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A key question in developmental biology is how cellular patterns
are created and maintained. During the formation of the Arabi-
dopsis root, the endodermis, middle cortex (MC), and cortex are
produced by periclinal cell divisions that occur at different posi-
tions and at different times in root development. The endodermis
and cortex arise continuously from the periclinal divisions of cells
that surround the quiescent center (QC) at the tip of the root. The
MC arises between days 7 and 14 from periclinal divisions of the
endodermis. The divisions that produce the middle cortex begin in
the basal region of the root meristem away from the QC and then
spread apically and circumferentially around the root. Although
the transcription factor SHORT-ROOT (SHR) is required for both
of these divisions, the mechanism that determines where and
when SHR acts to promote cell division along the longitudinal axis
of the root is unknown; SHR is present along the entire length of
the root tip, but only promotes periclinal divisions at specific sites.
Here we show that the abundance of the SHR protein changes
dynamically as the root develops, and that the pattern of cell di-
vision within the endodermis is sensitive to the dose of this pro-
tein: high levels of SHR prevent the formation of the MC, whereas
intermediate levels of SHR promote MC formation. These results
provide a mechanism for the longitudinal patterning of the endo-
dermis, and represent the first example in plants of a mobile tran-
scription factor whose function (activator or repressor) depends
upon concentration.

SCARECROW | intercellular protein movement | plasmodesmata |
gibberellin

pon germination, the Arabidopsis root is composed of con-

centric layers of epidermis, cortex, and endodermis that
surround the stele (the vascular tissues and pericycle; Fig. S1)
(1). The endodermis and cortex are clonally related cell types
that collectively comprise the ground tissue (2, 3). The formation
of separate endodermal and cortical cell layers is mediated by
the activity of two related GRAS family transcription factors,
SHORT-ROOT and SCARECROW (SCR) (4-6). SHR is
expressed in the stele cells of the Arabidopsis root and moves into
the neighboring cells, which include the quiescent center (QC)
cells, the cortical endodermal initials (CEIs), the cortical endo-
dermal daughters (CEDs), and the endodermis. In all of these
cells, SHR up-regulates the expression of the SCR transcription
factor (4-7). In the CED both SHR and SCR activate the ex-
pression of a D-type cyclin, CYCD6;1, which promotes the per-
iclinal divisions that maintain the separate endodermis and
cortex cell layers (8). Although SHR and SCR are present in all
cells that immediately surround the stele, during the first week of
root growth, CYCD6;1 expression is largely confined to the CEI
and the CED cells. Later in root development, CYCD6;1 is up-
regulated in the endodermis where it promotes the periclinal cell
divisions that generate middle cortex (MC) “M” in Fig. S1). MC
formation is significantly reduced in cycd6;1 mutants and is lost
entirely in shr-2 (nulls) (8, 9). In contrast, SCR, which promotes
expression of CYCD6;1 in the CEI and CED cells, inhibits the
development of MC; in scr-4 (null) mutants MC forms days
earlier than in wild type (9). As all endodermal cells in a wild-type
root express both SHR and SCR from the time of germination it
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is unclear what initiates the formation of MC. It is known how-
ever that gibberellin (GA) inhibits the formation of MC, and that
GA function decreases in the meristem starting at 5 d post-
germination (9-11).

As SHR s a key regulator of root patterning, much work has
been done to determine how SHR movement and function are
controlled. Structure—function analysis of SHR showed that the
movement of SHR is a regulated process that is dependent upon
sequences within the SHR protein and upon subcellular locali-
zation. Fully nuclear localized SHR does not move, presumably
because the protein is trapped in this domain (12, 13). Cui et al.
showed that SHR-dependent up-regulation of SCR in the en-
dodermis regulates nuclear localization of SHR and prevents its
movement into the cortex (14). Likewise Welch et al. identified
the JACKDAW (JKD) transcription factor, which is expressed in
the endodermis and limits movement of SHR into the cortex
(15). A reduction in SCR or loss of JKD leads to reduced nuclear
localization of SHR and movement of SHR outside of the en-
dodermis. As a consequence, these roots show ectopic cell divi-
sions in the ground tissue that lead to an increased number of
cell layers in the root (14, 15). In contrast, roots that entirely lack
SHR function or movement fail to initiate periclinal cell divi-
sions in the ground tissue and consequently lack an endodermis
and MC (4, 9). These results suggest that the regulation of SHR
movement is critical to the normal patterning of the Arabidopsis
root. They also suggest potential mechanisms by which roots that
produce variable numbers of cortex cell layers may regulate
circumferential patterning (16).

