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SHORT-ROOT (SHR) is a key regulator of root growth and development in Arabidopsis (Arabidopsis thaliana). Made in the
stele, the SHR protein moves into an adjacent cell layer, where it specifies endodermal cell fate; it is also essential for apical
meristem maintenance, ground tissue patterning, vascular differentiation, and lateral root formation. Much has been learned
about the mechanism by which SHR controls radial patterning, but how it regulates other aspects of root morphogenesis is still
unclear. To dissect the SHR developmental pathway, we have determined the genome-wide locations of SHR direct targets
using a chromatin immunoprecipitation followed by microarray analysis method. K-means clustering analysis not only
identified additional quiescent center-specific SHR targets but also revealed a direct role for SHR in gene regulation in the
pericycle and xylem. Using cell type-specific markers, we showed that in shr, the phloem and the phloem-associated pericycle
expanded, whereas the xylem and xylem-associated pericycle diminished. Interestingly, we found that cytokinin level was
elevated in shr and that exogenous cytokinin conferred a shr-like vascular patterning phenotype in wild-type root. By chromatin
immunoprecipitation-polymerase chain reaction and reverse transcription-polymerase chain reaction assays, we showed that
SHR regulates cytokinin homeostasis by directly controlling the transcription of cytokinin oxidase 3, a cytokinin catabolism
enzyme preferentially expressed in the stele. Finally, overexpression of a cytokinin oxidase in shr alleviated its vascular
patterning defect. On the basis of these results, we suggest that one mechanism by which SHR controls vascular patterning is

the regulation of cytokinin homeostasis.

As the primary site of water and inorganic nutrient
uptake, the root is critically important for land plant
growth and development. To meet the needs of a
growing shoot, the root must also increase its surface
area, which it does by continuous growth from the root
apical meristem and by branching as a result of lateral
or adventitious root formation. Because different cell
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types have distinct functions, each cell type must be
precisely regulated in its fate determination and pat-
terning.

The Arabidopsis (Arabidopsis thaliana) root has
proven to be a very tractable system for dissection
of the molecular basis of root development, mainly
because it has a simple pattern of cell organization
and stereotyped cell divisions that give rise to the
various cell types (Fig. 1A; Benfey and Scheres, 2000).
Along the longitudinal axis, three regions with dis-
tinct mitotic activity and morphology can be recog-
nized: the apical meristem, which has small and
rapidly dividing cells; the elongation zone, where
mitotic activity has ceased and cells are elongating;
and the maturation zone, where cells become differ-
entiated, root hairs are produced, and at a later stage
lateral roots emerge (Ishikawa and Evans, 1995). At
the root tip are several layers of cells called the root
cap, which has a dual role: sensing gravity and
protecting the apical meristem. In longitudinal sec-
tion, the epidermis, cortex, and endodermis are easily
discernible as clearly defined cell files (Dolan et al.,
1993). Adjacent to the endodermis is the pericycle,
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Figure 1. Expression patterns of novel SHR targets identified by ChIP-
chip. A, Schematics of the radial patterns in the primary root of the wild
type (WT), shr, and scr and the asymmetric division of the CEl that gives
rise to the two layers of ground tissue. CEID, CEl daughter cell. B to E,
Confocal microscopy images of transgenic lines expressing GFP under
the control of the promoters of selected top-ranked SHR targets. Note
the pARF2::GFP expression in the pericycle (arrow). Bars = 20 um.

which also forms a well-delineated cell layer. It sur-
rounds the central vascular tissue and is the site of
lateral root formation (Dolan et al., 1993). In the center
of the root meristem is a group of cells with very low
mitotic activity called the quiescent center (QC). The
QC cells do divide, though, producing cells that are
mitotically active and are the immediate source of
other cell types in the root (and therefore are called
“initial cells”). The QC cells, along with the neigh-
boring initial cells, form the stem-cell niche (Benfey
and Scheres, 2000), which is indispensable for root
growth. Because cell divisions in initial cells follow
a seemingly predetermined pattern, the Arabidopsis
root is particularly suitable for the study of cell fate
specification (Benfey and Scheres, 2000). For example,
the endodermis and cortex are derived from the same
initial cell (the cortex and endodermis initial, CEI)
through two consecutive asymmetric cell divisions
(the first is transverse and the second is longitudinal)
that are reiterated during the growth of the root mer-
istem (Fig. 1A).
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The Arabidopsis root also has a simple organization
of vascular tissues: it has a single strand of xylem
flanked by two separate domains of phloem (see Fig.
3A below; Parizot et al.,, 2008). The xylem can be
distinguished from the phloem by the presence of
large vessel element cells. On the basis of position and
cell wall patterning, two types of xylem can be further
distinguished: protoxylem, which is close to the peri-
cycle and has annular wall thickening, and metaxy-
lem, which is in the center of the stele and has net-like
wall thickening. The pericycle was once regarded as a
single cell type, but recent studies have shown that it
consists of two populations of cells that are cytologi-
cally and functionally different: one associated with
the xylem and the other with the phloem. The pericy-
cle cells at the xylem pole have denser cytoplasm and
are the sites of lateral root formation (Parizot et al.,
2008). The two types of pericycle cells also respond
differently to the phytohormones auxin and cytokinin.
Auxin stimulates mitotic activity in the xylem-pole
pericycle (Parizot et al., 2008), whereas cytokinin re-
presses cell division in this domain (Li et al., 2006). The
pericycle at the phloem pole does not appear to be
affected by auxin (Parizot et al., 2008), but whether it
responds to cytokinin is not clear.

