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Summary

Background: In the root apical meristem, which contains the
stem cells that feed into root development, the phytohor-
mones auxin and cytokinin play opposing roles, with auxin
promoting cell division and cytokinin promoting cell differenti-
ation. Cytokinin acts in the root tip in part by modulating auxin
transport through regulation of the level of the PIN auxin efflux
carriers. Auxin plays a key role in the specification of the quies-
cent center (QC), which is essential for maintaining the stem
cell fate of the surrounding cells.
Results:Wedemonstrate that cytokinin promotes cell division
in the QC, which is generally mitotically inactive. Cytokinin
downregulates the expression of several key regulatory genes
in the root tip, including SCARECROW, WOX5, and the auxin
influx carriers AUX1 and LAX2. The decrease in LAX2 expres-
sion in response to cytokinin requires ARR1 and ARR12, two
type BARRs thatmediate the primary transcriptional response
to cytokinin. ARR1was found to bind directly to the LAX2 gene
in vivo, which indicates that type B ARRs directly regulate
genes that are repressed by cytokinin. Disruption of the
LAX2 gene results in a phenotype similar to that observed in
response to cytokinin, including increased division of the cells
in the QC and decreased expression of WOX5 and the auxin
response reporter DR5.
Conclusions: Cytokinin acts to regulate auxin distribution in
the root apical meristem by regulating both the PINs and
LAX2. This redistribution of auxin, potentially coupled with
other auxin-independent effects of cytokinin, regulates the
mitotic activity in the QC.

Introduction

The growth and development of roots in plants is maintained
by a group of stemcells (stem cell niche; SCN) in the root apical
meristem. These stem cells maintain a balance between divi-
sion and differentiation, continually giving rise to the various
cell files of the root and thus ensuring the continued growth
and development of the root [1]. In the center of the SCN, there
are four to eight mitotically inactive cells that form the quies-
cent center (QC), which is essential for the maintenance of
the stem cell fate of the surrounding cells [2]. The PLETHORA
(PLT) and SCARECROW (SCR) transcription factors are
involved in QC specification [3, 4]; the homeodomain
*Correspondence: jkieber@unc.edu
transcription factor WOX5 is required in the QC to maintain
the undifferentiated state of the surrounding stem cells [5].
The plant hormone auxin is an important regulator of QC spec-
ification [6]. The directed flow of auxin in the root tips gener-
ated by the combined action of multiple PIN auxin efflux
carriers generates and stabilizes an auxinmaximum that spec-
ifies the position of the QC [7, 8]. Studies of root regeneration
have shown that after ablation of the QC, the auxin maximum
shifts to respecify the QC. Furthermore, this shift results in a
repatterning of the expression of the PLTs and SCR, which in
turn regulates the expression and polar localization of PINs,
thus stabilizing the reconstituted auxin distribution in the
root tip [9].
The phytohormone cytokinin interacts with auxin to regulate

various aspects of plant growth and development through the
control of cell division and differentiation. Recently, several
studies have shed light on the mechanism underlying the
antagonistic interaction between cytokinin and auxin in the
control of the root meristem activity [10–12]. In this model,
cytokinin functions in the transition zone to induce the expres-
sion of a negative regulator of auxin responsiveness, the AUX/
IAA gene SHY2, via ARR1, a type B Arabidopsis response
regulator (ARR) that mediates the transcriptional response to
cytokinin. The induction of SHY2 in turn leads to a negative
regulation of the PIN auxin efflux carriers. In the meristematic
zone of the root, auxin acts to mediate the degradation of
SHY2, thus maintaining the expression of PINs in the meri-
stem. This antagonistic regulation of SHY2 by cytokinin and
auxin restricts the expression of SHY2 in the transition zone
and determines the meristem size. The type A ARRs, which
are negative regulators of cytokinin signaling, have been sug-
gested to play important roles in the maintenance of both the
root proximal meristem activity and the root stem cell niche
function through posttranscriptional regulation of PINs [13].
In addition, an incoherent regulatory loop formed by cytokinin
and PHABULOSA (PHB), a HD-ZIPIII transcription factor, has
been shown to determine the balance of cell division and dif-
ferentiation in the root tip [14]. PHB induces cytokinin biosyn-
thesis through direct activation of a cytokinin biosynthetic
gene ISOPENTENYL TRANSFERASE 7 (IPT7) in the proximal
meristem, and cytokinin feeds back to repress the expression
of both PHB and a negative regulator of PHB, MIR165, which
establishes a regulatory circuitry to regulate root proximal
meristem size. Despite the well-characterized role of cytokinin
in regulating the proximal meristem, little is known about its
role in the SCN and QC.
The cytokinin signaling pathway is similar to bacterial two-