Recently we identified an essential protein, SHR INTER-
ACTING EMBRYONIC LETHAL (SIEL), which promotes the
movement of SHR out of the stele. The effects of weak siel
mutations on SHR movement and root growth suggest that SHR
both promotes and inhibits cell divisions in the endodermis.
Contrary to what was seen in plants with no SHR activity, plants
with a moderate decrease in SHR movement or SHR activity
showed precocious periclinal cell divisions in the endodermis.
This phenotype was observed both in shr-2 hetrozygotes and in
siel hypomorphs. These results suggest that when SHR is main-
tained at high levels in the endodermis, periclinal cell divisions
are inhibited, whereas a decrease in SHR stimulates cell division.
Interestingly SIEL expression is up-regulated by both SHR and
SCR, suggesting that SHR may promote its own movement.
These results along with SCR’s role in the nuclear localization of
SHR may therefore be a mechanism for concentrating SHR in
the endodermis and regulating cell division (17).

Consistent with our proposal, researchers looking at SHR
function in poplar showed that plants with a moderate reduction
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in the level of PtSHR activity actually grew larger than wild type.
This affect could be phenocopied in Arabidopsis by reducing
SHR levels. They suggest that SHR acts in a concentration-de-
pendent manner to regulate growth (18). Here we show dose-
dependent effects of SHR on the regulation of cell divisions in
the endodermis and show that one of the mechanisms for reg-
ulating the level of SHR in the endodermis and therefore its
function (either activator or repressor of cell division) is the
modulated movement of SHR.

Results

At the time of germination, wild-type Arabidopsis roots have two
ground tissue layers (Fig. S1 and Fig. 1 A and B), which are
maintained by periclinal divisions of the CED cells (Fig. S1) (1).
In contrast, in the shr-2 mutants there is only one ground tissue
layer between the stele and epidermis (Fig. 1 C and D) and no
periclinal divisions in the ground tissue (4, 9). Recently we
showed that roots that are heterozygous for the shr-2 allele have
a third ground tissue layer at a stage in development when the
wild-type root has only two (Fig. 1 E and F) (17). With respect to
root length and patterning of the meristem, the shr-2 hetero-
zygotes are otherwise largely normal. As the expression of
CYCD6;1 both correlates with and promotes the formation of
MC, we examined expression of pCYCDG6;1:GFP-GUS in the
endodermis of shr-2 heterozygotes and for comparison in the
roots of wild-type plants, shr-2 homozygotes (which form no
MC) and scr-4 homozygotes (which form MC precociously).
Consistent with their respective phenotypes, in 5-d-old roots we
saw expression of pCYCD6;1:GFP-GUS predominately in the
CEI and CED cells of the wild type (Fig. 11), in the ground tissue
of shr-2 heterozygotes (Fig. 1K), and no expression of pCYCD6; I:
GFP-GUS in the meristem of shr-2 mutants (Fig. 1J). However,
the pCYCD6;1:GFP-GUS transgene was strongly expressed in
lateral root primordia in shr-2 roots, indicating that the transgene
was present and functional in these roots (Fig. S24). In the scr-4
nulls, which make precocious MC, there was moderate to strong

. SHR/Shr 2

Fig. 1. Roots with reduced SHR activity show ectopic periclinal cell divisions
in the endodermis. (A, C, E, and G) Toluidine blue stained transverse cross-
sections through 5-d-old roots; genotypes as indicated. (B, D, F, and H)
Longitudinal confocal cross-sections through the root meristems of wild-type
and mutant individuals; genotypes as indicated. Arrows point to precocious
divisions. Region in the blue dashed box is magnified in the Inset. E, endo-
dermis; C, cortex; and G, ground tissue. (/-L) Wild-type and mutant roots (as
indicated) expressing pCYCD6;1:GFP-GUS. Arrows point to precocious peri-
clinal cell divisions.
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expression of pCYCDG6;1:GFP-GUS in the ground tissue that
correlated with periclinal cell divisions (Fig. 1L). In none of the
lines examined did we see expression of pCYCD6;1:GFP-GUS in
the QC or an increase in the expression in the initial cells.