A pivotal role for auxin in vascular tissue differen-
tiation, lateral root formation, and root apical meri-
stem maintenance has been well established (Berleth
et al., 2000; Bennett and Scheres 2010). Cytokinin, on the
contrary, is known to inhibit root growth (Beemster and
Baskin 2000; Dello Ioio et al.,, 2007) and lateral root
formation (Laplaze et al., 2007). An important role for
cytokinin in vascular tissue differentiation and pattern-
ing also begins to be appreciated. Mutation in cytokinin
receptors, such as CYTOKININ RESPONSE1 (Médhonen
et al., 2000), and loss of ARABIDOPSIS HISTIDINE
PHOSPHOTRANSFER PROTEIN6 (AHP6; Mdhonen
et al., 2006), an inhibitor of cytokinin signaling, cause
the loss of phloem and a decrease in the total number of
vascular cells.

Genetic studies in past decades have identified a
number of proteins as important regulators of root mor-
phogenesis, among them SHORT-ROOT (SHR; Helariutta
et al.,, 2000), SCARECROW (SCR; Di Laurenzio et al.,
1996), PLETHORA (Aida et al., 2004), BODENLOS
(Hamann et al., 1999), and OBERON1 and OBERON2
(Thomas et al., 2009). Interestingly, many of these pro-
teins are regulated by auxin, and some even function
through the regulation of auxin distribution. PLETH-
ORA, for example, is induced by auxin, but in turn, it
activates the expression of some PIN-FORMED (PIN)
family genes (Aida et al., 2004). PIN proteins are impor-
tant players in auxin polar transport. The intimate
interplay between PLETHORA and PIN proteins leads
to the formation of auxin maxima in the root tip (Galinha
et al., 2007), which is essential for maintaining the root
apical meristem.

SHR and SCR play important roles not only in root
apical meristem maintenance but also in radial pat-
terning. In shr and scr, the QC cells are exhausted
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prematurely, causing a short-root phenotype. The
asymmetric cell division in the CEI cells that generate
the endodermis and cortex also fails to occur; conse-
quently, only a single layer of ground tissue is pro-
duced (Di Laurenzio et al., 1996; Helariutta et al.,
2000). Despite the similar developmental defects in
shr and scr, SHR and SCR have different functions in
ground tissue patterning. SCR appears to be required
only for the asymmetric cell division (Di Laurenzio
et al., 1996), whereas SHR controls both endodermis
specification and asymmetric cell division (Helariutta
et al., 2000). SHR and SCR also have different gene
expression patterns: SCR is expressed in the endoder-
mis, but SHR is expressed in the stele (Di Laurenzio
et al., 1996; Helariutta et al., 2000). Made in the stele,
the SHR protein moves into the adjacent cell layer
(Nakajima et al., 2001), where it forms a heterodimer
with SCR, which is already present at a low level, and
the SHR-SCR complex activates the transcription of
SCR through a positive feedback loop as well as other
targets through feed-forward mechanisms (Cui et al.,
2007).

Although SHR is expressed in the stele, its function
in this tissue was not recognized until recently.
Levesque et al. (2006) first noted that in shr the number
of cell files in the stele was reduced. Subsequently,
several studies showed that SHR has a role in pro-
moting vascular tissue differentiation and lateral root
formation (Carlsbecker et al.,, 2010; Gardiner et al.,
2011; Yu et al., 2010). Carlsbecker et al. (2010) showed
that the shr mutation causes the loss of protoxylem.
This phenotype was also observed in scr (Carlsbecker
et al., 2010). In further studies, they showed that at
least two genes of the miR165/166 family, miR165A
and miR166B, are direct targets of SHR and SCR
and that these microRNAs move from their site of
synthesis in the endodermis into the stele to repress
homeodomain-leucine zipper (HD-ZIP III) transcrip-
tion factors, thereby specifying protoxylem cell fate
(Carlsbecker et al., 2010). How SHR regulates other
cell types in the stele and lateral root formation is
still unknown, however.

To dissect the SHR developmental pathway, we
have recently identified a subset of its direct targets
by chromatin immunoprecipitation followed by mi-
croarray analysis (ChIP-chip; Sozzani et al., 2010). We
also performed ChIP-chip with SHR using another
format of microarray. Combining the two sets of data,
we determined the genome-wide location of direct
SHR targets. Through clustering analysis and cell type
GFP marker analysis, we found that shr causes alter-
ations in the ratio between the xylem and phloem and
the relative abundance of the two types of pericycle.
Interestingly, we found that the response to cytokinin
but not auxin was elevated in shr and that exoge-
nous cytokinin mimicked the vascular patterning phe-
notype of shr. Consistent with this observation, we
showed that cytokinin level was elevated in shr rela-
tive to that in the wild type. We further showed that
SHR directly controls the expression of CYTOKININ
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OXIDASE3 (CKX3), a cytokinin catabolism enzyme
that is preferentially expressed in the xylem, and that
ectopic expression of a CKX gene in shr reversed its
vascular pattern. These results together suggest that
SHR controls vascular tissue patterning through the
regulation of cytokinin homeostasis.

