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Summary

In plants, cell fate specification depends primarily on multiple endodermal layers, SHR::GFP was not able to
position rather than lineage. Recent results indicate that move beyond the first endodermal layer, indicating that
positional information can be transmitted through  movement is not limited by a mechanism that recognizes
intercellular trafficking of transcription factors. The boundaries between cell types. Surprisingly, movement of
SHORT ROOT(SHR) gene, a member of the GRAS family SHR::GFP was observed when ectopic expression from an
of putative transcription factors, is involved in root radial ~ epidermal promoter was placed in a scarecro{scr) mutant
patterning in Arabidopsis. Correct radial patterning background, revealing a possible role for SCR in limiting
depends on the positional information transmitted through  movement. Analysis of the competence to respond to SHR-
limited SHR intercellular movement and translated into  mediated cell specification activity indicated that it was
cell division and specification by competent target cells. To broadly distributed in the epidermal lineage, while
investigate the regulation of SHR movement and the competence to respond to the cell division activity of SHR
competence to respond to it, we drove expression of a appeared limited to the initials and involved induction of
translational fusion SHR::GFP using four different tissue-  SCR. The spatial distribution of competence to respond to
specific promoters. In a wild-type background, SHR::GFP ~ SHR highlights the importance of tightly regulated
was not able to move from either phloem companion cells movement in generating the root radial pattern.

or epidermal cells, both of which have been shown to

support movement of other proteins, suggesting a

requirement for tissue-specific factors for SHR movement. Key words:Arabidopsis, Root, Radial pattei®HORT ROOT (SHR),
When expressed from its native promoter in plants with  Protein movement, Intercellular trafficking

Introduction endodermis and pericycle, surrounding a central vascular

Many lines of evidence indicate that cell fate determination if§Ylinder that together with the pericycle comprise the stele
plants is based primarily on position, even though well-define§P0lan et al., 1993). The radial pattern is generated through
cell lineages exist (Kidner et al., 2000; van den Berg et al., 19953tereotyped asymmetric divisions of a set of stem cells
Position-dependent fate determination must rely on highlfnitials’) in the meristem and subsequent acquisition of
coordinated intercellular interactions, which in plants arglifferent cell fates (Dolan et al., 1993). The endodermis and
complicated by the presence of cell walls. Membrane-lined poré®rtex cell layers (the ground tissue) are extended by two
called plasmodesmata (PD) pierce the cell walls, creating $eguential divisions of the cortex/endodermis (co/en) initial
cytoplasmic continuum (symplast) that becomes a possible rougglls. The first anticlinal division (i.e. with the plane of division
of communication between cells in plants. IntercellulafPerpendicular to the surface of the root) regenerates the initial
communication can thus occur either via secreted signaf¢ll and produces a daughter cell which then undergoes a
diffusing through the cell wall continuum (apoplast), or directlyPericlinal division (i.e. with the plane of division parallel to the
through the symplast. Positional information using either modgurface of the root) to form the first cells of the endodermis
of cell-cell communication can be regulated by limiting the exten@nd cortex layers. In loss-of-functioshr mutants, the
of travel of the signal (Lenhard and Laux, 2003), by thepericlinal division fails to take place (Benfey et al., 1993). This
distribution of the competence to respond to the signal, or bottiesults in a single tissue that has only cortex characteristics
Our previous work provided evidence that the SHORT(Benfey et al., 1993; Helariutta et al., 2000), indicating that
ROOT (SHR) protein, a member of the GRAS family of SHR is necessary for both periclinal division of the co/en initial
putative transcription factors, acts as a positional signalaughter and for endodermal specificati®HR transcripts
essential to radial pattern formation. Genetic analyses iwere detected only in the stele, indicating that it acts in a non-
Arabidopsis first revealed a role for SHR in root radial cell-autonomous fashion (Helariutta et al., 2000). Evidence
patterning (Benfey et al., 1993). The radial organization ofhat SHR protein is able to move from the stele provided a
the root encompasses concentric rings of epidermis, cortemjyechanism by which it could act as a positional signal in radial
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patterning (Helariutta et al., 2000; Nakajima et al., 2001). Weéhe importance of restricted SHR movement to generate the
have shown with GFP transcriptional and translationahormal radial pattern in the root. Moreover, these results
fusions, as well as with in situ mMRNA hybridization and showed that SHR movement is not a pre-condition for activity.
immunolocalization, that SHR moves from the stele of the root
to the first adjacent cell layer (Nakajima et al., 2001). )

Several other transcription factors have been shown to exdaterials and methods
their non-cell-autonomous actions by intercellular movementpNA constructs

presumably through PD (for reviews, see Barton, 2001; Hakee transiational fusion SHR::GRRas described in (Nakajima et al.,
2001; Roberts and Oparka, 2003; Wu et al., 2002). Thesgo1). The SUCPromoter (pSUC2) was a Hindlll-BamHI fragment
include the maize transcription factor KNOTTED1 (KN1) from a pSUC2::GFP construct (pMC72m M. Cilia), where the
(Lucas et al., 1995), th&ntirrhinum MADS domain proteins  Hindlll and the BamHI were 1988 bp and 2 bp upstream oSWE2
DEFICIENS (DEF) and GLOBOSA (GLO) (Perbal et al., ATG, respectively. A BamHI site was inserted 7 bp upstream of the
1996), theArabidopsisfloral identity protein LEAFY (LFY) ATG of the translational fusion SHR::GRFhich was then inserted

(Sessions et al., 2000), and the MYB-related CAPRICE (CPO;P”O the binary vector pBI101 (Clontech) as a Hindlll-Sstl fragment.
protein (Wada et al., 2002). he 5" and 3'regulatory regions (2.5 kbp(VERS) and 1.1 kb
Our previous results indicated that regulation of SHR(pWERS) were from the pWGFP3 plasmid described previously (Lee