To test whether the precocious ground tissue phenotype we
observed in the shr-2 heterozygotes was peculiar to the shr-2
allele, we obtained a hypomorphic allele of SHR, eall (endo-
dermal-amyloplast less 1; to avoid confusion this allele is desig-
nated as shr-eall throughout the rest of the study) that has
a single amino acid deletion (E230) and is reported as having
normal root growth, but no gravitropic response in inflorescence
stems and a reduced gravitropic response in the hypocotyl (19).
The shr-eall roots were the same length as wild type and overall
the seedlings looked normal; however, they were always slightly
larger than the same stage wild type (Fig. S2B). Examination of
the cellular patterning of roots homozygous for the shr-eall allele
revealed sporadic increases in the number of ground tissue lay-
ers, similar, but at a higher frequency to what was seen in the shr-
2 heterozygotes, (Fig. 1 G and H) and expression of pCYCD6;1:
GFP-GUS in the endodermis at day 5 (Fig. S2C). In addition, the
shr-eall roots showed some abnormally oriented cell divisions in
the QC and surrounding cells similar to what is seen in shr-2
homozygotes. These results are consistent with the hypothesis
that a decrease in SHR promotes periclinal cell divisions in the
endodermis and therefore MC formation.

If high levels of SHR inhibit periclinal cell divisions in the
endodermis, then one would expect to see a reduction in the
levels of SHR before the formation of MC. When roots were
grown on solid Murashige and Skoog (MS) growth medium with
agar, MC began forming between day 7 and day 14 (9). Periclinal
cell divisions began in endodermal cells that were in the basal
region of the meristem (away from the QC; Fig. S1) and then
progressed apically toward the QC (in a rootward direction) until
all of the cells in the endodermis had divided (9, 20). To test
whether SHR levels changed during this process, we examined 5
and 14-d-old roots expressing the pSHR:SHR-GFP transgene and
measured the level of GFP fluorescence in the endodermis and
expressed this as a ratio of stele fluorescence, as the stele is the
source of the SHR protein in the endodermis. In 5 d-old plants
that are not forming MC, the average ratio of endodermal-to-
stele fluorescence was 1.2. A similar ratio (1.1) was found in
regions of 14-d-old roots that were not in the process of forming
MC. In comparison we found striking differences in the endo-
dermal-to-stele ratios of SHR-GFP in cells that had recently
divided to form MC and those that were next in line to divide
(Fig. 24). In cells that were in-line to divide (but still had an
intact nucleus) the endodermal-to-stele ratio was 0.6. In cells
that had recently divided, the ratio was 1.7. The difference in the
ratios between these two regions was not the result of changes in
the levels of SHR in the stele as this was fairly stable during the
first 2 wk of root growth. In addition, to eliminate the stele signal
entirely from the calculation, we measured the level of fluores-
cence in the first divided endodermal cell (Fig. 2B; white circle,
E1l) as well as the cell immediately apical to it (Fig. 2B; yellow
circle, E2). We found that the average fluorescent intensity in the
recently divided cell was 2.4 times that of the undivided cell (Fig.
2B; E1/E2), indicating that a reduction in SHR-GFP levels cor-
relates with induction of MC formation.

We next asked whether we could directly affect cell divisions in
the endodermis by controlling SHR activity. If the amount of
active SHR in the endodermis affects SHR function, then direct
modification of SHR levels should affect ground tissue pattern-
ing. As a way of directly affecting SHR activity, we examined shr-
2 roots expressing the pSHR:SHR-GR transgene. As previously
shown by Levesque et al., germination of shr-2 plants expressing
the pSHR:SHR-GR transgene on media containing 10 pM
dexamethasone (dex) rescued both the root length and root
patterning defects associated with the shr-2 mutation (21). We
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Fig. 2. A reduction in SHR precedes cell division. (A and B) SHR-GFP in 14-d-
old roots. Numbers in A indicate the endodermal-to-stele ratios of SHR-GFP
fluorescence. White circles outline nuclei of recently divided endodermal
cells, whereas yellow encircles those that are next in line to divide. (B) To
eliminate the stele from the calculation of SHR-GFP levels in the endoder-
mis, the fluorescence intensity in recently divided endodermal cells like E1
were compared with those that are in line to divide, E2. This comparison
yielded an average ratio of 2.4. (C and D) Transfer of the shr-2 roots
expressing pSHR:SHR-GR from dex-containing medium to standard MS me-
dium lacking dex resulted in periclinal cell divisions in the endodermis
(arrows). Small white numbers indicate the ground tissue layers relative to
the stele. (E) Reduction in the movement of SHR-GFP in the pWOL:icalsm
line resulted in periclinal cell divisions (arrows) and (F) activation of ex-
pression of pCYCD6;1:GFP-GUS in the endodermis. In E the white arrowhead
E1 points to the nucleus of a divided endodermal cell, whereas the yellow E2
and orange E3 arrowheads point to undivided cells. (G) Expression of pSHR:
SCR-mTFP in wild-type roots inhibits the movement of SHR-GFP and the
formation of separate endodermis and cortex. E, endodermis; C, cortex; and
G, ground tissue throughout.