RESULTS

Genome-Wide Identification of SHR Direct Targets
by ChIP-Chip

To dissect the SHR transcriptional network, we
have developed a ChIP-chip method for genome-
wide identification of direct targets by transcriptional
regulators in Arabidopsis. Two types of microarray
were used in the course of our study: a custom whole-
genome microarray fabricated by means of the Nim-
blegen maskless lithography technology (Lee et al.,,
2007), and a custom promoter microarray made by
Agilent (Gene Expression Omnibus accession no.
GSE21338). The Agilent microarray has larger feature
(probe spot) size than the Nimblegen and more
probes corresponding to promoter sequences, which
appear to produce higher signal-to-noise ratios and
thus higher confidence in the data analysis. For the
Agilent microarray, we also designed probes for mi-
croRNA genes (http://asrp.cgrb.oregonstate.edu/db/
microRNAfamily.html), as microRNAs are a critical
component of the transcriptional regulatory mecha-
nism. Recently, we have used the data obtained with
the Agilent microarray, coupled with a time-course
study of the transcriptome in isolated ground tissue
cells, in a study to identify SHR targets involved in
ground tissue patterning (Sozzani et al.,, 2010). To
obtain a global view of SHR target genes, we analyzed
the ChIP-chip data independently of gene expression
data. This alternative analysis was largely based on
fold enrichment values, because they agree well with
validation by ChIP-PCR (Supplemental Fig. S1;
Cui et al., 2007). First, positive probes with greater
than 2-fold enrichment in both biological ChIP-chip
replicates were identified, and their corresponding
genes were assigned. In this way, we identified 595
putative SHR direct targets (Supplemental Table S1).
To select candidate genes with high confidence for
further functional characterization, we next filtered
this list by eliminating those that did not pass the same
criterion (2-fold enrichment) from the Nimblegen
data, producing a list of 200 genes (Supplemental
Table S1). Finally, we ranked these genes on the basis
of degree of enrichment as well as the number of
positive probes for each promoter. Nine genes have
been previously identified as SHR direct targets, in-
cluding five transcriptional regulators (SCR, MAGPIE,
JACKDAW, NUTCRACKER, SCARECROW-LIKE3;
Levesque et al., 2006; Cui et al., 2007) and a microRNA
gene (miR165/166; Carlsbecker et al., 2010). Remark-
ably, all of these transcriptional regulators except
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Table I. Top-ranked direct SHR targets identified by ChlIP-chip
AGI, Arabidopsis Genome Initiative identification number; FC, fold change.

Rank AGI No. of Probes FC Gene Annotation

1 AT1G03840° 14 3.06 MAGPIE (MGP)

2 AT1G50420° 9 4.18 SCARECROW-LIKE3 (SCL3)

3 AT2G46510" 7 3.65  ATAIB, bHLH transcription factor

4 AT1G68670° 7 2.98 MYB family transcription factor

5 AT5G62000" 5 3.96 ARF2, transcription factor B3
family protein

6 AT1G24120 4 3.65 ARG-like protein

7 AT2G28550 4 3.2 TOE1, AP2 domain-containing
transcription factor

8 AT4G01720 4 3.07 WRKY47

9 AT4G25560 4 2.95 MYB18

10 AT3G02140 4 2.86 TMAC2, TWO OR MORE
ABRES-CONTAINING GENE2

11 AT3G02150 4 2.86 TCP transcription factor

12 AT5G44160° 4 2.73 NUTCRACKER (NUC)

13 AT2G03730 3 4.33 ACT domain-containing protein (ACR5)

14 AT5G03150° 3 3.33 JACKDAW (JKD)

15 AT1G13260 3 3.18  DNA-binding protein RAV1 (RAV1)

16 AT3G04570 3 2.94  DNA-binding protein-related

17 AT3G50060 3 2.84 MYB77

18 AT3G61890 3 2.65 AtHB12

19 AT3G61897° 3 2.65 miR166B (targeting At1g52150 [HD-ZIP])

20 AT2G36080 3 2.65 RAV1/2 like DNA-binding protein

21 AT2G18160 3 2.55 GBF5/bZIP2 transcription factor

22 AT5G44180 3 2.33 Homeobox transcription factor

23 AT3G07360 2 3.61 Armadillo/B-catein repeat family factor

24 AT5G05760 2 3.13 SYP31 (syntaxin 31)/SED5

25 AT5G05770° 2 3.13 WUSCHEL-RELATED HOMEOBOX7 (WOX?7)

154 AT3G54220° 1 2.26 SCR

?Previously identified SHR target.

PNovel SHR target confirmed in this study.

for SCR were among the 25 top-ranked SHR targets
(Table I).

To assess how well our analysis methods per-
formed, we confirmed SHR binding to the promoters
of some novel top-ranked SHR targets by ChIP-PCR
using primer pairs that tile the entire promoter region.
As shown in Supplemental Figure S2, SHR bound to
the promoters of all four genes examined. As a first
step toward characterizing their function, we next
examined their in vivo expression patterns by exam-
ining transgenic plants carrying promoter-GFP fusion
constructs. Remarkably, all these genes showed a
cell type-specific expression pattern within the SHR
domain (Fig. 1). Of particular interest is WUSCHEL-
RELATED HOMEOBOX7 (WOX7; Fig. 1E), which
is expressed in the cortex/endodermis initial, in its
daughter cell, or in the first cortex or endodermis cell,
and therefore may play a role in controlling the asym-
metric cell division that patterns the ground tissue.
When these GFP reporter constructs were introduced
into the shr mutant background (by crossing), their
expression was dramatically reduced or no longer
detectable (Supplemental Fig. S3). These results vali-
dated our analysis, suggesting that it is a straightfor-
ward but reliable approach for the identification of
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transcription factor targets and the assignment of
priorities for further functional characterization.