. . . - nd Schiefelbein, 1999). T ER5'was fused to SHR::GFB
signaling occurred both in the extent of travel of the &gnaiverlap extension. A fra?gm(:[ﬁt/vcomposed of 682 bp from ﬂwé

(SHR protein moves into the endodermis but no further) ags nweRBand 12 bp from the' ®nd of SHR::GFRvas obtained by
well as competence to respond to the signal (although SHECR with Pfu polymerase (Stratagene) from the pWGEIBSMid

is present in stele cells they do not acquire endodermalith the forward primer TCCTTCTCACCTTCCAATGGG and
characteristics) (Helariutta et al., 2000; Nakajima et al., 2001}everse primer GEBAGTATCCATTGTTGATGTC (underlined region
Determining the mechanism by which SHR intercellularis from the SHRoding sequence). Then a fragment composed of 10
trafficking from the stele is limited to the next cell layer isbp from the 3end of pWERSand 452 bp from the’ ®nd of SHR,

essential to address how spatial control of the signal igcluding a uniqueSacl site was amplified by PCR fro#HR::GFP
regulated. Studying the distribution of competence to respontfth the fqrwarngncr;wTeéA%%iAg ggﬁgﬁggﬁ%and thet
to SHR by either periclinal cell divisions or endodermalSe's€ Primer - /he two fragments

) - were fused by overlap extension with the forward primer
specification is important for understanding the role of cellulat - cTTcTCACCTTCCAATGGG and the reverse primer G&TC-
competence in generating radial positional information.  AGGACCGAGTCTGC, obtaining a final product composed of 682
Previously, we attempted to address these issues by drivikg from pWERSfused to 452 bp from th®HR-coding sequence and
SHRexpression with two different promoters. Expression byending with aSacl site. The resulting fusion has 8 bp without

both the constitutive 358romoter and the SCRromoter, restriction sites between the end of the gendmiER5' regulatory
which is dependent oSHR activity for full activation and region and the SHRTG. From this, an 830 bp fragment spanning the
normally confers expression in the cell layer adjacent to thiision between pWER&NdSHRwas inserted between the Agel and
stele, resulted in supernumerary cell layers, many of which hazfc! sites of a modified version piWGFP3in which the only Sacl
endodermal characteristics (Helariutta et al., 2000; Nakajimglt¢ €ft marks the beginning of tR®ERS regulatory region. Then,
et al., 2001). However, with both promoters it was impossiblé € 300 bp Aatll-Sacl region (where Aatll belongsSHR) was

A ubstituted with the 2150 atll-Sacl fragment from the SHR::GFP
to determine if intercellular movement of SHR had Occurredfusion used elsewhere (Nakajima et al., 2001). Finally, the complete

Moreover, we could not determine the origins of those cellg g iy Kpnl-Sall constructpWERS::SHR::GFP::;pWER3 was
that responded to SHR by periclinal division or endodermahserted between Kpnl and Xbal of the binary vector pCGN1547
specification. For both movement and competence the probleicBride and Summerfelt, 1990). To constrp&L2::SHR::GFP,
was that one promoter is ubiquitously active and the othehe entireSHR::GFPfragment described previously (Nakajima et al.,
expresses in cells that normally contain SHR. 2001) was isolatgd l_:)etwee_n tBpel §ite 3 bp upstream of tB&IR

In this report, we investigate the regulation of SHRATG and a Sacl site immediately adjacent to the GfeP codon. The
movement and the distribution of competence to respongPe! site was filled in and this fragment was inserted in place of the
to SHR using tissue-specific regulatory sequences from t US cassette in the pGL2:GUS construct described elsewhere

- (Szymanski et al., 1998) between 8raal and Sacl sites in the binary
SUC2, GL2 and WERenes, as well as the nati&HR ctor pBI101. To construct pGL2::YFR we first isolatedYFPzr

. Y
promoter. These promoters were used to drive expression P%m pBERYFP1[a gift from Drs B. Scheres and R. Heidstra, made
the translational fusion SHR::GFP in the phloem companioghrough modifications of the2B::YFP construct described elsewhere

Ce||S, maturing atl’iChOblaStS, the epidel’mis Wlth |tS |n|t|a|s an(éBoiSnard_Lorig et a|_, 2001)] betweerBamH]I site 15 bp upstream
in the stele, respectively. We analyzed the ability of SHR::GFBf the YFPATG and anEcoRV site 20 bp downstream of t&P
to move from different cell types, the extent of movement whestop codon, and then inserted in place of @S cassette in
it occurred and the relationship of movement to subcellulapGL2::GUS betweenBamHI and Sacl [the latter made blunt with
localization. We found that in a wild-type background,EcolCRI(Promega)], upstream of the nopaline synthase terminator in
movement occurs only from certain cell types but that théhe binary vector pBI101.
S?(tem of (;nt?]\/?rg%né does TOt deplenq on tcel,!. type. We alqgants strains, transformation, and crosses

Iscovere a may piay a roie in restricting moye.me.nkrabidopsisseeds were surface sterilized and grown as described
Competence to respond to SHR-mediated cell speuﬂcaﬂzg}eviously (Benfey et al., 1993).
activity was broadly distributed in the outermost layer of th€ the constructs in binary vectors were electroporated  into
root, while competence to respond to the cell division activityxgrobacterium, which were then used to transform Arabidopsis
of SHR appeared limited to the initials and involved inductionColumbia ecotype) following the floral dip method (Clough and
of SCR. This broad competence to respond to SHR highlighteBent, 1998). Transgenic seedlings were selected on MS agar plates
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with 1% sucrose and 50g/ml kanamycin. For all the transgenes [y
discussed, numerous individuals from at least three independent
transformed lines were analyzed.