component phosphorelays [15]. In Arabidopsis, cytokinin is
perceived by the Arabidopsis histidine kinase receptors
(AHKs), which autophosphorylate and then transfer the phos-
phoryl group to Arabidopsis histidine phosphotransfer pro-
teins (AHPs). Ultimately, the phosphoryl group is transferred
from the AHPs to ARRs, which include the type A and type B
ARRs. Genetic studies of type B ARRs indicate that they are
positive elements in cytokinin signaling, acting as transcription
factors to regulate the expression of cytokinin response genes
[16]. Unlike the type B ARRs, the type A ARRs lack a DNA-
binding domain, and their expression is rapidly induced by
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Figure 1. Cytokinin Induces QC Cell Divisions

and Affects QC Cell Identity

(A) Root tips of 5-day-old seedlings grown on

DMSO control and 100 nM 6-benzylaminopurine

(BA) plates visualized by differential interference

contrast (DIC) microscopy. Yellow arrowheads

indicate the divided QC cells. E, endodermis; C,

cortex. Scale bar represents 10 mm.

(B) Percentage of roots with QC divisions from

wild-type, ahk2 ahk4, arr1-3 arr12-1, and lax2mu-

tants grown on DMSO control and 100 nM BA

plates. At least 50 roots were examined per geno-

type per experiment. Error bars represent SE from

triplicate experiments. *p < 0.05, Student’s t test,

BA treatment compared to control treatment.

(C) Percentage of roots with QC divisions from

wild-type, arr5, ckx3, and ckx5 mutants. At least

50 roots were examined per genotype per exper-

iment. Error bars represent SE from triplicate ex-

periments. *p < 0.05, Student’s t test.

(D) QC 46 and QC 184 expression with two dura-

tions of b-glucuronidase (GUS) staining. Scale

bar represents 10 mm.

See also Figure S1.
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cytokinin. Furthermore, the type A ARRs act as negative regu-
lators of cytokinin signaling [17].

Auxin transport ismediatedbyauxin influx and efflux carriers.
InArabidopsis, auxin influx carriers are encodedbya small fam-
ily comprised of four genes: AUX1, LAX1, LAX2, and LAX3.
Auxin plays a critical role in the initiation of leaf primordium
[18], and members of the AUX1/LAX gene family have been
shown to be involved in this process. An analysis of aux1/lax
mutants revealed thatAUX1/LAX facilitates the coordinatedpo-
larization of PIN1 and the establishment of defined auxin max-
ima, which stabilizes the patterning of leaf primordium initiation
[19].Despite the functionalconservationof theAUX1/LAX family
and their redundant roles inmaintaining phyllotactic patterning,
in the root they display reasonably distinct expression patterns
and are suggested to be involved in distinct developmental pro-
cesses [20]. In the root, AUX1 has been shown to play a role in
gravitropism [21], and both AUX1 and LAX3 are shown to regu-
late lateral root development [22]. Although LAX2 is strongly ex-
pressed in the root tip, its function there is not clear.

Here, we show that cytokinin negatively regulates QC spec-
ification and functions bymodulating the auxin response in the
QC through downregulation of LAX2 and possibly also by re-
pressing the expression of the transcription factor SCR.
Furthermore, we demonstrate that the
type B response regulator ARR1 directly
represses the expression of LAX2.
These studies, together with previous
work on the effect of cytokinin on the
PINs, indicate that a key aspect to cyto-
kinin function is to regulate the distribu-
tion of auxin via the regulation of both
the PINs and AUX/LAX transporters.