Clustering Analysis Revealed a Direct Role for SHR in
Vascular Patterning

Protein function is dictated by the protein’s location
of expression. To get a clue to the function of other
SHR targets in cell fate specification, we examined
their expression pattern according to RootMap, which
was produced by profiling of the transcriptome in
every cell type as well as at different developmental
stages in the Arabidopsis root (Birnbaum et al., 2003;
Brady et al., 2007). On the basis of the gene expression
data, we then performed K-means clustering analysis
of the 200 putative SHR targets. SHR targets were first
divided into two clusters, because SHR has distinct
subcellular localization in the endodermis and stele: it
is present in both the cytoplasm and the nucleus in the
stele but is exclusively nuclear localized in the endo-
dermis. The first cluster of genes (46 genes; Supple-
mental Table S2) had a lower level of expression in the
stele (Fig. 2A), suggesting transcriptional repression
by SHR. In supporting this notion, we confirmed that
IAA16, which appears to have lowest expression in the

Plant Physiol. Vol. 157, 2011
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Figure 2. K-means clustering analysis of SHR direct targets. A, Gene cluster with a low level of expression in the stele. B, The QC
subcluster. C and D, Gene clusters with preferential expression in the pericycle and xylem, respectively. Yellow and blue indicate
high and low levels of gene expression, respectively. The cell types from left to right are lateral root cap (LRC), columella (Col),
lateral root cap and epidermis (LRC&Epi), non-root hair cells (NH), QC, cortex (Co), endodermis and cortex (En&Co),
endodermis (En), stele, phloem-associated pericycle (P-Peri), xylem-associated pericycle (X-Peri), pericycle in the maturation
zone (MP), phloem, protophloem (PP), companion cell (CC), xylem, metaxylem (Meta-X), xylem in the maturation zone (MX),
and lateral root initial (LRI). The vertical lines mark the boundary between the stele and outer cell types.

xylem (Supplemental Fig. S4A), was a direct target
of SHR (Supplemental Fig. 54B) and that its tran-
script level was higher in the shr mutant (Supplemen-
tal Fig. S4C).

Interestingly, the majority of putative SHR targets
(the second cluster) were preferentially expressed
in the stele, suggesting that SHR also acts as an
activator there. Further clustering of the second cluster
resulted in three subclusters with prominent expres-
sion in the QC, xylem, and pericycle (Fig. 2). The QC
subcluster has eight genes (Fig. 2B; Supplemental
Table S2), including SCL3, MGP, and NUC as well as

Plant Physiol. Vol. 157, 2011

SCR and JKD, which were initially clustered into the
stele-low cluster but were added to the QC subcluster
because of their prominent expression pattern in the
QC (Fig. 2A). Three novel SHR targets were also present
in this subcluster, including two putative transcription
factors (At4g29190, a zinc finger-containing transcrip-
tion factor, and At4g22770, an AT-Hook transcription
factor) and At5g20710, a B-galactosidase. Their QC-
specific expression pattern suggests that these genes
play a role in stem-cell renewal or physiology. The
pericycle and xylem subclusters include 32 and 45
genes, respectively (Supplemental Table S2).
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The preferential expression of SHR direct targets in
the xylem and pericycle suggests a direct role for SHR
in the specification of these cell types. A role for SHR
in xylem and phloem differentiation has been identi-
fied (Carlsbecker et al., 2010; Gardiner et al., 2011; Yu
et al., 2010), but whether SHR has a role in pericycle
specification is unclear, so we examined the effect of
the shr mutation on pericycle cell fate using the peri-
cycle markers J0121 (Laplaze et al., 2005) and S17 (Lee
et al., 2006). In wild-type root, J0121 was first detected
in the early elongation zone, but in shr, it was not
detected until late into the maturation zone (Fig. 3B).
In contrast, the S17 expression domain increased dra-
matically in shr (Fig. 3C). Because 517 and J0121 are
markers for the pericycle associated with the phloem
and xylem, respectively, we reasoned that the balance
between the phloem and xylem might also be altered
by the shr mutation. Using S32, a phloem marker, and
54, a xylem marker (Lee et al., 2006), we indeed found
that the phloem domain was enlarged, whereas the
xylem domain was reduced, in the shr mutant (Fig. 3,
D and E). These observations suggest that SHR con-
trols the balance between phloem and xylem as well as
the relative abundance of the two types of pericycle
associated with them.

Exogenous Cytokinin Confers a shr-Like
Vascular Phenotype

A recent publication reported that shr has an ele-
vated level of auxin (Lucas et al., 2011). Because auxin
is known to play a key role in vascular differen-
tiation, it seems most likely to control vascular pat-

Figure 3. Confocal microscopy analy-
sis of cell type-specific GFP markers in
wild-type (WT) and shr-2 roots, show-
ing the vascular patterning defect in shr.
A, Diagram of the stele, showing the
two types of pericycle as well as other
cell types. B, Expression of J0121, a
xylem-pole pericycle marker in the wild
type and shr-2. The dashed lines mark
the border between the apical meristem
and the elongation zone. In the panels
showing GFP only, the signal was en-
hanced to show more clearly the posi-
tion where GFP was first detected,
which is marked by the arrows. C,
Expression of S17, a phloem-pole peri-
cycle marker, in wild-type and shr-2
root. D, Expression of S32, an early
phloem marker, in wild-type and shr-2
root. E, Expression of S4, an early xylem
marker, in wild-type and shr-2 root. In
C to E, the lines mark the positions
where the cross-sections were made.
Bars = 20 um.
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terning through auxin signaling. To test this hypothesis,
we examined the effect of exogenously applied
1-naphthaleneacetic acid (NAA), a synthetic auxin, on
S17, J0121, S32, and S4 expression in a wild-type
background. Surprisingly, we observed no apparent
change in the expression pattern of these markers
(Supplemental Fig. S5), except for J0121, the expres-
sion domain of which was enlarged at the sites of
lateral root initiation (Fig. 4D, arrows), as reported
previously (Parizot et al., 2008). Therefore, we next
determined auxin response in shr using the DR5:GUS
reporter construct but found that its expression pat-
tern and intensity were not altered by the shr mutation
(Fig. 5A). These results argue against a role for SHR
in regulating vascular patterning through auxin ho-
meostasis or signaling.