The line pWER::SHR::GFFAn a scr mutant background was
obtained by crossing a homozyggqu/ER::SHR::GFPline with a
homozygousscr-4 line (Fukaki et al., 1998). The progeny was
followed to the second generation and genotyped for presence of t
scr-4 allele and absence of wild-type SCR.

The line pWER:SHR::GFP, pGL2::YER was obtained by
crossing a homozygoysVER::SHR::GFFine with a homozygous
pGL2::YFR:R line and analyzing the F1 generation.

The line pWER:SHR::GFP, pSCR:YER was obtained by
crossing a homozygoysNVER::SHR::GFFine with a homozygous
pSCR::YFRR line (a gift from Dr B. Scheres) and analyzing the F1
generation.

Confocal microscopy

Roots were counterstained in u@/ml propidium iodide (PI) for 1
minute. Confocal images were obtained using>aé&ter-immersion
lens on a Leica TCS SP2 spectral confocal laser-scanning microscoj
In ‘GFP+YFP’ mode, we used the 488 nm Argon laser line to excit
and collected in the range 493-536 nm (rendered in green) and 5¢
731 nm (rendered in red, collecting emission from PI). In ‘YFP’
mode, we used the 514+543nm Argon laser lines to excite ar
collected in the ranges 555-587 nm (rendered in yellow) and 587-7:
nm (rendered in red, collecting emission from PI).

) ) o L . Fig. 1. SHR::GFP does not move from phloem companion cells
Histochemical staining, immunolocalization and in situ (CC), where the native SHRRomoter is not active. Longitudinal
hybridization (A-C) and transverse (D,E,G) confocal images of GFP fluorescence
Roots from 4-7 day post-germination seedlings were fixed andf pSUC2::GFP(A), pSUC2::GFRRr (GFPer contains ER targeting
embedded as described previously (Fukaki et al., 1998). For Caspariand retention signals) (B,D)SUC2::SHR::GFRC,E) and
strip detection, 6 p sections on slides were incubated overnight inpSHR::SHR::GFRG) transgenic roots. (F) In situ hybridization with
0.1% berberine hemisulfate (Sigma) at room temperature, rinsed witBFP antisense probe on transverse section from pSHR::SHR::GFP
water, counterstained for 10 minutes in 0.5% Aniline Blue WStransgenic root. The SUGRomoter is active in the phloem CC
(Polyscience) at room temperature, rinsed with water and transferrg¢B and arrows in D). Non-targeted GFP can move from the CC to the
for 5-10 minutes to 0.1% Fefin 50% glycerol. The slides were epidermis (A), while the fusion protein SHR::GFP does not leave the
mounted with a drop of the same 0.1% Relution (Brundrett et CC (C and arrows in E). The nati@{Rpromoter is not active in the
al., 1988; Scheres et al., 1995). Samples were analyzed with a Leigaloem CC (arrows in F), yet the SHR::GFP fusion protein can be
DMRA2 epifluorescence microscope with FITC filters. Forfound throughout the stele and in the endodermis when transcribed
immunolocalization, 6 pn sections were processed for staining with under the same promoter (G). Arrowheads in D and E indicate
the JIM13 antibody (Knox et al., 1990) as described previously (Dprotoxylem. ep, epidermis; co, cortex; en, endodermis; st, stele. Scale
Laurenzio et al., 1996). The samples were then analyzed Hyars: 50 m in A-C; 25um in D-G.
epifluorescence microscopy, as above. In situ hybridization analysis
was performed as described previously (Di Laurenzio et al., 1996).

The GFP-specific probe was first amplified by PCR to make thgieve elements (SE) (for reviews, see Oparka and Turgeon,
template spanning nearly the entire coding region. The reverse primgng99; Ruiz-Medrano et al., 2001; Van Bel, 2003). The filament
was designed to contain a T3 promoter site that was used to genergi@tein Phloem Protein 1 (PP1, 96 kDa) has been shown to
the antisense probes. move from the phloem CC to SE @ucurbita maximdeaves

(Clark et al., 1997; Leineweber et al., 2000). In addition, GFP
(27 kDa) is able to move from the phloem CC throughout the

Results . root meristem when expressed under the promoter &2
SHR::GFP is not able to move from the phloem sucrose-H symporter gene (pSUC2), which is known to be
companion cells active in the phloem CC (Imlau et al., 1999; Truernit and Sauer,

The translational fusion SHR::GFP was previously shown td995) (Fig. 1A, compare with Fig. 1B,D).
be able to move from the stele into the adjacent tissue layer, SHR RNA is not normally expressed in the phloem CC.
but not further, when expressed under the control oStHR  Analysis of pSHR::GFPtranscriptional fusions (data not
promoter (pSHR) in a wild-type background (Nakajima et al.shown) as well as in situ hybridization, both with a SHR
2001). One possible model was that movement from the stetmtisense probe in wild type (data not shown) and with a
is by passive diffusion. If this were the case then one mighBFP antisense probe in pSHR::SHR::GRRnsgenic lines
expect that SHR::GFP could move from any cell in which it igFig. 1F), indicates that SHRNA and SHR::GFP RNA,
expressed. To test this model, we investigated movement froraspectively, are excluded from the phloem CC and adjacent
cells known to be symplastically well connected to theircells in the more mature regions of the meristem. Because in
neighbors. pSHR::SHR::GFPtransgenic lines the SHR::GFP protein is
Within the stele, symplastic connections have beefound throughout the stele in these regions (Fig. 1G), this
documented between the phloem companion cells (CC) amtovides evidence that, in addition to movement from the stele
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;?e}lge adjacent layer, SHR is normally able to move within th%ig. 2. SHR::GFP moves only int
To determine if SHR::GFP is able to move from the phIOen%hnedgzjs;r?:]itsrlﬁkséug??gnerary
CC, we produced transgenic lines where the SHR::GFP fusiamngitudinal confocal image of a
protein (87 kDa) is driven by th@UC2promoter. In the root pSCR::SHR, pSHR::SHR::GFP
of pSUC2::SHR::GFHines, fluorescence was localized to thetransgenic root. The pSCR::SHR
nuclei of the phloem CC (Fig. 1C,E). We did not detect anypackground produces _
signal in other tissues (Fig. 1C,E, compare with Fig. 1B,D)supernumerary layers as describ
indicating that the fusion protein is not able to move. This lackreviously (Nakajima et al., 2001
of movement from cells that support movement of othefe‘”f| tTeJL.‘S'fh“ prtotleln SdH.R't'r?FfF
proteins raises the possibility that factors present where S | ecied in fhe ste'e and in e i
is normally expressed are required for SHR::GFP movemen:ﬁ]
An alternative explanation is that factors inhibiting SHR::GFP "