Results

Cytokinin Induces Division in QC
Cells, Leading to Compromised QC

Function
We examined the effect of exogenous
cytokinin on QC function in Arabidopsis
seedlings. In wild-type Arabidopsis roots, the QC cells are
mitotically inactive, as it was shown previously that no active
DNA synthesis is observed in QC cells [23]. Almost 60% of
wild-type seedlings grown on plates supplemented with cyto-
kinin displayed cell divisions in the QC (Figures 1A and 1B),
consistent with previous studies that demonstrated increased
divisions in QC cells in high-order type A arr mutants [13].
Additionally, loss of a single type A ARR, ARR5, was sufficient
to cause the increased QC cell division phenotype (Figure 1C),
suggesting that this isoform is predominantly responsible for
the effect of type A ARRs on QC cell division. Elevating endog-
enous cytokinin viamutations in either one of two cytokinin ox-
idases (CKX3 andCKX5), which encode enzymes that degrade
cytokinin, also increased QC cell division as compared to wild-
type (Figure 1C). Both of these CKX genes are expressed in
root tips, and their disruption leads to an increase in endoge-
nous active cytokinins [24]. The cytokinin-induced cell divi-
sions in the QC are dependent on the known cytokinin
response pathway, as this phenotype was markedly reduced
in an ahk2 ahk4 double mutant as compared to the wild-
type. The type BARRs are transcription factors that are the tar-
gets of the cytokinin-mediated phosphorelay. To explore
whether ARR1 and ARR12, the two major type B ARRs
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mediating cytokinin response in the root, are involved in this
process, we examined the effect of cytokinin on QC cell divi-
sion in an arr1-3 arr12-1 doublemutant. The cytokinin-induced
QC divisions were nearly completely lost in this double mutant
(Figure 1B), suggesting that this response requires ARR1 and
ARR12.

Previous studies found that ethylene is able to induceQCcell
divisions [25]. As cytokinin increases the production of
ethylene [26], we examined whether the cytokinin-induced
QC cell division is dependent on ethylene. Blocking ethylene
signaling through either treatment with 1-MCP, an inhibitor of
ethylene binding, or the ethylene-insensitive mutation ein2
did not compromise the ability of cytokinin to induceQCcell di-
vision in the root tips (see Figure S1 available online), indicating
that cytokinin-induced QC division is independent of ethylene.

We next determined whether cytokinin affects QC cell iden-
tity by examining expression of two QC-specific markers (QC
46 and QC 184) [6]. Seedlings grown in the presence of
cytokinin displayed a substantial reduction in the expression
of both of these QC markers (Figure 1D), suggesting partial
loss of QC identity. The reduction of expression of the
markers was observed in both the cytokinin-treated seedlings
displaying extra cell divisions in the QC and those with wild-
type QC cell division patterns. These results suggest that
cytokinin plays a negative role in the maintenance of QC cell
identity.

The Expression of Two Transcription Factors, SCR
and WOX5, Is Downregulated by Cytokinin in the QC

To further analyze the role of cytokinin in regulating the QC, we
examined the expression of several transcription factors that
are involved in QC specification and function in response to
cytokinin treatment. Total RNA isolated from the last 0.5 mm
of root tips, which includes cells from the root cap to the elon-
gation zone, was used for gene expression analysis using the
NanoString nCounter analysis system. The transcript level of
SCR in the root tips was reduced approximately 17% and
30% after 8 and 24 hr of cytokinin treatment, respectively
(Figure 2A). In contrast, the transcript level of PLT1 or PLT2
was not altered in response to cytokinin in these tissues (Fig-
ure 2B). In addition, the spatial pattern of SCR transcript in
response to cytokinin was examined using a pSCR::GFP
reporter line. SCR is expressed in the QC and endodermis in
the root tips [27]. The reduction of SCR expression in response
to cytokinin appeared more pronounced in the QC cells
(Figure 2D). However, the reduction was not significant until
8 hr after treatment with cytokinin, suggesting that SCR might
not be a direct target of regulation. Previous studies have
shown that SCR expression in the QC is necessary and
sufficient to establish QC identity [4]. scr mutants lack a
functional QC, and the root meristem collapses after germina-
tion [4]. However, the QC phenotype observed in cytokinin-
treated seedlings was not nearly as strong as in the scr
mutants, which is likely the result of only a partial decrease
in SCR expression in response to cytokinin. The weaker
scr-3 allele [28] displays a mixture of both QC phenotypes:
35.7% display inappropriate QC divisions, similar to those
observed in cytokinin-treated seedlings; 36.7% of scr-3 seed-
lings displayed the loss-of-QC phenotype (Figure S2). These
results suggest that the downregulation of SCR by cytokinin
may influence QC specification.

Next, we examined the expression of another QC-specific
transcription factor,WOX5, in response to cytokinin treatment.
WOX5 transcript was substantially reduced within 8 hr of
cytokinin treatment (Figure 2C). The high level of variation
observed in the level of WOX5 transcript measured by the
NanoString technique is likely due to the low level of expres-
sion of WOX5, which was close to the detection limit of this
system. In order to confirm the downregulation of WOX5 by
cytokinin, a pWOX5::GFP reporter was used. The level of
GFP fluorescence was substantially reduced in this reporter
line 8 hr after cytokinin treatment (Figure 2F). WOX5 has
been shown to be required for the QC activity to maintain the
undifferentiated state of adjacent cells in the SCN, but not
for QC specification [5]. WOX5 expression is dependent on
SCR [5], and thus its repression by cytokinin may occur
through the downregulation of SCR by cytokinin. The downre-
gulation of WOX5 by cytokinin may contribute to the negative
role of cytokinin in the maintenance of QC function.
Weused aTaqManquantitative RT-PCR (qRT-PCR) assay to