Because cytokinin also plays an important role in
vascular tissue differentiation, we next checked the effect
of exogenous cytokinin on the same set of cell markers.
Strikingly, on medium containing 6-benzylaminopurine
(BA), a synthetic cytokinin, S17 and S32 marker lines
expanded (Fig. 4, A and B), whereas ]J0121 and S4
expression domains were reduced (Fig. 4, C and D).
The effect of cytokinin on vascular differentiation de-
pended on concentration: an apparent effect was ob-
served when the cytokinin concentration was 0.5 um and
above, except for S4, which lost expression at a BA
concentration as low as 0.2 um (Fig. 4C). At a concentra-
tion of 1 um BA, 5§17 and S32 were seen nearly through-
out the stele (Fig. 4, A and B), whereas S4 and J0121
became barely detectable (Fig. 4, C and D). These results
suggest that the vascular patterning defect in shr is due
to an elevated level of cytokinin response.
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Figure 4. Exogenous cytokinin confers a shr-like phenotype in root
vascular patterning. A, Expression of the phloem-pole pericycle marker,
S17, in response to BA. B, Response of the early phloem marker S32 to
BA. C, Response of the early xylem marker S4 to BA. The linesin Ato C
mark the positions of cross-sectioning. D, Response of the xylem-pole
pericycle marker, J0121, to NAA or BA. The dashed lines indicate
the border between the root apical meristem and the elongation zone.
The arrowheads mark the positions where GFP was first detected; the
arrows mark the locations of lateral root primordia. WT, Wild type.
Bars =20 um.

SHR Controls Cytokinin Homeostasis

To determine whether the cytokinin response is
altered in shr, we first compared the expression of
pARR5::GUS, a cytokinin response marker (D’ Agostino
et al.,, 2000), in wild-type and shr roots. In wild-type
root, GUS activity was visible in the root cap and stele
but not detected in the maturation zone. In contrast, in
shr, strong GUS activity was seen in all cell types in the
root, including root hairs, and all development stages
(Fig. 5B). The elevated response of ARRS in shr is un-
likely to be a secondary effect from the shr mutation,
because only a slight increase in pARR5::GUS activity
was observed in scr (Fig. 5B), which has developmen-
tal defects similar to those in shr. These results suggest
that SHR regulates cytokinin homeostasis or signal-
ing independently of SCR. To distinguish between
these possibilities, we next measured cytokinin con-
tent in shr and wild-type plants. As shown in Table II,
the concentrations of several types of cytokinin were
significantly higher in both root and shoot of shr,
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consistent with the expression of SHR in both organs
(Helariutta et al., 2000; Dhondt et al., 2010; Gardiner
et al., 2011). This result, along with the observations
that exogenous cytokinin causes shr-like vascular pat-
terning, strongly suggests that high cytokinin concen-
tration is a major cause of the vascular patterning
defect in shr.

SHR could regulate cytokinin homeostasis directly
or indirectly. To determine which, we searched the list
of SHR targets for genes that are involved in cytokinin
biosynthesis or catabolism. Among the top-ranked
SHR targets identified by the Nimblegen microarray,
we found CKX3, which encodes a cytokinin oxidase
that is responsible for cytokinin inactivation (Werner
et al., 2003). Another putative SHR target that is in-
volved in cytokinin homeostasis is IPT5, which en-
codes an adenylate isopentenyltransferase that plays a
positive role in cytokinin biosynthesis. We could not
use the Agilent data to compare the ranking of CKX3
and IPT5, because CKX3 was not represented on that
micorarray. According to the Nimblegen data, how-
ever, CKX3 was ranked much higher than IPT5 (nos. 76
and 1,437, respectively; Supplemental Table S1).
Therefore, we decided to focus on CKX3 for further
study. We first confirmed SHR binding to the CKX3
promoter by ChIP-PCR (Fig. 5C). Reverse transcrip-
tion (RT)-PCR assay showed that the CKX3 transcript
level was significantly reduced in shr root (Fig. 5D).
According to RootMap (Brady et al., 2007), CKX3 is
expressed preferentially in the xylem (Supplemental
Fig. 56). These results suggest that SHR controls vas-
cular patterning by maintaining a low level of cytoki-
nin in the xylem through CKX3.

A Wwr shr-2 B wT scr-1
S
£ 4
2 i 4
" 5l R4 ‘ ;
1 2
T N:F _

C SHR binding at pCKX3 D
E 20 5120%
E ? -
5 2.0 @ 80% -
LE 1.0 g L
B 0, 4 s - - . -
: i
[}
o 0.0 8 0% + - -

-26 -22 -13 -09 0.0 wWT shr-2
Distance from ATG (kb)

Figure 5. SHR regulates cytokinin homeostasis. A, DR5::GUS activity
in wild-type (WT) and shr-2 roots. Bars = 20 um. B, GUS staining of
wild-type, shr-2, and scr-1 roots containing the pARR5::GUS reporter
construct, showing the elevated response to cytokinin in shr-2 root.
Bars = 20 um. C, ChIP-PCR assay showing SHR binding to the CKX3
promoter. D, Quantitative RT-PCR assay of CKX3 transcript in wild-type
and shr-2 roots. The wild type was taken as 100%.
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Table II. Cytokinin content in the root and shoot of shr-2 and wild-type seedlings

The values for cytokinin content are means = sp from triplicate measurements. Units are pmol g~ fresh
weight. tZ, Transzeatin; tZR, tZ riboside; tZRPs, tZR mono-, di-, and triphosphates; cZ, cis-zeatin; cZR, cZ
riboside; cZRPs, cZR mono-, di-, and triphosphates; iP, NG—(AZ—isopenteny])adenine; iPR, iP riboside;
iPRPs, iPR mono-, di-, and triphosphates; tZ7G, tZ-7-glucoside; tZ9G, tZ-9-glucoside; tZOG, tZ-O-
glucoside; tZROG, tZR-O-glucoside; cZROG, cZR-O-glucoside; DZ9G, dihydrozeatin riboside; iP7G,
iP-7-glucoside; iP9G, iP-9-glucoside; N.D., not detected.