movement are present in the phloem CC.

er in contact with it (arrowheads). ep, epidermis;
supernumerary layers; st, stele. Scale barn25 p

SHR::GFP moves only one cell distance through In plants carrying a pGL2::SHR::GFP transgene the fusion
supernumerary endodermal layers protein was primarily localized to the atrichoblast cells (data
We next addressed the role of cell type in limiting the extentiot shown) in the epidermis, and the fusion protein did not
of movement. SHR moves from the stele to the endodermiappear to move into the neighboring cortex layer (Fig. 3A,B).
but does not move into the adjacent cortex. This suggested thdbreover, the GFP signal appeared to be localized
there might be some restriction in symplastic connectivitypreferentially to the nuclei of those cells (Fig. 3B).
between endodermis and cortex that limits the extent of radial
movement of SHR. A prediction from this hypothesis wouldCompetence to respond to SHR-mediated cell
be that SHR should be able to move from one presumptiv@vision is limited to initial cells
endodermal cell to another. We tested this in plants witlFrom the observation of four independ@@L2::SHR::GFP
multiple ground tissue layers all of which acquire endodermatansgenic lines, we saw no evidence of perturbation in radial
characteristics. This occurs when SKRiriven by theSCR  patterning, indicating that cell division processes had not been
promoter (pSCR) (Nakajima et al., 2001). Into these plants watered in these plants (Fig. 3A). We conclude that cells of the
introducedSHR::GFPdriven by the nativééHRpromoter. atrichoblast lineage above the initials do not appear to be
We detected the fusion protein in the stele and in the firglompetent to respond to the cell division promoting activity of
layer of ground tissue in contact with it, but not in the tissueSHR.
further away (Fig. 2). At the subcellular level, we detected We hypothesized that competence to respond to SHR by
SHR::GFP in both nuclei and cytoplasm within the stele bugenerating periclinal divisions may reside in the initial cells in
only in nuclei of the first ground tissue layer (arrowheads inwhich the GLZromoter does not confer detectable expression.
Fig. 2). In a few instances, a faint signal was detected in Fo test this hypothesis, we drove expression of the SHR::GFP
second cell next to the first ground tissue layer. This could bieanslational fusion using the &hd 3'regulatory sequences
attributed to the fact that after a periclinal division, SHR isfrom the WEREWOLF (WER) gene, which is transcribed in the
known to persist for a brief time in both daughter cellsepidermis, a region of the lateral root cap (LRC) and the
(Nakajima et al., 2001). epidermal/LRC (ep/LRC) initials (Lee and Schiefelbein, 1999)
We conclude that even when there are multiple layers qinset in Fig. 3C).
presumptive endodermis, SHR::GFP movement from the stele The pWER::SHR::GFRransgenic lines showed a dramatic
is still limited to the distance of one cell. This result suggestperturbation of the radial pattern with an excess of periclinal
that movement of SHR from the stele is limited not bycell divisions (Fig. 3C-E). The resulting supernumerary tissues
differences in symplastic connections but by some othesippeared organized in concentric layers (Fig. 3E), although the

attribute of the cells from or into which it moves. number of layers varied between independent transgenic lines.

These results together suggest that, in the epidermal lineage,
SHR::GFP is not able to move from the epidermis in only the initials are competent to respond to SHR with
a wild-type background periclinal divisions.

To further investigate the role of cell type in regulating SHR

movement we asked if SHR::GFP is able to move from a cefHR::GFP does not move from the epidermis even

type that does not normally contain SHR protein. We chose i) the presence of supernumerary layers

focus these experiments on the epidermis because there &ve then asked if SHR::GFP was now able to move within these
well-characterized promoters that confer expression in subsetstopic layers. In observations of three independent transgenic
of epidermal cells in different stages of development. Théines, we detected GFP signal only in the outermost tissue,
promoter of the homeobox ge@ABRA2 (GL2) is active in where SHR::GFP appeared localized to the nuclei (Fig. 3C,D).
the root epidermis, with preferential expression in thdn the very few cases when SHR::GFP was detected in a cell
atrichoblasts (non-hair cells). Expression becomes detectabet in the outermost layer, the morphology always suggested
in the meristematic zone, but not in the initials, and ighat it resulted from a recent cell division of a neighboring cell
maintained in the elongation zone and in at least part of tha the outermost tissue layer, which also contained SHR::GFP.
differentiation zone (Lin and Schiefelbein, 2001; Masucci ein conclusion, SHR::GFP does not move from the epidermis
al., 1996) (inset in Fig. 3A). even in the presence of supernumerary layers.
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Fig. 4. SCR is required for pWER::SHR::Giaediated ectopic
divisions and movement of SHR::GFP from the epidermis occurs in
a scrmutant background. Longitudinal confocal images of
pWER::SHR::GFRransgenic roots in a scrigackground (A, red
channel only) and (B) pSHR::SHR::GFRransgenic root in scr-1
background (inset in B), and in situ hybridizations v&P

antisense probe on transverse sections from pWER::SHR::GFP
transgenic roots in wild-type (C) asdr-4 (D) backgrounds. The
resulting radial pattern (A) is identical to that of @r Laurenzio et

al., 1996). The fusion protein SHR::GFP is found in the epidermis as
well as in the mutant ground tissue layer (B), whereas no RNA
expression of SHR::GFR detectable in the mutant layer of the scr-