reasoned that if SHR acts in a concentration-dependent manner,
then removal of the shr-2 roots expressing pSHR:SHR-GR from
dex treatment should decrease SHR activity and cause a tran-
sient increase in periclinal cell divisions in the endodermis. To
test this possibility, we grew the shr-2 pSHR:SHR-GR roots on
dex-containing medium for 3 d and then transferred them
overnight to fresh medium without dex. Upon removal of dex
treatment, the effective levels of SHR should gradually decrease
as dex is degraded and the active SHR in the nucleus turns over.
When we examined root patterning 18-24 h after removal from
dex, ~50% of the shr-2 pSHR:SHR-GR roots had reverted (in the
region examined) back to one ground tissue layer (Fig. 2C la-
beled “G”) instead of two, consistent with a loss of active SHR.
In these roots, we saw regions of the endodermis that had un-
dergone expansion to three ground tissue layers before the
transition to a single ground tissue layer. In addition, in roots
that had not yet transitioned back to one ground tissue layer
there were often three ground tissue layers, which is indicative of
periclinal cell divisions in the endodermis (Fig. 2D). In 4-d-old
wild-type roots, we never observed periclinal cell divisions in the
endodermis. These results are consistent with intermediate levels
of SHR inducing periclinal cell divisions in the endodermis.
Multiple groups have shown that GA inhibits the periclinal
cell divisions in the endodermis that form the MC (9, 10).
Therefore, one can induce precocious MC formation by treating
roots with paclobutrazol (PAC), an inhibitor of GA biosynthesis.

13012 | www.pnas.org/cgi/doi/10.1073/pnas.1205579109

Previous results showed that when plants were treated with 2.0
pM PAC for 7 d, there was a significant increase in periclinal cell
divisions in all cells in the endodermis and that these cells
adopted a MC cell fate (9). Consistent with published results, we
found that wild-type, but not shr-2 roots responded to PAC
treatment with an induction of periclinal cell divisions in the
endodermis (Fig. S34). The formation of MC in the presence of
PAC was not the same as it was when it occurred naturally. In the
presence of PAC, periclinal cell divisions occurred sporadically
throughout the endodermis instead of in a basal-to-apical (a
rootward) progression. The increase in cell divisions in the
presence of PAC was supported by the expression of pCYCDG6; 1:
GFP-GUS in the endodermis (Fig. S2 D and E). This was also
true in the shr-2 heterozygotes, which were more sensitive to
PAC treatment than wild type (Fig. S34), suggesting that wild-
type levels of SHR partially buffer the effects of PAC.

To test whether PAC-mediated induction of MC formation
occurred through the regulation of SHR levels, we measured
SHR mRNA in 5-d-old whole roots that were treated short-term
with PAC. Surprisingly we found a 2.5-fold increase in SHR
mRNA (Fig. S3B) in PAC-treated roots relative to the controls.
As these results represent an overall increase in SHR mRNA
throughout the root, including incipient and emerging lateral
roots, which are inhibited by GA the bulk of this increase could
represent lateral root production (22). To eliminate lateral root
effects, we examined GFP levels in the meristems of roots
expressing the pSHR:erGFP construct. By this method, we also
found an increase in pSHR expression in the presence of PAC.
However, in the meristem the increase was only 1.5-fold of the
untreated controls (Fig. 3 A and B and Fig. S3C). To look at
overall SHR protein levels, we measured the SHR-GFP signal in
stele cells of the control and PAC-treated roots (stele-to-stele
ratios) and found that the SHR-GFP levels were unchanged by
PAC treatment (Fig. S3E). However, when we examined the
endodermal-to-stele ratio, we saw a significant difference be-
tween the untreated and the PAC-treated roots (Fig. 3 C and D).
Compared with the untreated control plants whose endodermal-
to-stele ratio of SHR-GFP was 1.2, the ratio in the PAC-treated
roots was 0.8 (Fig. 3D), very similar to what we observed in the
14-d-old plants that were undergoing normal MC formation (Fig.