examine the transcript level of WOX5 and SCR in various
mutants to explore the role of endogenous cytokinin on the
expression of these two genes. The downregulation of both
SCR andWOX5 expression in the root tips in response to cyto-
kinin requiresARR1 andARR12 (type BARRs), as no reduction
was observed in an arr1-3 arr12 double mutant (Figure 2G).
Furthermore, the basal level of expression of SCR and WOX5
is significantly reduced in ckx5 root tips as compared to
wild-type (Figure 2H), indicating that endogenous cytokinin
represses the expression of these genes. Finally, disruption
of arr5, which negatively regulates cytokinin signaling,
leads to a decrease in the basal level of SCR (Figures 2E
and 2H). Together, these results confirm that endogenous
cytokinin negatively regulates SCR and WOX5 expression in
root tips.

Cytokinin Negatively Regulates the Expression of the LAX2

Auxin Influx Carrier in the Root Tips
The auxin maximum in the QC is generated by a directed auxin
flow and is essential for QC specification [6]. Several studies
have shown that cytokinin can dampen the auxin response in
the QC through the downregulation of auxin efflux carriers
PINs [10, 12, 13]. However, little is known regarding the role
of auxin influx carriers in this process and how cytokinin regu-
lates them. To investigate the role of cytokinin in regulating
auxin influx in the root tips, we examined the expression of
the auxin influx carriers AUX1, LAX2, and LAX3 in root tips
using NanoString technology. As LAX1 is not appreciably
expressed in the root tip [20], it was not included in this study.
AUX1 and LAX2 transcript levels were reduced w13% and
60%, respectively, within 8 hr of cytokinin treatment, but
LAX3 expression was not responsive to cytokinin (Figure 3A).
qRT-PCR analysis was used to confirm the response of
AUX1 and LAX2 to cytokinin and to further refine the kinetics
of these changes. Within 3 hr of cytokinin treatment, there
was a substantial reduction in LAX2 transcript, whereas
AUX1 transcript was not significantly reduced until 8 hr after
treatment (Figure 3B). As LAX2 transcript level responded to
cytokinin more rapidly and with a greater fold change, we
further analyzed its role in the cytokinin regulation of root
meristem function.
LAX2 is expressed primarily in the provascular cells in the

root tips, with relatively low expression in the QC and root
cap [20]. To study the effect of cytokinin on the pattern of
LAX2 expression, we examined the expression of a pLAX2::
LAX2-VENUS transgene generated using a recombineering-
based gene tagging system [29]. After 24 hr of cytokinin treat-
ment, the level of LAX2-VENUS in the provascular cells was
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Figure 2. Effects of Cytokinin on the Expression of SCR, the PLTs, and WOX5 in Root Tips

(A–C) NanoString nCounter gene expression analysis ofSCR,PLT1,PLT2, andWOX5 in wild-type root tips treatedwith DMOS or 5 mMBA for 8 or 24 hr. Error

bars represent SE from three biological replicates.

(D–F) Confocal images of root tips expressing pSCR::GFP (D and E) or pWOX5::GFP (F) in wild-type seedlings treated with DMSO or 5 mM BA for specified

durations (D and F) or in wild-type and arr5 seedlings (E). The relative fluorescence in the QC presented in percentage (D and F, BA versus control) with SE

was shown under the images. At least seven seedlings per treatment per time point were examined, and the experiment was conducted twice with similar

results. Scale bar represents 20 mm.

(G and H) Gene expression analysis of SCR and WOX5 as determined by a TaqMan RT-PCR assay in wild-type and arr1-3 arr12-1 root tips treated with

DMSO control or 5 mMBA for 24 hr (G) or in wild-type, ckx5, and arr5 root tips (H). Error bars represent SE from three technical replicates, and the experiment

was conducted twice using independent biological replicates with similar results.