4 root (D), indicating movement of the fusion protein from the

Fig. 3.SHR::GFP does not move from the epidermis even when epidermis to the mutant layer. SHR::GFP is detected both in the
supernumerary layers are present. Longitudinal confocal images  nuclei and in the cytoplasm of the mutant layer, when moving either

(A-D) and transverse section (E) of pGL2::YdrRinset in A), from the epidermis [as in pWER::SHR::GkPscr-4(B)] or from
PWER::YFRR (inset in C), pGL2::SHR::GFRA,B) and the stele [as in pSHR::SHR::GH®scr-1(inset in B)]. mut, mutant
PWER::SHR::GFRC-E) transgenic roots. pWER::SHR::GFP layer of scr; LRC, lateral root cap; ep, epidermis; sn, supernumerary
induces a pattern perturbation resulting in supernumerary layers  layers; st, stele. Arrowheads in the inset indicate the mutant layer.
(C,E), while pGL2::SHR::GFRloes not alter the pattern (A). Scale bars: 50m in A; 25 pm in B-D.

SHR::GFP does not appear to move from the epidermis in either
pGL2::SHR::GFP(B) or in pWER::SHR::GFKD) transgenic roots. . . .
Arrow in the inset of C indicates ep/LRC initial. ep, epidermis; co, expressingHR::GFPdriven by the WERegulatory elements,

cortex; en, endodermis; sn, supernumerary layers. Scale banst 50 pWe asked whether the resulting ectopi_c pericl_inal divisions
in A,C,E; 25 im in B,D. were dependent on SCR. To address this question, we crossed

a pWER:SHR::GFP line exhibiting a large number of

supernumerary layers into the scmutant background. We
Competence to respond to SHR-mediated cell observed a sgohenotype, lacking not only the supernumerary
divisions is through SCR layers but also one of the two ground tissues (Fig. 4A),
SHR has been shown to act through SCR to induce thdemonstrating that SCR is required for the periclinal divisions
periclinal division that generates endodermis and corteinduced in the ep/LRC initials by ectopic SHR::GFP.
(Helariutta et al., 2000). Moreover we have previously shown BecauseSCRis not expressed in the ep/LRC initials in wild-
that the supernumerary divisions induced by expression a@ype plants this result suggests that the expressiBHf:GFP
SHR behind a SCRromoter are dependent on active SCRfrom the WER promoter is sufficient to induce ectopic
(Helariutta et al., 2000; Nakajima et al., 2001). In plantexpression of SCR. To determine if this indeed is the case, we
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crossed a pWER::SHR::GHiRe with a reporter pSCR::YER
line (YFR=r contains ER targeting and retention signals). The
lines were analyzed using two different confocal microscop
settings (see Materials and methods). In GFP+YFP mod
fluorescent signals from both GFP and YFP are detected, whi
in YFP mode only YFP is detected. In the double transgeni
plants, we observed YFP in a pattern similar to the wild-typt
expression pattern of SCRndodermis, co/en initial and
daughter and QC (Di Laurenzio et al., 1996)] (Fig. 5B).
However, we did not observe YFP in the epidermis above tr
initials, although SHR::GFP was clearly visible in their nuclei
(Fig. 5A). Strikingly, both YFP and SHR::GFP were detectec
in cells in a position corresponding to the ep/LRC initials (Fig
5D, arrowhead). In all cases where YFP was detected outsi
the wild-type SCRxpression pattern, we also observed nuclea
localized SHR::GFP (Fig. 5C-F). Taken together, these resul
indicate that the competence to respond to SHR lies in tf
ep/LRC initials and that the generation of ectopic cell layers i
response to SHR in these cells is through inductidBGR.

SHR::GFP is able to move from the epidermis in a
scr mutant background

When we analyzed the localization of SHR::GFP driven by th
WERpromoter in the sdnackground, we observed fluorescence
in both the epidermal layer as well as the single ground tisst
layer (Fig. 4B). To be certain that this apparent movement we
not due to a change in tissue-specificity of WIER promoter

in the scr background, we performed in situ hybridizatior
using antisens&FP sequence as a probe. The in situ result:
confirmed that the SHR::GFMRNA was confined to the
epidermis of this line (Fig. 4D, compare with Fig. 4C),
indicating that the protein had moved from the epidermis to th
mutant cell layer. Another striking observation was that GF}
fluorescence was localized both to the nuclei and to the. . -

coplasminthe epderis s wel s he mutantyer (g AR5, SCF Nssed oy i ppuer stmcre |
This I‘T’}St result is compatible with our previous ObservatlorbSCR::YFI%R, pWER::SHR::GFRrans’genic root. In the GFP+YFP
(Nakajima et al., 2001) that SHR::GFP is present in both thgode (see Materials and methods), signals from both GFP and
cytoplasm and nucleus in the mutant layer of 8@  yFpcgare rendered in green (A,C,E): in the YFP mode, the signal
background, when the fusion protein was expressed under them YFR:r alone is rendered in yellow (B,D,F). The S@@moter
control of the SHRendogenous promoter (this is particularly is active in its normal expression pattern (endodermis, en/co initial
evident in the meristematic zone, as shown in the inset of Fignd daughter and QC) and in cells in a position that corresponds to
4B). We conclude that the senutant background alters the the location of the ep/LRC initials (arrowheads) (B,D,F). $fR
SHR::GFP subcellular localization when expressed in th@Omoter is not active in the outermost tissue, even though
epidermis, as well as its potential for intercellular movement>HR::GFP is visible in its nuclei (arrow in A,B). QC, quiescent
These effects may argue for a role for SCR in restrictingmer’ st, stele; en, endodermis. Scale barsnb0A.B; 25 ym in
movement or may result indirectly from the altered radial™ -

pattern in the scmutant root.

