr mutants
exhibit aberrant specification and/or patterning in both proto-
phloem and protoxylem of the root. Our results suggest that
SHR plays an important role in the development of protophloem
and protoxylem elements, and it possibly is regulated by longi-
tudinal and radial signals.

MATERIALS AND METHODS

Plant materials, growth conditions, and transformation

All lines used in this study were of Arabidopsis thaliana Colum-
bia (Col-0) background. The shr-2 mutant from Philip Benfey
was described previously (Helariutta et al., 2000). The new null
allele of shr, designated shr-6 (SALK_002744), was obtained
through the Arabidopsis Biological Resource Center (ABRC)
(Alonso et al., 2003). For phenotypic analysis, 7-day-old seed-
lings of Col-0, shr-2, and shr-6 were investigated. Transgenic
plants with a transcriptional fusion of pAPL::GUS were received
from Yka Helariutta (Bonke et al., 2003). The pAPL::GUS trans-
gene was introduced into shr-6 by pollination. Seeds were sur-
face-sterilized and grown on MS agar plates, as described pre-
viously (Lee et al., 2008).

To produce pSHR::GUS transgenic plants the region ap-
proximately 2.0 kb upstream from the ATG start codon of SHR
was amplified by PCR, and the amplified product was inserted
into pENTR Directional TOPO™, a Gateway entry vector (Invi-
trogen, USA). Only an error-free insert was transferred to the

pMDC162 binary vector containing the GUS marker gene (Cur-
tis and Grossniklaus, 2003) using LR recombinase (Invitrogen,
USA). Plant transformation with wild-type plants was performed
by the floral-dip method according to Clough and Bent (1998).
The T, plants resistant to hygromycin (100 mg/L) were selected,
and subsequent homozygous T, plants were obtained through
confirmation in the T3 generation.

RNA isolation and PCR analysis

Total RNA was isolated from seedling roots using an RNeasy
Plant Mini kit according to the manufacturer’s instructions
(Qiagen, USA). After RNA extraction we treated the samples
with RQ1 RNase free-DNase (Promega, USA) to eliminate
potential contamination of genomic DNA. The quality and quan-
tity of the isolated RNA were inspected by both gel electropho-
resis and spectrophotometry. The first strand cDNA was con-
structed with the iScript™ cDNA synthesis kit (Bio-Rad Labora-
tories, USA) according to the manufacturer’s instructions. For
both RT-PCR and qRT-PCR the GAPC gene was used as a
housekeeping gene for the internal standard, as described by Dill
et al. (2004). SYBR Green Realtime PCR Master Mix reagents
(Toyobo, Japan) were used for qRT-PCR with the Mx3000P®
QPCR System (Stratagene, USA). Gene-specific primers used for
gRT-PCR are listed in Table 1. Each experiment was conducted
at least three times with biological replicates.

GUS staining and microscopy

Histochemical staining of GUS activity was performed with 7-
day-old seedlings, as previously described (Lee et al., 2008).
Staining was terminated by replacing the staining solution with
70% ethanol.

To produce plastic sections the primary roots of either GUS
stained-seedlings or respective genotypes were embedded in
1% agarose gel to orient the direction of sectioning. After pro-
gressing through the ethanol series (50, 70, 80, and 100% for
30 min each), the agarose gel blocks with root samples were
transferred to Peel-A-Way disposable embedding molds (Poly-
sciences, USA). Plastic resin blocks were made with Technovit
7100 according to the manufacturer’s instructions (Heraeus
Kulzer, Germany). Serial sections (5 um each) were generated
with an HM 355S microtome (Microm, Germany). Slides with
plastic sections were stained with 0.5% toluidine blue solution
and washed with distilled water. Subsequently, sections were
observed, and pictures were obtained using an Axio Imager. A1
microscope equipped with an AxioCam MRc5 digital camera
(Carl Zeiss, Germany).
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Fig. 1. Localization of mRNA and protein of SHR in the Arabidopsis
root. (A) Schematic of the cellular organization of the root. (B) Longi-
tudinal view of the transgenic Arabidopsis root with pSHR::GUS
transcriptional fusion. GUS staining was detected only in cells of the
stele, not in the adjacent cells. The QC is indicated with a black
arrowhead. (C) The GUS staining pattern by pSHR::GUS in the
transverse root section. No GUS staining was observed in the endo-
dermis. (D) Confocal image of the transgenic Arabidopsis root with
pSHR::SHR-GFP translational fusion. SHR-GFP was observed both
in cells of the stele and in the adjacent cells. Abbreviations: St, stele.
Bars = 50 pm.