Cytokinin Wild-Type Root shr-2 Root Wild-Type Shoot shr-2 Shoot
tZ 0.23 = 0.02 0.98 + 0.39% 0.33 = 0.16 N.D.

tZR 1.22 £ 0.12 8.78 x 3.22° 1.67 £ 0.73 3.60 = 0.23
tZRPs 32.22 = 11.39 22.01 = 4.53 53.19 = 5.10 9.21 = 6.45°
cZ 240 = 0.17 1.89 + 0.49° 0.61 = 0.04 N.D.
cZR 14.30 * 2.44 30.97 + 10.38" 8.66 = 1.69 44.01 + 10.00°
cZRPs 5.52 = 0.85 25.81 * 6.53" 11.68 = 4.90 3.09 = 1.62
iP 0.42 = 0.08 0.53 = 0.12 0.56 = 0.14 1.12 = 0.004
iPR 5.67 = 0.66 7.70 = 0.79° 22.10 = 7.94 2249 = 3.19
iPRPs 0.36 = 0.06 3.70 + 0.74° 11.53 = 1.23 227 =2.01°
tZ7G 1.78 £ 0.20 6.08 = 1.19° 10.63 = 1.68 10.09 = 2.55
tZ9G 1.93 £ 0.15 7.84 + 1.58° 12.36 = 1.81 11.16 = 3.64
tZOG 1.16 = 0.13 4.88 = 1.01° 3.11 = 0.97 5.21 = 0.27
tZROG 0.04 = 0.004 0.25 *+ 0.04" 0.33 = 0.06 0.44 = 0.14
cZROG 0.03 = 0.002 0.10 = 0.02° 0.81 = 0.28 1.66 = 0.52
DZ9G 0.01 = 0.002 0.06 = 0.01° 0.05 = 0.01 0.07 = 001
iP7G 10.13 = 2.1 12.13 = 0.10 37.88 = 11.52 35.99 = 4.77
iP9G 1.02 = 0.1 1.36 + 0.09° 3.26 = 0.93 2.66 = 0.07
%0.05 = P = 0.10 (from t test). bp =< 0.05 (from ¢ test).

Reduction of Cytokinin Reverses the Vascular Patterning DISCUSSION

Defect in shr

To determine whether cytokinin homeostasis and
vascular patterning are causally related in shr, we in-
troduced the 355::CKX1 transgene into the shr back-
ground by crossing and then examined the expression
pattern of the phloem and phloem-associated markers
532 and S17. The 355::CKX1 gene was used instead of
CKX3 because CKX1, CKX2, and CKX3 are function-
ally equivalent (Werner et al., 2003) and the 355::CKX1
gene has been demonstrated to be an efficient tool
for reducing cytokinin levels in plants (Werner et al.,
2003). By this approach, we expected to alleviate the
vascular patterning defect in shr. As shown in Figure 6,
S17 and S32 expression was dramatically reduced in
shr. In shr root, S17 was visible at the border between
the meristem and the elongation zone, and it became
strong in the late elongation zone and the maturation
zone (Fig. 6A). In contrast, in shr root with the 355:
CKX1 transgene, 517 was no longer expressed in the
elongation zone and only weakly expressed in the
maturation zone (Fig. 6A). Similar changes occurred to
S32. In shr root, S32 was expressed not only early (close
to the first phloem initial cell) but also in more cell files
(up to six; Fig. 6B), but in shr root with 355:CKX1, 532
was barely detectable in the meristem zone, and in the
elongation zone it was restricted to fewer cells (one or
two) and a single phloem pole (Fig. 6B). These results
lend strong support to the conclusion that SHR con-
trols vascular patterning through its effect on cytoki-
nin homeostasis.
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SHR is a key regulator of root growth and develop-
ment. Initially identified as a factor essential for root
apical meristem maintenance and ground tissue pat-
terning (Helariutta et al., 2000), SHR was subsequently
found to also play an important role in vascular tissue
differentiation and lateral root formation (Gardiner
et al.,, 2011; Yu et al.,, 2010). Although studies in past
decades have shed significant light on the mechanism

shr-2 shr-2, 36S8::CKX1

Figure 6. CKX1 overexpression in shr resulted in decreases in the size
of the phloem and phloem-associated pericycle. A, Expression of the
phloem-pole pericycle marker, S17, in shr-2 or shr-2 containing the
355::CKX1 transgene. The arrows mark the position where GFP was first
detected. The top panels show the maturation zone. B, Expression of
the phloem marker, S32, in shr-2 or shr-2 containing the 35S::CKX1
transgene. The lines mark the position where the cross-sectioning was
made. Bars = 20 um.
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by which SHR regulates ground tissue patterning
(Nakajima et al., 2001; Gallagher et al., 2004; Levesque
etal., 2006; Cui et al., 2007; Gallagher and Benfey, 2009;
Sozzani et al., 2010), how SHR controls other aspects of
root morphogenesis is still unclear.