deposition was found not only in the normal location of the
Competence to respond to SHR-mediated cell endodermis (arrowheads in Fig. 6C,E) but also in some cells
specification is widely distributed in the epidermis of the outermost tissue layer (arrows in Fig. 6C,E). JIM13
To determine the competence to respond to SHR-mediatéthmunostaining was detected in even a greater number of cells
cell specification activity, we looked for two independentin the outermost tissue (Fig. 6D,F), confirming the endodermal
endodermis-specific markers in roots of pGL2::SHR::@RB  character of these cells. These results indicate that the outer
pWER::SHR::GFPransgenic lines. We used a histochemicalayer cells are competent to respond to the cell specification
stain that reveals the suberin in the endodermis-specifivle of SHR. Moreover, SHR::GFP is synthesized in these
hydrophobic cell wall deposit known as Casparian strip (asells, rather than moving into them, and yet is able to induce
well as the lignin in differentiating xylem cells) (Brundrett et endodermal characteristics. This argues against a model in
al., 1988) (Fig. 6A) and the JIM13 monoclonal antibodywhich movement is a prerequisite for activity.
specific for an arabinogalactan epitope found in the endodermis To investigate whether a complete transformation from
(as well as in a subset of stele cells) (Dolan and Roberts, 1998pidermal to endodermal fate had occurred, we looked for
(Fig. 6B). In both transgenic lines, evidence of Casparian strippidermal characteristics in the outer layer. Root hairs are
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Fig. 7. Epidermal cell fate is not lost when SHR is expressed in the
epidermis. Longitudinal confocal images of the s@@&2::YFR:R,
pWER::SHR::GFRransgenic root (A-C). In the GFP+YFP mode
(see Materials and methods) signals from both GFP andr/@&®e
rendered in green (A,B) while in the YFP mode the signal from
YFPer alone is rendered in yellow (C). The epidermis-specific GL2
promoter is active in cells above the initials containing SHR::GFP
(arrowheads), while younger cells contain SHR::GFP but do not
show any YFBR (arrows). st, stele. Scale bars: 5@ in A; 25 un

in B,C.

expression, we crossed tp&L2::YFR:R reporter construct
into the transgenic line pWER::SHR::GFERd performed an
analysis with confocal microscopy using the settings described
above. In the GFP+YFP mode, we detected SHR::GFP in the
nuclei of the ep/LRC initials and cells in the outermost tissue
(Fig. 7A,B), while in the YFP mode we observed ER-localized
YFP in the outermost tissue starting a few cells above the
initials (Fig. 7C) in a pattern similar to that of t& 2
promoter in wild type (data not shown). These observations
indicate that although endodermal characters are induced by
the ectopic expression of SHR::GFP in the outermost layer,
epidermal cell-fate is not completely lost.

Discussion
Fig. 6. Competence to respond to SHR::GFP-mediated cell fate . ;
changes. Endodermis-specific markers. Casparian strip histochemi({&terce”ular.fr.nc;vemem of SHR::GFP is regulated by

staining (A,C,E) and JIM13 immunostaining (B,D,F) of transverse ISsue-specific factors

sections of wild-type (A,B), pGL2::SHR::GF,D) and In principle, a mechanism of positional information requires a
PWER::SHR::GFRE,F) transgenic roots. C,D and E,F are spatial distribution of a signal that is then detected and
consecutive sections (the star and the asterisk indicate the same ceftanslated into the appropriate output. The distributions of both
in C,D and E,F, respectively). In both transgenic lines, Casparian  the signal and the competence to detect and translate it can be
strip is detected in the normal location of the endodermis targets of regulation. To characterize the role of SHR in
(arrowheads in A,C,E), as well as in some cells of the outermost .4 nomitting positional information required for root radial
tissue (arrows in C,E). Lignin in the xylem is also stained. JIM13 is Batterning we investigated both the regulation of its

also detected in the normal location of the endodermis (B,D,F) and ¢ il t and th t h dto it
some cells of the outermost tissue (D,F). Some cells in the stele are€rCeliUiar movement and the competence {o respond 1o it.

also stained by JIM13. ep, epidermis; co, cortex; en, endodermis; st, |t has been proposed that symplastic movement of molecules
stele. Scale bars: 25m can occur by two mechanisms: simple diffusion is possible if

the molecule is smaller than the basal size exclusion limit

(SEL) of the PD, while active movement requiring a dilation
developed by epidermal cells in the trichoblast position in wildf the PD can occur for bigger molecules (Zambryski and
type and there is evidence that signaling from atrichoblasts fsrawford, 2000). The process involved in triggering PD
required for their correct placement (Lee and Schiefelbeirgilation is not understood, but it appears that some form of
2002). In our transgenic lines, root hairs were indeed producespecific interaction between the trafficking protein and the PD
and, at least in thpGL2::SHR::GFP lines, appeared to be in apparatus is required (Haywood et al., 2002).
the expected positions (data not shown). A second marker of When the SHR::GFP fusion protein is expressed in the stele
epidermal fate is the GLPromoter activity itself, which under the control of th&HR promoter, it moves into the
is atrichoblast specific. It clearly remains active in theadjacent tissue layer, but not further (Nakajima et al., 2001)
pGL2::SHR::GFPline, suggesting that the presence of the(Fig. 8A,C). One hypothesis for this limited trafficking is that
fusion protein in the nuclei of atrichoblasts is not sufficient toSHR::GFP can move passively from any cell in which it is
shut down this aspect of their epidermal fate. To determinexpressed, and that movement is limited by a symplastic barrier
if expression of pWER::SHR::GFMRas an effect on GL2 at the endodermal/cortex boundary. Neither part of this
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o Y ] trigger another round of division, and this process could be
repeated.
=an A role for SCR in limiting intercellular movement
B 1 A surprising result was that SHR::GFP moved from epidermal
cells in the scr mutant background and that movement
” correlated with a change in subcellular localization (Fig. 8F).
. % Because we showed that in those transgenic linesS@R
B ) ' promoter is not active in the epidermal tissue above the initials,
formally this suggests a non-cell autonomous effecBGR
st | @ on SHR:GFP movement. This could be achieved through
— perdurance of SCR protein produced in the initials. A more