2uM PAC
SHR.erGFP

0 uM PAC
SHR:erGFP

(3, D
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CJE?.2d

0.79+0.03
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SHR-GFP SHR-GFP

Fig. 3. Reduction in GA signaling results in a decrease in SHR-GFP in the
endodermis. (A and B) Short-term treatment of 5-d-old roots with PAC (B)
resulted in a significant increase in the expression of pSHR-erGFP (quantified
in Fig. S3C) that did not translate into an increase in the amount of SHR-GFP
protein as indicated by similar levels of SHR-GFP in the stele of untreated
and PAC-treated roots. (C and D, also see Fig. S3D) However, there was
a significant decrease in the endodermal-to-stele ratio of SHR-GFP after PAC
treatment (D), indicating an overall decrease in the levels of SHR-GFP in the
endodermis.
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2A4). Collectively these results show that, whereas PAC moder-
ately increased the activity of pSHR in the meristem, the overall
SHR protein levels in the stele were unchanged. There was
however a significant reduction in SHR in the endodermis of
PAC-treated roots, which is consistent with the reduction in
SHR that preceded normal formation of MC (Fig. 2 A and B).
These results suggest that PAC acts via SHR to induce MC and
that PAC reduces SHR in the endodermis at the level of the
protein, not at the level of transcription.

As SHR movement is required for its function (12, 13), one
way in which the activity of SHR can be controlled is through the
regulation of its movement. If reduced SHR levels in the en-
dodermis are what induce periclinal cell divisions in this tissue,
then reducing SHR movement should promote cell division. To
test this possibility, we turned to an estradiol-inducible system
that takes advantage of a dominant, synthetic allele of CAL-
LOSE SYNTHASE 3 (icalsm) that is expressed from the stele-
specific WOODEN-LEG promoter (pWOL). Previously we
showed that expression of the pWOL:icalsm transgene caused an
increase in the deposition of callose at plasmodesmata and
a uniform decrease in the plasmodesmatal aperture that corre-
lated with a reduction in SHR movement between the stele and
endodermis (23). For the experiments examining SHR move-
ment, plants carrying both the pWOL:icalsm construct and the
PpSHR:SHR-GFP transgene were grown on normal growth me-
dium for 4 d before being treated with 10 pM estradiol for 12-20 h.
Roots that showed a moderate reduction in SHR movement had
a dramatic increase in the number of periclinal cell divisions in
the endodermis (Fig. 2E) and a dramatic increase in the ex-
pression of pCYCD6;1:GFP-GUS (Fig. 2F). Periclinal cell divi-
sions were not observed in the endodermis of wild-type plants of
the same age. Nor were periclinal cell divisions observed in the
ground tissue of plants in which SHR movement was fully
blocked by the expression in the stele of the SCR protein as a
fusion to mTFP (in the endodermis SCR normally blocks
movement of SHR into the cortex or back into the stele) (Fig.
2G). Plants expressing pSHR:SCR-mTFP failed to produce MC
or separate cortex and endodermal cell layers. These results in-
dicate that a complete block to SHR movement results in the
loss of a ground tissue layer. In contrast, a decrease in SHR
movement induces periclinal cell divisions in the endodermis and
increases the number of ground tissue layers. These results are
consistent with the finding that SHR levels decreased in the
endodermis before formation of the MC (Fig. 2 4 and B) and
that SHR is required for these divisions.