In the study reported here, we identified direct SHR
targets at the genome scale using a ChIP-chip method.
This systems approach not only revealed additional
SHR targets that are preferentially expressed in the QC
or CEI and thus potentially play a role in stem cell
renewal and ground tissue patterning but also identi-
fied a direct role for SHR in regulating gene expression
in the pericycle and xylem. Using cell type-specific
markers, we found that, in shr root, phloem and
phloem-associated pericycle were enlarged, whereas
xylem and xylem-associated pericycle were reduced.
Interestingly, this vascular patterning phenotype was
observed when wild-type root was treated with cyto-
kinin but not auxin, suggesting that an elevated level of
cytokinin response is a cause of the vascular patterning
defect in shr. In support of this hypothesis, we showed
that SHR directly controls the cytokinin oxidase gene
CKX3 in the stele and that shr had a substantially higher
level of cytokinin. We further showed that reduction
in cytokinin content in shr by CKX1 overexpression
reversed its vascular patterning defect. Based on these
results, we suggest that SHR controls root vascular
patterning through the regulation of cytokinin homeo-
stasis.

Our finding concerning the role of SHR and cyto-
kinin in vascular patterning is consistent with other
reports that cytokinin promotes phloem formation
and represses metaxylem differentiation (M&ahonen
et al., 2000, 2006; Bishopp et al., 2011). In addition,
we showed that cytokinin also determines the relative
abundance of xylem- or phloem-associated pericycle:
while promoting pericycle formation at the phloem
pole, cytokinin inhibits pericycle cell identity at the
xylem pole. Our study thus reveals a broader role for
cytokinin in vascular patterning. Our demonstration
that the two groups of pericycle cells also respond
to auxin differently lends support to the proposition
that the pericycle consists of two cell types. More
importantly, it provides a mechanistic explanation for
the lateral root defect in shr, as an elevated level of
cytokinin would reduce the size of xylem-associated
pericycle, the site of lateral root formation, and con-
sequently compromise the ability of shr to produce
lateral roots.

Besides cytokinin, auxin also plays a pivotal role
in vascular tissue differentiation. Recent studies have
suggested that auxin and cytokinin together control
root vascular patterning through an interactive feed-
back loop (Bishopp et al., 2011). According to this
model, cytokinin delivered to the root through phloem
induces PIN7 expression in phloem initial cells and
AHP6 expression in the initial cells for protoxylem and
xylem-associated pericycle. Because PIN7 removes
auxin from the phloem initial cells, it will effectively
generate a zone with relatively high cytokinin that will
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promote phloem specification. In contrast, cytokinin
signaling is blocked by AHP6, which thereby produces
a zone without PIN7 expression, which will ultimately
differentiate into protoxylem. Because of the funneling
role of PIN7, auxin will not accumulate in the phloem,
and its effect will be restricted to the AHP6 expression
domain, even in the presence of exogenous auxin.
This feedback model, therefore, also offers a plausible
explanation for our observation that exogenous auxin
had no obvious effect on vascular patterning and that
no difference in DR5:GUS expression was noted be-
tween shr and wild-type roots despite a higher auxin
level in shr (Lucas et al., 2011). Although the expression
domain of J0121, a xylem-associated pericycle marker,
was expanded in response to auxin, the enlargement
was due to increased mitotic activity rather than its
conversion into other cell types.

The current model does not, however, explain the
observation that, in shr or in the presence of exoge-
nous cytokinin, phloem and phloem-associated peri-
cycle markers expanded their expression domain into
the xylem and xylem-associated pericycle. According
to this model, AHP6 as a cytokinin-inducible gene
should be expressed regardless of the concentration
of cytokinin, and as a consequence, a cytokinin-
insensitive zone should be maintained. This is clearly
not the case, because the phloem and phloem-associ-
ated cell markers S32 and S17 could expand their
expression into the whole stele when the cytokinin
level was sufficiently high. Our data showing that SHR
directly regulates CKX3 expression could add an im-
portant piece to this model. Because CKX3 is prefer-
entially expressed in the xylem (including the initial
cells), it would generate a domain of low cytokinin and
a PIN7 domain with a normal level of cytokinin. The
resulting asymmetric pattern of cytokinin distribution
is opposite to that of auxin, and the two contrasting
gradients could act synergistically in vascular differ-
entiation. The asymmetric pattern of cytokinin distri-
bution would be disrupted when SHR is absent or
cytokinin is applied exogenously, causing the loss of
the xylem domain.

Despite our observation that exogenous auxin did
not affect vascular patterning, we do not exclude the
possibility that SHR controls some aspects of vascular
patterning through auxin signaling. This is because
among SHR targets are a number of genes that are
apparently involved in auxin signaling, such as [AA16,
ARF2 (Okushima et al., 2005), and MYB77 (Shin et al.,
2007), which all appear to be expressed preferentially
in the stele (Okushima et al., 2005; Shin et al., 2007).
These auxin-signaling components could be involved
in vascular tissue patterning or meristem renewal and
warrant further investigation.

In summary, we have uncovered an important role
for SHR in cell patterning in the Arabidopsis root
vasculature. Several lines of evidence support the
conclusion that SHR controls vascular patterning by
regulating cytokinin homeostasis. By reducing the
cytokinin concentration in the xylem initial cells,
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SHR facilitates an asymmetric pattern of cytokinin
distribution, thereby promoting the formation of the
two major cell types in the stele: xylem and phloem. By
promoting the specification of the xylem-associated
pericycle, SHR also plays an important role in lateral
root formation. Unlike that in ground tissue pattern-
ing, the role of SHR in root vascular patterning ap-
pears to be independent of SCR.

MATERIALS AND METHODS
Plant Growth and Treatments

The Columbia ecotype of Arabidopsis (Arabidopsis thaliana) was used
throughout this study. Seedling growth conditions and chemical treatments
were as described previously (Cui and Benfey, 2009). The synthetic auxin
NAA and the cytokinin BA were purchased from Caisson Laboratories
(catalog nos. N001-25gm and B001-5gm, respectively).