*p < 0.05, Student’s t test, BA treatment compared to control treatment or mutants compared to wild-type. See also Figure S2.
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markedly reduced (Figure 3C), suggesting that the expression
of LAX2 in these cells is sensitive to cytokinin. We also
examined the level of endogenous LAX2 protein in response
to cytokinin using immunocytochemistry. Consistent with our
analysis of the LAX2 transcript, the level of endogenous LAX2
protein in the provascular cells in the root tipswas substantially
reduced after 24 hr of cytokinin treatment (Figure 3D). Taken
together, these data suggest that cytokinin represses the
expression of LAX2 in the root tips, most notably in the provas-
cular cells.
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Figure 3. Cytokinin Downregulates Expression of the Auxin Influx Carrier LAX2 in Root Tips

(A) NanoString nCounter gene expression analysis of AUX1, LAX2, and LAX3 in wild-type root tips treated with DMSO control or 5 mMBA for 8 or 24 hr. Error

bars represent SE from three biological replicates. *p < 0.05, Student’s t test, BA treatment compared to control treatment.

(B) Quantitative RT-PCR expression analysis of AUX1 and LAX2 in wild-type root tips treated with 5 mMBA for specified durations, or with DMSO control for

24 hr. Error bars represent SE from three technical replicates, and the experiment was conducted three times using independent biological replicates with

similar results.

(C) Confocal images of wild-type seedling roots expressing pLAX2:: LAX2-VENUS treated with DMSO control or 5 mM BA for 24 hr. Scale bar represents

20 mm.

(D) In situ immunolocalization of LAX2 protein in wild-type root tips treated with DMSO control or 5 mMBA for 24 hr, or lax2mutant roots (negative control).

Scale bar represents 20 mm. See also Table S1.
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Figure 4. The Negative Regulation of LAX2 by Cytokinin Is Dependent on the Type B ARRs ARR1 and ARR12

(A) Quantitative RT-PCR analysis of the expression of LAX2 in wild-type, arr1-3, arr12-1, and arr1-3 arr12-1 root tips treated with DMSO control or 5 mMBA

for 24 hr. Error bars represent SE from three technical replicates, and the experiment was conducted three times with similar results. The y axis is shown in a

log2 scale.

(B) In situ immunodetectionof LAX2protein inwild-typeandarr1-3arr12-1 root tips treatedwithDMSOcontrol or 5mMBA for24hr. Scalebar represents 20mm.

(legend continued on next page)
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The TypeBResponseRegulator ARR1BindsDirectly to the
Promoter and Intron Regions of the LAX2 Gene

The reduction of LAX2 transcript was detectable substantially
earlier in response to cytokinin than that of SCR, AUX1, or
WOX5, suggesting that LAX2 could be a direct target of cyto-
kinin, and by inference of the type B ARRs. To determine which
cytokinin signaling components are involved in the downregu-
lation of LAX2, we examined LAX2 expression in several cyto-
kinin signaling mutants. The reduction of LAX2 transcript in
response to cytokinin was compromised in an ahk2 ahk4
mutant (Figure S3), suggesting that these cytokinin receptors
are necessary for the regulation of LAX2. The single arr1-3
and arr12-1mutations display a slight effect on the repression
of LAX2 expression in response to cytokinin, but repression
was nearly eliminated in an arr1-3 arr12-1 double mutant (Fig-
ure 4A). Consistent with the analysis of the LAX2 transcript, the
decrease in LAX2 protein levels in response to cytokinin was
substantially impaired in the arr1-3 arr12-1 double mutants
(Figure 4B). Taken together, these results suggest that ARR1
and ARR12 redundantly mediate the repression of LAX2 by
cytokinin.

Previous studies have found that cytokinin negatively regu-
lates the expression of the PIN auxin efflux carriers in the root
tip via increased expression of the SHY2 AUX/IAA gene [10].
This induction of SHY2 is mediated by ARR1 and ARR12
through direct binding to the regulatory regions of SHY2 [10,
30]. Because the negative regulation of LAX2 by cytokinin is
also dependent on ARR1 and ARR12, we examined whether
this also occurs in a SHY2-dependent manner. The level of
LAX2 transcript in shy2-2, a gain-of-function allele, was similar
to that observed in wild-type root tips (Figure 4C). Further-
more, the repression of LAX2 by cytokinin in shy2-24, a loss-
of-function allele, was comparable to that observed in wild-
type root tips (Figure 4D), suggesting that the LAX2 expression
is independent of SHY2.