Confocal images were obtained using Fluoview FV300 with a
488 nm excitation laser source (Olympus, Japan). Roots were
stained with 10 mg/L propidium iodide (Sigma, USA), and
mounted in distilled water.

RESULTS

Localization of mRNA and protein of the SHR gene in the
root vascular tissues

It is known that SHR is expressed in the stele of the root, and its
protein moves to adjacent cells to regulate the specification of
the stem cell niche and the asymmetric divisions for ground
tissue formation (Di Laurenzio et al., 1996; Helariutta et al.,
2000; Nakajima et al., 2001). Using transgenic Arabidopsis
plants harboring transcriptional fusion (pSHR::GUS) and tran-
slational fusion (pSHR::SHR-GFP), we verified the associated
mRNA and protein localization, respectively (Figs. 1B-1D). The
cis elements of SHR were used to complement shr mutants and
have been shown to recapitulate the RNA in situ hybridization
data (Helariutta et al., 2000; Levesque et al., 2006; Nakajima et
al., 2001). Expression of SHR by the GUS reporter gene was
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Fig. 2. Isolation of a new loss-of-function allele of the SHR locus. (A)
The box depicts the coding region, and the lines represent the non-
coding regions. The black triangles denote the position of mutations,
as previously described (Benfey et al., 1993; Gallagher et al., 2004;
Helariutta et al., 2000; Scheres et al., 1995). The new null mutation by
a T-DNA insertion, shr-6, is indicated as an open triangle. (B) The
transcript levels were substantially reduced in both shr mutants, indi-
cating that both are null alleles. (C) Root growth of 7-day-old seedlings
of Col-0 (WT), shr-2, and shr-6. Both null mutants showed preco-
ciously determinate root growth. Bar =1 cm.

observed in all the cell files in the stele, but no expression was
found in the adjacent cells (the endodermis, CEI, CEID, and the
QC) (Figs. 1B and 1C). In contrast, SHR-GFP was localized in
the stele and in adjacent cells, as previously reported (Gallagher
et al., 2004; Helariutta et al., 2000; Nakajima et al., 2001) (Fig.
1D). Localization of both its mRNA and protein in the stele
strongly suggests that SHR also regulates developmental proc-
esses in the root vascular tissues.

Identification and characterization of a novel
loss-of-function allele in SHR

To date, five loss-of-function alleles have been reported (Benfey
et al., 1993; Gallagher et al., 2004; Helariutta et al., 2000;
Scheres et al.,, 1995). The shr-1 and shr-5 mutants were
isolated in the Wassilewskija (Ws) background, whereas shr-2,
shr-3, and shr-4 were found in the Columbia (Col) background.
Of the shr mutants in the Col background, shr-3 and shr-4 were
known, unstable alleles, in which the autonomous maize En
transposon disrupted the locus (Helariutta et al., 2000). To
investigate the role of SHR in the vascular system, we isolated
an additional allele in the Col background to minimize any ge-
netic background-specific variation in morphological defects. In
addition, the developmental defects of new recessive alleles in
the Col background can be verified by comparing them with
those of shr-2, the null allele in the same background. Thus, we
obtained a single T-DNA insertion line, in which the SHR locus
is disrupted, by searching the SIGnAL database (http://signal.
salk.edu) (Alonso et al., 2003). Analysis of the left-border flank-
ing sequence revealed that in the SALK_002744 line a T-DNA
was inserted 418 bp from the ATG start codon, shr-6 (Fig. 2A).
To verify that it is a loss-of-function allele, we performed re-
verse transcription-based quantitative PCR (qRT-PCR) experi-
ments with RNA samples extracted from the wild-type (WT),
shr-2, and shr-6 primary roots. Indeed, the transcript level of
SHR was substantially low in shr-6, similar to that of shr-2 (Fig.
2B). In addition, we also examined the transcript levels of SCR,
the known direct target gene of SHR, in both shr-2 and shr-6.
As expected, expression of SCR also dramatically decreased
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Table 2. Measurement of cell number in the stele of the primary root