ChIP-Chip Experiment and Data Analysis

To enrich DNA bound by SHR, we performed ChIP experiments with the
transgenic line pSHR::SHR-GFP/shr-2, using an anti-GFP antibody, as described
previously (Cui et al.,, 2007). As a control, an aliquot of the same chromatin
preparation was subjected to the ChIP procedure but with the antibody replaced
by bovine serum albumin. The efficiency of each ChIP was evaluated by real-
time PCR assay to determine the degree of enrichment (between the ChIP and
mock samples) for known SHR targets such as SCL3 and MGP, and only the best
ChIP samples were used for subsequent ChIP-chip experiments. Both ChIP and
mock DNA samples were amplified by a random-primed genome amplification
method (Bozdech et al., 2003). The DNA was then modified by aminoallyl-dUTP
with a mixture of aminoallyl-dUTP (Sigma) and dTTP (a ratio of 1:5) in the last
round of PCR amplification, and the ChIP and mock samples were labeled with
Cy3 or Cy5 dye (GE Life Sciences), respectively, or by Cy5 and Cy3 in a dye-
swap experiment, by means of an amino-allyl dye-coupling method (Bozdech
etal., 2003). After thorough mixing, both the ChIP and mock DNA samples were
hybridized to the same microarray slide by a standard microarray hybridization
protocol. Both the Agilent microarray and Nimblegen microarrays were scanned
at 480 nm (for Cy3) and 635 nm (for Cy5) at a resolution of 5 um pixel*1 with
Agilent scanner G2565BA and Axon Genepix scanner 4000B, respectively.
Posthybridization image processing was conducted with the Agilent Feature
Extraction software for the Agilent microarray or custom software for the
Nimblegen microarray.

Computational analysis of the ChIP-chip data was conducted as follows.
First, for each type of microarray, the gene that a probe corresponded to was
assigned mainly according to two criteria: (1) if it was located between two
genes that have the same orientation (on either the Watson or Crick strand), it
was assigned to the gene that lies downstream; (2) if it was located in the
intergenic region between two genes whose sense strand runs outward, it was
assigned to both genes. Second, for each slide, the fold enrichment for all
probes was calculated as the ratio between the signal intensity for the ChIP
and the corresponding mock samples, and probes with greater than 2-fold
enrichment were identified. Third, putative SHR targets were identified as
those that had at least one probe that met the 2-fold-enrichment threshold
among all biological replicates (duplicates for the Agilent microarray and
triplicates plus a dye swap for the Nimblegen array). Finally, putative SHR
targets identified by both microarray experiments were ranked according to
fold enrichment and the number of positive probes.

Molecular Cloning and Analysis of GFP
Reporter Constructs

The pARF2::GFP line has been described previously (Schruff et al., 2006).
Gateway technology (Invitrogen) was used for cloning the GFP transcriptional
fusion constructs. For all the genes examined in our study, including ATAIB
(At2g46510), MYB (At1g68670), and WOX7 (At5g05770), we took the 3-kb
sequence upstream of the translational start site as the promoter, because
SHR-binding sites were located within this region by our ChIP-PCR assay. The
sequence was amplified with the high-fidelity Phusion DNA polymerase
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(New England Biolabs) and cloned into the pDONOR-P4-P1R vector. The
primers used for cloning these promoter sequences are listed in Supplemental
Table S3. The promoter clones were first confirmed by sequencing and then
fused to GFP with an endoplasmic reticulum localization signal, which had
been cloned into the pDONR221 vector by means of the Multi-Site Gateway
system. After confirmation by restriction analysis, the final constructs were
transformed into wild-type Arabidopsis (Columbia ecotype) by the Agro-
bacterium tumefaciens-mediated method. Transgenic lines showing GFP signal
were selected by light microscopy.

To examine the expression of GFP and GUS marker lines, we crossed them
with shr and analyzed seedlings from the F2 segregating population or F3
generation. For confocal microscopy, seedling roots were stained with
propidium iodide (10 ug mL "), dissolved in hydrogen peroxide, and images
were taken with a Zeiss LSM510 confocal microscope.

Other Methods

ChIP-PCR and RT-PCR assays were performed as described previously (Cui
et al., 2007), with a StepOnePlus real-time PCR system (Applied Biosystems)
and with 185 DNA or RNA as a control for normalization. For those genes
whose upstream sequence was less than 3 kb, the whole intergenic region was
analyzed; for others, the 3-kb region upstream of the translational start site was
analyzed. Primers used for these assays are listed in Supplemental Table S3.

For cytokinin measurement, shr-2 and wild-type seeds were sown on a nylon
mesh placed on Murashige and Skoog medium, and root and shoot were collected
10 d after germination. For each sample, about 100 mg fresh tissue was lyophilized
for cytokinin extraction. An HPLC-mass spectrometry-based method was used
for cytokinin quantification, as described previously (Kojima et al., 2009).

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Profile of SHR binding to known target genes as
defined by ChIP-chip data.

Supplemental Figure S2. Confirmation of top-ranked SHR targets by
ChIP-PCR.

Supplemental Figure S3. Selected top-ranked SHR targets have reduced
expression in shr-2 roots.

Supplemental Figure S4. IAA16 is a direct SHR target that is repressed by
SHR in the stele.

Supplemental Figure S5. Expression pattern of cell-type-specific markers
in the absence (control) or presence of NAA.

Supplemental Figure S6. CKX3 is preferentially expressed in the xylem.

Supplemental Table S1. Complete list of SHR target genes identified with
the Agilent microarry, the Nimblegen microarray, or both.

Supplemental Table S2. SHR target genes in different clusters shown in
Figure 2.

Supplemental Table S3. Primers used in this study.
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