To assess whether LAX2 is a direct target of ARR1, we first
determined whether there are ARR1 binding motifs in the
LAX2 regulatory regions, focusing on an extended type Bmotif
that has been found to be enriched upstream of cytokinin-
regulated genes [31]. There is one potential ARR1 binding
site within 1.2 kb upstream of the LAX2 gene and two others
in the second and fourth introns (Figure 4E). We examined
whether ARR1 binds to LAX2 genomic sequences using chro-
matin immunoprecipitation (ChIP)-qPCR from arr1-3 arr12-1
seedlings expressing amyc-ARR1 transgene under the control
of the ARR1 promoter. This transgene is functional, as it is
capable of complementing the arr1-3 arr12-1 mutations [32].
Two fragments in the LAX2 upstream region and two frag-
ments in LAX2 introns were significantly enriched in ChIP
from pARR1::myc-ARR1 seedlings compared to control seed-
lings (Figure 4F), although the upstream fragments did not
include the one with an extended canonical type B binding
(C) Quantitative RT-PCR expression analysis of LAX2 in wild-type and shy2-2 roo

iment was conducted three times with similar results. The y axis is shown in a lo

(D)QuantitativeRT-PCRexpression analysis of LAX2 inwild-type and shy2-24 ro

from three technical replicates, and the experiment was conducted three times

(E) Schematic representation of the LAX2 genomic region. Thebent arrow indicat

and exons, respectively. Three potential ARR1-binding sites are pointed out with

fragments used in CHIP-qPCR experiments.

(F) ChIP analysis from pARR1::myc-ARR1 followed by qPCR of the LAX2 promo

moter regions, which served as negative and positive controls, respectively. Erro

ducted three times with similar results.

See also Figure S3 and Table S1.
motif. The ARR7 and SHY2 genes served as positive controls
[10, 33], and TUA4 as a negative control in this analysis. These
results suggest that ARR1 directly regulates LAX2 repression
by cytokinin.

lax2 Mutant Roots Display a Reduced Auxin Response

and Abnormal Cell Divisions in QC Cells
Given the distinct expression pattern of LAX2 in the SCN and
QC as compared to the other AUX/LAX family members [20],
we tested whether LAX2 contributes to generating the auxin
maximum that occurs in the QC using the auxin response re-
porter DR5::GFP. A sharp maximum of DR5 expression was
observed in the QC cells of wild-type roots (Figure 5A), consis-
tent with previous reports [7]. In lax2 roots, there was a sub-
stantial reduction in the expression of the DR5::GFP reporter
in the QC cells but no substantial change in the spatial pattern
of expression, suggesting that the auxin levels in the QC cells
are reduced in lax2 roots (Figures 5A and 5B). Previous studies
have suggested that auxin influx carriers in the shoot apical
meristem are required for the coordinated PIN1 polarization
and sharp peaks of auxin concentration, thus playing an
important role in the maintenance of phyllotaxis [19]. As the
LAX2 expression pattern largely overlaps with several auxin
efflux carriers, including PIN1,PIN3,PIN4, andPIN7, we exam-
ined whether the expression or localization of the auxin efflux
carrierswere altered in lax2 roots. The transcript levels ofPIN1,
PIN3, PIN4, and PIN7 and the polarization of PIN1 protein were
similar in lax2 root tips as compared to the wild-type (Figures
S4A and S4B). These results suggest that LAX2 plays a posi-
tive role in generating and/or stabilizing the auxin response
maximum in the QC cells, though in contrast to its role in the
SAM, the regulation of auxin maxima in the QC by LAX2 in
the RAM does not appear to involve the regulation of PIN1
polarization.
The auxin gradient in the root tip plays an important role in

regulating the pattern of cell division and differentiation [6].
As the auxin response in theQCcells was significantly reduced
in lax2 roots, we examined the pattern of cell division in the QC
of this mutant. A significant percentage of lax2 roots (w25%)
showed cell divisions in QC cells (Figures 5C and 5D). A com-
parable QC division phenotype was also seen in the indepen-
dent lax2-3 allele (Figure 5D), which appears to be a molecular
null (Figures S4E and S4F). This is consistent with a previous
study that demonstrated that disruption all four AUX1 LAX
family members resulted in changes in the establishment of
cell pattern in the QC in the embryo [34]. Next, we examined
the expression ofWOX5 and SCR in the lax2 roots. As revealed
by the pWOX5::GFP reporter, the expression of WOX5 was
reduced by approximately 20% in lax2 roots as compared to
the expression in wild-type roots (Figures 5E and 5F), suggest-
ing that the QC function is compromised in lax2 roots. How-
ever, the expression of SCR in lax2 did not seem to be different
t tips. Error bars represent SE from three technical replicates, and the exper-

g2 scale.

ot tips treatedwithDMSOcontrol or 5 mMBA for 24hr. Error bars representSE

with similar results.

es the start site of transcription. The open and close boxes represent theUTR

straight arrows with respective sequences. Bars with numbers indicate DNA
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r bars represent SD from two technical replicates. This experiment was con-
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Figure 5. lax2 Mutant Roots Display Attenuated Auxin Response in the QC and Divisions in QC Cells

(A and E) Confocal images of wild-type and lax2 roots expressing the auxin response reporter DR5::GFP (A) or pWOX5::GFP (E). Outlines of cells were visu-

alized by propidium iodide staining or by DIC.