Genotype Cell No. in the stele
Col-0 31.7+0.8
shr-2 10.3+£1.0
shr-6 11.5+£1.0

The number of stele cells in transverse sections (approximately 200 um
from the QC) were counted in 7-day-old seedling roots of WT, shr-2, and
shr-6 homozygotes. The results are displayed as the mean * standard
deviation per root.

in both mutants even though the extent of reduction of SCR
mRNA levels varied (Fig. 2B). In addition, shr-6 exhibited the
same morphological defect as shr-2, in which growth of the
primary root was precociously determinate (Fig. 2C). Our data
indicate that shr-6 is a null allele, like shr-2, in the Col back-
ground.

To define the role of SHR in the vascular tissues of the root
we analyzed serial transverse sections of WT and shr primary
roots along the longitudinal axis because temporal develop-
ment of a cell file roughly correlates with distance from the QC
(Birnbaum et al., 2003; Brady et al., 2007). In WT roots the xy-
lem precursor cells, which are composed of five to six cell files,
are localized in a row across the central region of the stele (Figs.
3A-3F). The protoxylem is located at the ends of the xylem
strand adjacent to the pericycle, and the metaxylem elements
are positioned between the two protoxylem elements (Baum,
2002) (Fig. 3F). However, in shr we found a slight - but signifi-
cant - decrease in the number of cells in the xylem strand com-
pared with that in WT (Figs. 3G-3R).

In WT roots the phloem initials, at two opposite sides, begin to
form after several divisions in procambium cells. Finally, the
phloem precursor cells, which are located perpendicular to the
xylem strand, undergo two sets of asymmetric divisions: pericli-
nal division and tangential division (Figs. 3B-3D). The CC files
are formed by periclinal division, but cell files of SE are gener-
ated by tangential division (Bauby et al., 2007; Bonke et al.,
2003) (Figs. 3B-3D). However, in shr phloem-related division
events were markedly decreased or even absent in the stele,
consequently reducing cell number in the stele (Figs. 3G-3R;
Table 2). Occasionally, the aberrant cell divisions of the pericy-
cle lineage could be observed in shr mutants (Fig. 3I). Together,
our data suggest that SHR plays an important role in the forma-
tion of phloem and xylem elements.

Analysis of tissue specification in the shrvasculature

Since the cell numbers in the vascular system are markedly
reduced with the aberrant cellular organization in shr, we as-
sessed the cellular organization of shr with cell type-specific
markers. To analyze phloem specification we introduced the
PAPL::GUS transgene into shr, which is normally active in the
prospective SE of the protophloem (Bonke et al., 2003). In WT
plants two arrays of SE files of the protophloem, which are
specified at opposite sides, perpendicular to the xylem strand,
clearly displayed GUS activity (100%; 35 of 35) (Figs. 4A and
4C). In contrast, the SE of the shr primary root frequently lacked
this symmetry, resulting in a single array of the SE (68%; 17 of
25) (Figs. 4B and 4D). Occasionally, expression of pAPL::GUS
was observed ectopically in subepidermal cells with discont-
inuous patches (Supplementary Fig. S1). It is currently unclear
why pAPL::GUS expression is detected ectopically in the
subepidermal cells. In addition, GUS activity in the SE of the shr
protophloem was first detected in the elongation zone, whereas
GUS staining in WT was clearly observed in the meristematic