The difference in SHR levels between divided (E1) and soon-
to-divide endodermal cells (E2) observed in Fig. 2B could result
from inherent differences in the stability of the SHR protein or
the regulation of SHR movement into the different cells in the
endodermis. For example, loss of SHR may be accelerated in the
endodermal cells that are in line to form MC (E2 in Fig. 2B) or
SHR movement into these cells (E2 in Fig. 2B) may be reduced.
To distinguish between these two possibilities, we examined the
levels of SHR-GFP in the endodermal cells of pWOL:icalsm
roots that were induced to form MC through a reduction in SHR
movement (Fig. 2F). If the difference in the E1:E2 ratio of SHR-
GFP in Fig. 3B was entirely the result of differential stability of
the SHR protein in these two endodermal cell types (divided
versus soon to divide), the elevated E1:E2 ratio should not be
diminished by an overall decrease in SHR movement. Con-
versely if the disparity in protein levels is the result of unequal
movement, a block to movement should normalize these differ-
ences. This is largely what we observed. The level of SHR-GFP
in the pWOL:icalsm lines tended to be marginally higher in the
divided endodermal cells relative to the undivided cells (E1/E2 =
1.2 + 0.08); nonetheless this ratio was significantly different from
what we observed in roots where SHR movement had not been
modified (Fig. 2B E1/E2 = 2.4). Likewise there was no difference

Koizumi et al.

in the ratio of fluorescence between the undivided endodermal
cells (Fig. 2E the E2:E3 ratio = 0.95 + 0.19). These results
suggest that, whereas there may be inherent differences in SHR
stability in the different endodermal cells, this cannot explain all
of the variation observed.

Discussion

How developmental patterns are created and maintained is
a fundamental question of biology. In animals, secreted proteins
like Wnt, FGF, and TGF-p have been shown to act as morph-
ogens (24-30). Their function depends upon their concentration
and is generally inversely proportional to the distance from the
source. During the development of Drosophila melanogaster,
transcription factors like Bicoid and Hunchback are able to
function as mobile signals (31, 32) due to the syncytial nature of
the early Drosophila embryo. As nearly all plant cells are con-
nected via plasmodesmata, plants are essentially syncytial
throughout most, if not all of their development. Surprisingly,
however there are no proteins or peptides with the exception of
the phytohormones that move between cells and act in a con-
centration-dependent manner. The PLETHORA proteins have
been shown to act in a concentration-dependent manner, but
their concentration is dependent upon transcription and perhaps
protein stability, but not cell-to-cell movement (33, 34). In con-
trast, miRNA165/66 is a mobile RNA that moves through plas-
modesmata and acts in a dose-dependent manner (23, 35). Here
we show that the function of the SHR transcription factor varies
with dosage. In the root, the SHR protein is required to main-
tain the meristem and for the formation of endodermis (4, 7).
Later in the development of the root, SHR is necessary for the
periclinal cell divisions that form the MC (9). Examination of
SHR-GFP showed that a decrease in SHR levels precedes the
periclinal cell divisions that form MC and that following the
formation of the MC, SHR levels are considerably higher in
the divided endodermal cells than they were before MC forma-
tion began. These results are consistent with a model in which
high levels of SHR inhibit periclinal cell division and moderate
levels promote it.

It is known that the GA pathway regulates MC formation.
Mutations that inhibit GA production or sensing promote for-
mation of MC; whereas mutations that enhance GA signaling
delay this process. Therefore, one can speed the appearance of
periclinal cell divisions in the endodermis through the applica-
tion of PAC, an inhibitor of GA biosynthesis (9, 10). The MC
that forms after PAC induction does not follow the regular
stepwise pattern that is seen in 7- to 14-d-old roots; instead
periclinal cell divisions are induced throughout the endodermis
(9). Consistent with a role for SHR in this process, the amount of
SHR in the endodermis decreased uniformly in the endodermis
upon PAC treatment. One explanation for this decrease is that
GA regulates SHR turnover in the endodermis. GAs promote
the degradation of other GRAS proteins, specifically the
DELLA class proteins (36, 37). As GA inhibits the formation of
MC, one would predict an opposite effect on SHR function (i.e.,
that GA would decrease SHR degradation). An alternative ex-
planation is that GA regulates SHR movement. It is known that
GAs can induce the expression of 1,3 p-glucanases to regulate
plasmodesmata (PD). The 1,3 p-glucanases break down callose
and therefore increase transport through PD particularly in pe-
rennial plants, which restrict symplastic signaling during dor-
mancy (38-41). In these plants, GAs open PD and allow regrowth.
Recent results by Moubayidin suggest that GA activity decreases
in the root meristem at 5 d past germination (11), which in our
experiments would correspond to a day 7 seedling, the time at
which we first see the start of MC formation. Therefore, a local
reduction in GA during MC formation may be the driving force
upstream of SHR that precipitates the periclinal cell divisions in
the endodermis.
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Although we found an overall decrease in the levels of SHR-
GFP in endodermal cells after PAC treatment, there was actually
a 1.5-fold increase in the expression of pSHR:SHR-GFP after
PAC treatment. This increase in SHR transcription was not
borne out as an increase in SHR protein, as there was no sig-
nificant difference in SHR-GFP levels in the stele cells of the
PAC-treated and the untreated control roots. This may indicate
either an overall increase in the breakdown of SHR in the stele
after translation or an uncoupling of SHR transcription and
translation. In support of the second hypothesis, Nicolai et al.
found a significant number of genes whose transcripts increased
in the absence of sucrose, without a concomitant increase in the
levels of polysomal RNA (42). Likewise Ribeiro et al. showed
that for several of the genes in the GA pathway there was a sig-
nificant increase in mRNA expression upon PAC treatment, but
not an associated increase in translation (43). These results
suggest that a considerable level of translational buffering is
possible. This may explain the difference between the SHR
mRNA and protein levels in the presence of PAC.