plausible explanation is that there is normally an indirect effect
the radial axis. pSHR::SHR::GFR wild type (A) (Nakajima et al., either of SCR expressed in the initials or expressed in the

2001); pSHR::SHR::GFfh pSCR::SHRB); pSHR::SHR::GFAn endodermis resulting in nuclear localization of SHR::GFP,
scr-l(b) (Nakajima et al., 2001); pGLZ::éHR::GmeiId type which inhibits movement. Alternatively, the change of radial

(D); pWER::SHR::GFRn wild type (E); pWER::SHR::GFIh scr-4 pattern in the scmutant could have an effect on subcellular
(F). Green circle represents nuclear GFP; (strong or weak) green cdibcalization and movement of SHR::GFP.
represents (strong or weak accumulation of) cytoplasmic GFP. st, Subcellular localization has been suggested to be one relevant
stele. Refer to the text for discussion. parameter in the regulation of intercellular protein movement
(Crawford and Zambryski, 2000). A recent analysis of a number
of GFP-tagged proteins expressed in the shoot apical meristem
hypothesis could be tested using the constitutivep36®oter showed a positive correlation between cytoplasmic
or the SCRoromoter. Here, we first used the SU@2moter  accumulation and intercellular movement (Wu et al., 2003). In
to express SHR in the phloem CC, which have been showparticular, a functional translational fusion between GFP and
to be symplastically connected to other cells (Oparka anthe transcription factor LEAFY has been proposed to move by
Turgeon, 1999; Ruiz-Medrano et al., 2001; Van Bel, 2003). Thdiffusion in the shoot apical meristem (Sessions et al., 2000;
lack of any movement of the fusion protein from the phloemu et al., 2003). The fact that SHR::GFP accumulation in the
CC, was our first indication that factors present in the sourcgytoplasm of the source tissue correlates with its movement
tissue may play an important part in determining the ability oBuggested that this might be a necessary and sufficient condition
SHR::GFP to move. This was confirmed by expression ofor movement. However, analysis of a mutant form of SHR
SHR::GFP in the epidermal lineage, which did not supporsuggests that although necessary for movement, cytoplasmic
movement (Fig. 8D,E). The lack of SHR::GFP movement frontocalization is not a sufficient condition (K. L. Gallagher, A. J.
both phloem CC and epidermal cells cannot be attributed ®aquette, K. Nakajima and P.N.B., unpublished). This raises the
impaired symplastic connections between these cells and thgiossibility that either tissue-specific factors or post-translational
neighbors, as non-targeted GFP driven by the same promotemadifications of SHR could be involved in regulating
is able to move throughout all root tissues (Imlau et al., 1999novement. Interestingly, protein phosphorylation has been
(M. Cilia, personal communication). This suggests that factorassociated with the regulation of the tobacco mosaic virus
required for SHR::GFP movement are absent in the phloemovement protein TMV-MP intercellular trafficking (Citovsky
CC, the epidermis and the endodermis. Alternatively, factorst al., 1993; Waigmann et al., 2000) and a similar mechanism
inhibiting movement might be present in these cells. has been recently proposed for KN1 (Kim et al., 2003).
Next we addressed the importance of cellular connectivity in
limiting movement by showing that even in a situation wherel here is a broad competence to respond to SHR-
there are multiple cell layers specified as endodermis (Nakajinfaediated cell specification
et al., 2001), SHR::GFP moves only from the stele to the firdecause cell specification has been shown to be dependent on
ground tissue layer (Fig. 8B). This demonstrates that thposition in most plant tissues (Kidner et al., 2000; van den Berg
mechanism that limits SHR::GFP movement does not make us¢ al., 1997), it follows that cues are required to define a
of differences between endodermis and the neighboring cortelocation along the radial axis. SHR is expressed in the stele and
This result also provides new insight into the generation ot is necessary for the correct differentiation of the endodermal
the ectopic cell layers in plants containing #@CR::SHR tissue, into which it moves (Helariutta et al., 2000; Nakajima
construct (Nakajima et al., 2001). The lack of movement oét al., 2001). In the simplest scenario, SHR could then be the
SHR::GFP from the endodermis to the adjoining endodermadositional cue ‘instructing’ the ground tissue in contact with
layers would suggest that the ectopic layers are not producétk stele to acquire endodermal fate. This raises the question
by movement from one layer to the next. Inmunolocalizatiorof whether a pre-pattern of competence exists to respond to
of SHR in wild-type roots indicated that SHR was normallySHR or whether SHR alone is sufficient to induce endodermal
partitioned in roughly equal amounts after the periclinafate in any cell in which it is present. We know that SHR is not
division of the co/en initial daughter (Nakajima et al., 2001) sufficient to induce endodermal differentiation in the stele
This would suggest that the extra divisions in s R::SHR  (Helariutta et al., 2000). However, we have shown that it is
lines are likely to be the result of increased levels of SHR isufficient to induce at least some aspects of endodermal fate
the external daughter (produced by a positive-feedback loop determination in the supernumerary layers between the stele
SHR on the SCRromoter). These increased levels would therand the epidermis in plants expresst®CR::SHRNakajima