Col-0

shr-2

shr-6

Fig. 3. Analysis of vascular tissue formation in the Arabidopsis primary
root. Serial (5 um thick) transverse sections of Col-0 (A-F), shr-2 (G-L),
and shr-6 (M-R) were observed along the longitudinal axis of the root.
(A) At 10 um from the level of the QC. (B) At 20 um from the level of
the QC. Periclinal division for the companion cell (CC) lineage is indi-
cated by black arrows, and tangential division for the sieve element
(SE) lineage of the protophloem is indicated by white arrows. (C) At 40
um from the level of the QC. (D) At 80 um from the level of the QC.
Both CC and SE cells of the phloem are pseudocolored, as shown in
Fig. 1. (E) At 160 um from the level of the QC. SE cells of the proto-
phloem are indicated. (F) At 785 pum from the level of the QC. Arrow-
heads indicate the xylem strand. Asterisks depict prospective protoxy-
lem cells (white) and prospective metaxylem cells (black). (G) At 10
um of shr-2. The pericycle is indicated. (H) At 20 um of shr-2. (I) At 40
um of shr-2. The aberrant cell division of pericycle is indicated in red.
(J) At 80 um of shr-2. (K) At 160 um of shr-2. (L) At 785 um of shr-2.
The phloem-related divisions are dramatically reduced or absent. (M)
At 10 um of shr-6. (N) At 20 um of shr-6. (O) At 40 um of shr-6. (P) At
80 um of shr-6. (Q) At 160 um of shr-6. (R) At 785 um of shr-6. The
number of cells in the vascular bundle decreased in both shr mutants.
Abbreviations: P, pericycle; PP, SE of the protophloem; PX, pro-
toxylem. Bars in Ato R =25 um.

zone (Figs. 4A, and 4B). Our qRT-PCR analysis also revealed
that the transcript levels of APL in shr mutants were reduced to
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Fig. 4. Cell fate specification in the root vascular
tissues. (A) The expression pattern of pAPL::GUS
in Col-0. Two arrays of SE cell files of the proto-
phloem were clearly observed. Blue staining was
obviously detected primarily in the meristematic
zone. (B) The expression pattern of pAPL::GUS in
shr-6. Only a single array of SE of the protophloem

was observed in the elongation zone. (C) SE cell
files of the protophloem at opposite positions were
marked by GUS blue staining. (D) Reduction of
blue staining was visible in only one side of the
prospective SE of the protophloem. Longitudinal
differential interference contrast (DIC) images of
Col-0 (E, G) and shr-6 (F, H). (E) Annular cell wall
thickening of the protoxylem vessels in Col-0. (F)
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No annular cell wall thickening of the protoxylem
vessels was observed in shr-6. (G) Reticulated cell
wall thickening of the metaxylem vessels in the
maturation zone. (H) Only reticulated cell wall
thickening of the metaxylem vessels was found in
shr-6. Quantitative RT-PCR with vascular-specific
markers (I-L). (I) APL expression for SE cells of
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approximately one half of the level in WT (Fig. 4l). Our data
suggest that SHR plays a key role in the specification and/or
patterning of protophloem in the root vasculature in a non-cell-
autonomous manner.

In WT the protoxylem positioned at the outermost ends of the
xylem axis exhibits predominantly annular and spiral cell wall
thickenings, whereas the metaxylem elements located between
the protoxylem cells differentiate later with reticulated and pitted
cell wall thickenings (Kubo et al., 2005; Mahonen et al., 2000)
(Figs. 4E and 4G). In contrast, the xylem strand of the shr primary
root consists solely of metaxylem (Figs. 4F and 4H). We also
examined the xylem tissues in the maturation zone along the
longitudinal axis. In WT both the protoxylem and metaxylem
clearly displayed stereotyped structures, whereas in the shr pri-
mary root no protoxylem was seen - even in the mature region
(Figs. 4G and 4H). Interestingly, metaxylem elements in shr occa-
sionally were found to be discontinuous along the longitudinal axis
(Supplementary Fig. S2). In addition, we analyzed the transcript
levels of AHP6, which is expressed specifically in developing pro-

-

shr-2

shr-2

Expression of AHPE6 for the protoxylem and asso-
ciated pericycle cells was substantially reduced in
shr mutants. (K) shr mutants showed more or less
similar expression of the metaxylem-specific
VIND6 compared with that of the wild-type. (L) The
protoxylem-specific VND7 expression was signifi-
cantly reduced in shr mutants. Abbreviations: PX,
protoxylem; MX, metaxylem. Bars in A and B =
100 um, and bars in C to H = 25 um.