To test whether a reduction in SHR can directly trigger the
asymmetric divisions that generate MC, we reduced SHR activity
by either inhibiting its ability to effectively enter the nucleus or
by decreasing the movement of SHR from the stele to the en-
dodermis. In shr-2 plants that were dependent upon SHR-GR
for normal radial patterning, removal of the roots from dex
resulted in ectopic perclinal cell divisions in the endodermis and
a transient increase in the number of ground tissue layers before
reversion to one ground tissue layer. Similarly a partial blockage
of SHR movement into the endodermis through activation of
PWOL:icalsm (23) increased the number of ground tissue layers
from two to three. In these roots, the reduction in SHR move-
ment largely diminished the difference in SHR-GFP levels be-
tween the divided cells (E1 in Fig. 2B) and those in line to divide
(E2 cells Fig. 2B), suggesting that differential movement of SHR
plays a larger role in creating the E1:E2 ratio (shown in Fig. 2B)
than differential degradation of the SHR protein. However, we
cannot rule out the possibility that the amount of SHR entering
the endodermis affects the rate at which SHR is degraded.
Therefore, we cannot conclusively assert that the reduction in
SHR in the endodermis primarily reflects a decrease in move-
ment rather than an increase in protein degradation. In-
dependent of the precise mechanism (i.e., reduced movement of
SHR, increased protein turnover or both) our results clearly
show that a moderate reduction in SHR promotes periclinal cell
divisions in the endodermis and that this reduction precedes
formation of MC. In light of these results it will be interesting to
see how SHR homologs, which are found throughout the plant
kingdom (44) function in roots that undergo multiple rounds of
ground tissue expansion, and whether MC formation plays
a significant role in the generation of a multilayered cortex. For
example in rice, OsSHR1 is expressed in the stele and retains the
ability to interact with OsSCR1 (and AtSCR), indicating a con-
servation of function. However, in rice, the series of repetitive
periclinal divisions that results in a radial expansion of the
ground tissue occurs very early in root growth and at the level of
the initials, suggesting a minor role for MC in the creation of
a multilayered cortex in rice (16).

One of the most striking phenotypes of the shr nulls is the
drastic reduction in root length caused by an inability to maintain
the QC. Interestingly, we did not see any effects of reduced SHR
levels on the regulation of root growth. Roots with largely
blocked (those expressing pSHR:SCR-mTFP) or reduced SHR
movement (pWOL:icalsm on estradiol), along with the shr-2
heterozygotes and the shr-eall homozygotes all had normal root
lengths, indicating that even a dramatic reduction in SHR levels
does not obviously affect meristem maintenance. These results
are consistent with our previously published results showing that
cell-autonomous SHR can rescue shr-2 root length.

13014 | www.pnas.org/cgi/doi/10.1073/pnas.1205579109

A recent publication by Wang et al. (18) examining SHR
function (PtSHRI) in hybrid poplar showed that reduced PtSHRI
activity (through the introduction of RNAI constructs) resulted
in an increase in the size of the plant. Plants with reduced
PtSHRI were taller and showed an increase in girth compared
with plants with normal levels of PtSHR activity. In addition they
showed that reduction of SHR in Arabidopsis increased the
overall size of the plant (18). While under our growth conditions
we did not see an overall increase in plant growth in the shr-2
heterozygotes, there was an increase in the size of the shr-eall
homozygotes compared with wild type. The length of the shr-eall
roots was similar to wild type; however, the aerial portions were
larger and there were generally more leaves (Fig. S2B). This
effect was seen at day 7 and was even more pronounced at later
stages. Taken together with Wang’s result, our results suggest
that SHR may have a dose-dependent effect on overall plant
growth through the regulation of cell division.