(B and F) Quantification of GFP fluorescence in the QC in wild-type and lax2 roots expressing DR5::GFP (A) or pWOX5::GFP (E). Error bars represents SE,

n = 12. The experiment was conducted three times with similar results.

(C) Root tips of 5-day-old wild-type and lax2 mutants visualized by DIC microscopy.

(D) Percentage of roots with dividing QC cells from wild-type, lax2, and lax2-3 mutants. n > 50. Error bars represent SE from triplicate experiments.

(G) Analysis of SCR gene expression in wild-type and lax2 root tips using TaqMan RT-PCR. Error bars represent SE from three technical replicates, and the

experiment was conducted twice with similar results.

Yellow arrowheads indicate dividing QC cells. *p < 0.05, Student’s t test. Scale bar represents 10 mm. See also Figure S4 and Table S1.
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from that in wild-type (Figure 5G), suggesting that cytokinin
regulates SCR and LAX2 expression independently. The
disruption of LAX2 phenocopies the effects of elevated cyto-
kinin on QC function, which, coupled with the observation
that LAX2 expression is decreased in response to cytokinin,
suggests that the effect of cytokinin on QC function is medi-
ated at least in part through downregulation of LAX2 expres-
sion. However, LAX2 is likely not the only component medi-
ating the effect of cytokinin on QC function, as the lax2
mutant still responded to cytokinin to induce QC cell division
and to reduce the auxin response in the QC (Figures 1B and
S4D). Likely candidates for these additional cytokinin targets
regulating QC function are the PIN auxin efflux carriers.
Discussion

The QC, lying in the center of the SCN, sustains the indetermi-
nate growth of the root by preventing the differentiation of
the surrounding stem cells. Both auxin and a group of tran-
scription factors including the PLTs, SCR, and WOX5 are
important inputs in QC specification and stem cell activity
[1]. Studies of a local regeneration response in the root tip
following the laser ablation of QC cells suggest that a shift
in the auxin maximum first respecifies the position of the
new QC; the resulting cell-fate changes require the PLTs
and SCR transcription factors, which in turn regulate the
expression and localization of PINs and further stabilize the
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auxin distribution in the root tips [9]. Although much progress
has been made in the understanding of the interaction
between auxin and these transcription factors in the regula-
tion of the QC, little is known regarding the role of cytokinin
in the QC and how cytokinin regulates these transcription
factors.

Here, we demonstrate that cytokinin plays a negative role in
QC specification through enhancing the mitotic activity of the
QC cells. This likely occurs at least in part through the down-
regulation of SCR and the attenuation of the auxin response
in the QC. Previously, it has been shown that cytokinin re-
presses the expression of the PIN auxin efflux carriers in the
root meristem and thus modulates the distribution of auxin
[10–13]. The results presented here indicate that in addition
to its effects on these auxin efflux carriers, cytokinin also reg-
ulates auxin influx through directly targeting the expression of
the auxin influx carrier LAX2 via ARR1 and ARR12. Previous
studies have demonstrated that type B ARRs directly modu-
late genes whose expression is elevated in response to cyto-
kinin, and the analysis of LAX2 regulation here indicates that
at least ARR1 and presumably ARR12 can also directly regu-
late genes repressed by cytokinin. Presumably these different
outcomes on gene expression occur via interactions with
distinct accessory proteins. In addition to its effects on
transcription, cytokinin also has been shown to regulate the
stability of the type A ARR proteins [35]. Thus, cytokinin may
also affect meristem genes through a posttranscriptional
mechanism.

The direct repression of LAX2 expression at least partially
accounts for the negative effect of cytokinin on the auxin
maximum in the QC, and thus QC identity and function. The
expression of SCR in the QC has been shown to be both
necessary and sufficient for the specification of the QC and
the maintenance of the stem cells [4]. A model has been pro-
posed wherein SCR expression potentiates a group of cells
for QC fate, and the auxin distribution then acts on a subset
of these SCR-expressing cells to induce the QC cell fate [4].
Thus, cytokinin modulates these two essential cues of QC
specification to negatively regulate QC.