Fig. 8. Summary of the SHR::GFP localization experiments along
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et al., 2001). To extend this analysis to the outermost layer Lrc ©SP co en

the root, we asked if cells of the epidermal lineage are able

acquire endodermal characteristics in response to SHR. .

least two independent endodermal markers could be found

cells of the epidermal lineage wh&HR::GFPis expressed ste
there. Thus, competence to develop endodermal characterist
in response to SHR appears to exist in all root tissues along t
radial axis external to the stele. Moreover, expression c
SHR::GFP by th&L2 promoter solely in maturing epidermal

cells is sufficient to confer endodermal fate. This broac l
competence to respond to SHR indicates that development p— I
a single endodermal layer in contact with the stele depenc in {
on tight regulation of SHR movement. Without this tight

regulation, endodermal characteristics would be foun ep/LRC

throughout the radial axis of the root external to the stele. TF
ability to induce endodermal characteristics in the epiderms
lineage in the absence of SHR::GFP movement also providc.

evidence that movement is not a pre-condition for activity. fgig 9. Relationship between SHR movement and competence to

It is interesting to note that expression of SHR::GFP in theespond to SHR in regulating root radial patterning. Movement of
epidermal lineage did not result in a complete transformatioBHR protein (asterisks) from the stele is limited to the adjacent layer
of this tissue to endodermis. Root hairs were still made bfred arrows), while the competence to respond to SHR extends
trichoblasts and the atrichoblast-specific rep@@i2::YFRR beyond the zone of movement. Cells that are competent to respond to
was active. We previously reported that, @SCR::SHR, SHR-mediated cell specification are rendered in green (cortex
pGL2::GUStransgenic roots, a very small number of cells incompetence has yet to be directly tested); initial cells competent to

the outermost position of the supernumerary layers containdgSPond to SHR-mediated cell periclinal divisions are rendered in
SHR protein in their nuclei and did not expr&idSfrom the yellow. The fact that competence to respond to SHR exists outside of

- the zone of SHR movement highlights the crucial role of regulated
GL2 promoter (Nakajima et al., 2001). In these plants, FhergHR movement in root radial patterning. in, initial; ep, epidermis;
appeared to have been a more complete transformation &g cortex; en, endodermis; st, stele: LRC, lateral root cap.

endodermis. A likely explanation is that the cells containing
SHR originated in the internal supernumerary layers . . o
(expressing SHR and not GL2), and were ‘pushed’ into thgencllnal cell divisions. However, whenever the pattern

outermost position due to cell division events associated Wm’lllowed us to morphologically recognize the exact location of
the strongly perturbed radial pattern. the co/en initials, we did not detect any GFP in these cells.

Moreover, in pSHR::SHR::GFPansgenic roots in a wild-type
There is a restricted competence to respond to SHR- background, where the fusion protein moved into the co/en
mediated periclinal cell divisions initials, we never observed any significant alteration of the
We have previously shown that either ubiquitoS$IR radial pattern (data not shown). The difference in competence
expression driven by th85S promoter or more restricted © respond to SHR in different cell types suggests the presence

expression with the SQRomoter resulted in a perturbed radial of factors distributed in a tissue-specific manner. These factors
pattern with supernumerary cell layers (Helariutta et al., 200@0uld for example dimerize with SHR to either activate or
Nakajima et al., 2001). In both cas&CR expression was inhibit the transcription of target genes, or_modlfy SHR activity
shown to be induced in the supernumerary layers as well as ¥ Producing post-translational modifications. .
the colen initials (Helariutta et al., 2000; Nakajima et al., 2001), !N conclusion, our analysis of tissue-specific ectopic
Moreover, induction of ectopic cell layers by h8CR::SHR exPression of SHR::GFP has revealed a complex picture of
transgene was dependent on active SCR (Nakajima et al., 200§} regulation of its intercellular trafficking. Movement by
We have extended our understanding of the potential fdjiTusion seems insufficient to explain the features we
SHR to alter radial patterning by showing that the ep/LRCOPServed. Rather, tissue-specific factors seem likely to play a
initials are competent to respond to SHR by expressin le in regulating movement of SHR::GFP. Restriction of _SHR
SCRand producing supernumerary cell layers. By contras ovement to the first layer external to the stele is crucial to
expression of SHR::GFFestricted to more mature epidermal 'adial patterning, as competence to respond to SHR-mediated
cells did not result in SCR expression, suggesting that only tif&!! Specification appears widespread along the radial axis,
initials are competent to express SGpon SHR induction. While competence to respond to SHR-mediated periclinal cell
In the case of PWER:SHR::GFPproduction of the divisions resides in initial cells (Fig. 9). This non-uniform

supernumerary tissues disappeared in axstant background, Qistribution .Qf competence to respond to .SHR also suggests
indicating that the competence to respond to SHR by periclinéflssue‘SpeC'f'C localization of factors essential for SHR activity.

cell divisions is mediated by SCR in these initial cells that
normally never see SHR or SCR. . P .
- . rom the pWER::GFBr transgenic line and the pWGFR&smid

We cannot formally exclude the possibility that instead o ontaining the regulatory regions WER; M. D. Marks for the

acting in the ep/LRC initials, small amounts of SHR::GFPpjasmid containingGL2::GUS; B. Scheres and R. Heidstra for the
moved into the co/en initials (where endogenous SHR iBBERYFPIplasmid, containing YR and for the seeds from the
already present) and there induc&CR-dependent extra pSCR:YFRRline; N. Sauer for the plasmid containing the original
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