Conclusions

Together with data from multiple different groups (8-10, 14, 15,
17) we propose an integrated model for SHR function (Fig. S4)
in which SHR is maintained at high levels in the endodermis
through its targeted movement (directly facilitated by SIEL and
indirectly by SCR, which promotes expression of SIEL) (16)
followed by its subsequent trapping in the endodermis by SCR
and JKD. Under these conditions, SHR levels are sufficient to
inhibit the formation of MC. Later in development, SHR levels
decrease in the endodermis. This reduction allows the expression
of CYCD6;1 and therefore the formation of MC. It remains to be
determined what signals precipitate the reduction in SHR in the
endodermis, but one likely candidate is GA, as GA is known to
inhibit MC formation and GA function gradually decreases in
the meristem starting at 5 d postgermination (11).

Materials and Methods

Plant Materials and Growth Conditions. The sources of the mutant and trans-
genic lines are referenced throughout the paper. To observe the expression
pattern of pCYCD6;1:GFP-GUS in the mutant backgrounds, crosses were
conducted and the F; and F, individuals genotyped by PCR. Surface sterilized
seeds were sown on plates containing 0.5x Murashige and Skoog (MS;
Caisson) salt, 0.05% (wt/vol) Mes (pH 5.7), 1% (wt/vol) sucrose, and 0.5%
(wt/vol) phytagel (Sigma-Aldrich), and cold treated for 3-5 d at 4 °C in the
dark. Plates were then incubated vertically in a growth chamber at 23 °C
under 16 h light/8 h dark cycle.

PAC Estradiol and Dex Treatment. Stock solutions of 100 mM PAC (Phyto-
Technology Laboratories), 100 uM g-estradiol (Sigma-Aldrich), and 100 pM
dexamethasone (Sigma-Aldrich) were made and stored at —20 °C. For PAC
treatment, seeds were germinated for 30 h on regular MS plates and in-
dividually transferred to new MS plates supplemented with 2 pM PAC. Roots
were then examined at day 7 for the percentage showing periclinal cell
divisions in the endodermis. For all treatments a minimum of 17 and maxi-
mum of 47 roots were examined. For short-term (6-7 h) PAC treatment, 4- to
5-d-old seedlings were individually transferred to MS plates supplemented
with PAC. For analysis of cell division in the pWOL:icalsm line, seedlings
were treated with 10 pM p-estradiol for 12-24 h before observation. For
SHR-GR, seeds were grown for 3 d on MS plates supplemented with 10 pM
dex before being individually transferred to normal MS plates. For all direct
comparisons the same transgene insertion lines were used to control for
position effects.

Microscopy and Imaging. Root cross-sections were prepared as described (45).
Confocal images were obtained using a Leica TCS SL microscope. Before vi-
sualization, the roots were stained in 0.01 pg/mL Pl in water. For GFP
quantification of pSHR:SHR-GFP and pSHR:erGFP, images were collected on
the same day using identical confocal settings. The average GFP intensity
was measured in ImageJ software (http://rsbweb.nih.gov/ij/) on unmodified
root images. Quantitative analysis of pSHR:SHR-GFP signal intensity in the
endodermis relative to the stele was done on medial sections through the
meristem in which the endodermal cell nuclei were clearly visible (17). Briefly
the average intensity of SHR-GFP in a single endodermal cell nucleus was
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calculated using Imagel. In the same longitudinal domain as the measured
endodermal cell the average stele intensity was determined (as shown in the
boxed region in Figs. 2A and 3() yielding the endodermal-to-stele ratio.
More than 10 paired measurements were made for each root. For quanti-
fication of SHR-GFP levels between different roots the average intensity of
SHR-GFP in the meristem region of the stele was calculated from medial,
longitudinal cross-sections using Imagel. Statistics were done using Excel
(Microsoft Office). A minimum of 8 and maximum of 30 roots were used for
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