The effect of cytokinin on QCmitotic activity is similar to that
of the phytohormone ethylene, which also positively regulates
QC cell divisions [25]. Although cytokinin does induce ethylene
biosynthesis [26], we demonstrate that it acts independent of
ethylene to elevate QC cell divisions. However, we cannot
exclude the formal possibility that the role of ethylene in the
QC division induced by exogenous cytokinin differs from the
effect of endogenous cytokinin. Cytokinin appears to act in
part through modulating the distribution of auxin in the root
tip and by decreasing the expression of SCR. In contrast,
Ortega-Martı́nez et al. concluded that ethylene acts indepen-
dently of auxin in promoting QC division and does not alter
SCR expression [25]. Thus, the two hormones could poten-
tially additively influence cell division in the QC through
different mechanisms. Previously, we have shown that disrup-
tion of multiple type A ARRs, which are negative regulators of
cytokinin signaling, caused, in addition to increased mitotic
activity of the QC cells, premature differentiation of the root
columella initials [13]. In contrast, the increasedmitotic activity
of the QC cells in response to elevated cytokinin does not
impair the ability of these cells to maintain the surrounding
cells in an undifferentiated state. This difference between the
effects of elevated cytokinin levels and disruption of the
type A ARRs could result from a difference in the level of acti-
vation of cytokinin responses in the type A ARR mutants
relative to that achieved via application of exogenous cyto-
kinin or disruption of the CKX genes, or could potentially
reflect a role of the type A ARRs that is independent of cyto-
kinin signaling.
In addition to its critical role in QC specification, SCR

together with SHR in the endodermis has also been shown
to function together with a group of class III homeodomain-
leucine zipper transcription factors, including PHB, in the stele
to regulate the tissue patterning in the root [36]. SCR/SHR in-
duces the expression of MIR165/6 in the endodermis, thus re-
stricting PHB expression in the vascular cylinder to determine
the xylem cell type. Here, we found that cytokinin downregu-
lates SCR expression. Consistently, microRNA-insensitive
gain-of-function phb mutants have been shown to display
short roots and small root meristems, reminiscent of the cyto-
kinin-treated roots [37]. Cytokinin also represses the expres-
sion of MIR165/6 [14], and it is possible that this may occur
via the downregulation of SCR expression in response to
cytokinin.
The PLT transcription factors have been shown to be ex-

pressed in response to auxin accumulation and have been
hypothesized to translate the auxin cue into positional infor-
mation for the SCN [3, 38]. Although there is a reduced auxin
response in the root tips in both cytokinin-treated seedlings
and in lax2 mutants, there was no accompanying change in
PLT1 or PLT2 expression level (Figure S4A). It is possible
that cytokinin-induced reduction in auxin response in the
QC is not of sufficient magnitude to affect PLT expression,
or there may be a change in the spatial pattern of PLT expres-
sion that is not revealed by analysis of the total transcript
level.
TheWOX5 homeodomain transcription factor is required for

QC function, preventing the distal stem cells (DSCs) from dif-
ferentiation, and its expression is dependent on SCR [5]. How-
ever, the link betweenWOX5 and auxin is not clear. One study
has shown that applied auxin promotes the differentiation of
the DSC through repression ofWOX5 expression [39]. Howev-
er, this regulation of WOX5 by auxin does not seem to be
direct, given the slow kinetics of repression [39]. Here, we
showed that WOX5 expression is downregulated by cytokinin
and surprisingly is also downregulated in lax2 mutant roots,
which displayed an attenuated auxin response in the QC.
This suggests that perhaps a window of auxin levels in the
QC is essential for proper WOX5 expression; concentrations
either above or below these thresholds reduce WOX5 expres-
sion. The fact that pinmutants showed increased sensitivity to
applied auxin in the differentiation of DSC is consistent with
the notion that an appropriate auxin distribution, maintained
by auxin influx and efflux carriers, is required forWOX5 expres-
sion [39]. Thus, cytokinin represses WOX5 expression in the
QC probably through modulating auxin flow and thus auxin
distribution in the root tips.
In the shoot apical meristem, WUSCHEL (WUS), a paralog

of WOX5, plays an important role in the initiation and main-
tenance of stem cell fate. There is a positive feedback
loop between WUS and cytokinin in the shoot apical
meristem, with high levels of cytokinin inducing WUS expres-
sion and WUS acting as a direct negative regulator of expres-
sion of the type A ARRs [35, 40]. Thus, the role of cytokinin
differs in this regard in the root and shoot, with cytokinin re-
pressing WOX5 expression in the root and promoting WUS
expression in the shoot. This parallels distinct effects of cyto-
kinin on the activity of the apical meristems in the root and
shoot [24].
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