AHP6

T

shr-6

VND7

shr-6

toxylem and in associated pericycle cells (Mahonen et al., 2006).
In shr mutants the expression of AHP6 substantially decreased
(Fig. 4J), suggesting that SHR regulates the specification of the
protoxylem fate of the root vasculature. We also investigated the
transcript levels of VASCULAR-RELATED NAC-DOMAIN 6
(VND6) and VND?7, which are known to regulate the developmen-
tal processes for metaxylem and protoxylem specification, respec-
tively (Kubo et al., 2005). In shr mutants the expression of VND7
dramatically decreased (Fig. 4L), but the VIND6 transcript levels
were more or less similar to those of the wild-type (Fig. 4K), further
corroborating the belief that SHR specifically regulates the specifi-
cation of protoxylem, not metaxylem. Taken together, our data
strongly suggest that SHR controls the specification and/or pat-
terning of both protophloem and protoxylem in the root vascular
system, possibly in a non-cell-autonomous manner.

DISCUSSION

The development of the vascular tissues is a dynamic process
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integrating extrinsic and intrinsic factors throughout the plant life
cycle. It is believed that the interplay between longitudinal and
radial signals controls the spatiotemporal cell fate of vascular
tissues in the root (Truernit et al., 2008). In particular, longitudi-
nal signals regulate the timing of cell specification and/or differ-
entiation, providing vascular network continuity, and radial sig-
nals control the developmental processes that give rise to spe-
cific cell types of the vascular cylinder in a position-dependent
manner (Dettmer et al., 2009; Truernit et al., 2008).

The GRAS transcription factors SHR and SCR are key regu-
lators in the specification of the stem cell niche and the determi-
nation of ground tissue identity of the root meristem (Benfey et
al., 1993; Di Laurenzio et al., 1996; Helariutta et al., 2000). In
particular, SHR protein moves to the adjacent cells from the
stele to control developmental processes in a non-cell-
autonomous manner (Cui et al., 2007; Gallagher and Benfey,
2009; Gallagher et al., 2004; Helariutta et al., 2000; Nakajima et
al., 2001). However, the role of SHR in the root stele has been
poorly characterized even though its mRNA and protein are
localized in vascular tissues. Hence, in this study we attempted
to provide a more detailed characterization of loss-of-function
shr mutants, focusing on the developmental processes of the
root vascular system. Intriguingly, recessive shr mutants dis-
played the aberrant cellular organization of the vascular bundle.
In particular, the protophloem cell lineage of shr mutants is re-
duced to a single file in the elongation zone, visualized with
PAPL::GUS fusion, indicating developmental defects in specifi-
cation and/or patterning of protophloem. Previous studies dem-
onstrated that native SHR transcripts were not detected in the
phloem and adjacent pericycle cells (Gallagher et al., 2004;
Sena et al., 2004). Thus, it appears that SHR also acts non-cell-
autonomously to control specification and/or patterning of the
protophloem cell lineage. Furthermore, the vascular cylinder of
shr lacks protoxylem cells, suggesting the possibility that radial
signals control protoxylem specification in the xylem strand. A
recent study suggests that CK signaling regulates cell fate of the
protoxylem associated with the pericycle cells (Mahonen et al.,
2006). It is therefore tempting to speculate that CK, probably
together with another plant hormone, auxin, defines the bound-
ary of cell types in the vascular system, as suggested in the
maize stele (Saleem et al., 2010), even though previous work
demonstrated that the SHR pathway is independent of the CK
signaling pathway (Scheres et al., 1995).

In conclusion, we have demonstrated that SHR functions non-
cell-autonomously in both protophloem and protoxylem in the
root vascular system. Our results suggest that SHR plays a key
role in the root vascular development, possibly regulated by
longitudinal and radial signals along the axis of the root.

Note: Supplementary information is available on the Molecules
and Cells website (www.molcells.org).
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