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SUMMARY

The primary root of Arabidopsishas a simple cellular  This results in the formation of a single layered ground
organisation. The fixed radial cell pattern results from tissue in the double mutants. Cells of this layer develop root
stereotypical cell divisions that occur in the meristem. Here hairs, indicating that mis-specification of the ground tissue
we describe the characterisation ofschizoriza (sc), a  in sczmutants is uncoupled to the cell division defect. This
mutant with defective radial patterning. In sczmutants, the  suggests that during the development of the ground tissue
subepidermal layer (ground tissue) develops root hairs. SCZ has two distinct roles: (1) it acts as a suppressor of
Root hairs normally only form on epidermal cells of wild-  epidermal fate in the ground tissue, and (2) it is required
type plants. Moreover, extra periclinal divisions (new wall  to repress periclinal divisions in the meristem. It may act
parallel to surface of the root) occur in thesczroot resulting in the same pathway aSCRand SHR.

in the formation of supernumerary layers in the ground

tissue. Bothscarecrow(scr) and short root(shr) suppress the  Key words: Root, Radial pattern, Epidermis, Root tsainjzoriza
extra periclinal divisions characteristic ofsczmutant roots.  Arabidopsis thaliana

INTRODUCTION population of rapidly dividing cells in the meristem. After
division, cells elongate before they acquire their mature size
In plants, meristems are populations of stem cells from whicand shape in the differentiation zone. Once the radial
the body of the plant subsequently develops. Cells within therganisation of tissues is established in the root, the tangential
primary shoot meristem give rise to different organs such adifferentiation of cell types occurs in the epidermis. The mature
leaves, stem and the floral organs. The primary root meristerapidermis is composed of cells bearing hairs that develop from
however, elaborates a single organ, the root, which has raeristematic trichoblasts, and non hair-bearing epidermal cells
stereotyped radial pattern of tissuesAhabidopsisthis radial ~ which develop from atrichoblasts.
pattern is simple. Root cells are organised as concentric ringsThe identification of mutants with defects in radial pattern
of lateral root cap, epidermis, ground tissue (cortex antflas provided a basis for understanding the mechanism of radial
endodermis), and a pericycle surrounding a central stele (Dolgatterning in the root. Plants homozygous for sharecrow
et al., 1993) (see Fig. 4A). This cell pattern is first laid dowr(scr) andshort root(shr) mutations have defects in the division
during embryogenesis and is maintained by regular divisionsf the cortex/endodermis initial daughter cell resulting in the
of stem cells (initials) in the meristem of the developing rootformation of a single layer of ground tissue instead of two
These initials surround four central cells (quiescent centre) théBenfey et al., 1993; Scheres et al., 199)Ris essential for
divide infrequently. There are four sets of initials: the lateratell division, but not differentiation, of the ground tissue
root cap/epidermal initials, the cortical/endodermal initials, théScheres et al., 1995; Di Laurenzio et al., 1996). In contrast,
columella initials and the pericycle/vascular initials (Dolan etSHRplays a role in both cell division and the differentiation
al., 1993). Initials divide in a stereotypical pattern to give riseof the endodermis (Benfey et al., 1993; Helariutta et al., 2000).
to the cells in each of the tissue layers (see Fig. 4A). FBCR and SHR are members of the GRAS family of
example, the cortex/endodermis initial divides anticlinallytranscription factors (Di Laurenzio et al., 1996; Helariutta et
(new wall perpendicular to the root surface) to generate a neal., 2000). SCR is expressed in the quiescent centre, the
initial and a daughter cell. The daughter cell dividescortex/endodermis initial and the endodermis (Di Laurenzio et
periclinally (new wall parallel to the surface of the root) andal., 1996; Wysocka-Diller et al., 200GHRis expressed in the
asymmetrically to generate a small inner cell which is thestele (pericycle and vascular cylinder) and has been shown to
daughter cell of the endodermis and a larger outer cell that widict in a non cell-autonomous manner (Helariutta et al., 2000).
develop as cortex. Initials divide slowly, adding to theGenetic analysis has shown tIRandSHRact in the same
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pathway sinceshr is epistatic toscr and SHR is required for Number of plants used for the analysis

SCRtranscription. Fifty sczmutant roots were analysed with confocal microscopy at 3
Here we describe a mutant callednhizoriza(sc which  days, 4 days and 5 days after germination. Thirty wild-type plants and

was identified in a screen for genes involved in the30 scz GFP-expressing plants were examined using confocal

development of the root epidermis. Plants homozygous for thgicroscopy at 3 days, 5 days and 7 days after germination (10 plants

root hairs emerge from subepidermal cells. The extrRlants from each double mutant combination were plated and

periclinal divisions that occur isczmutants are suppressed observed with a stereomicroscope. Thirty plants from each double

. L mutant combination were analysed further with confocal microscopy.
by bothscr and shr mutations indicating th&HR SCRand 25 scz GL2::GUSplants were stained for GUS activity. Sicz

SCZact in the same pathway in the regulation of cell divisiong) ».:Gusplants embedded in Technovit, were sectioned to look for

in the root meristem. Becausez scrand scz shrdouble  GusS activity in subepidermal positioned cells.

mutants do form root hairs in the ground tissue it suggests that

the mis-specification of subepidermal cell fate $¢Zis  Semi-quantitative RT-PCR analysis

independent oSHRandSCR Total RNA was isolated fromdr and scz3-day-old roots using an
RNeasy™ Plant Mini Kit (Qiagen). Genomic contamination was
removed by DNase treatmentug of RNA was reverse transcribed
with oligo(dT) using murine reverse transcriptase and used as

MATERIALS AND METHODS templates for PCR amplification. The gene specific primers SCR5: 5

Pl h conditi GGAATTTACGCGGCTTTGCCTTCACGGTGGATG*3and SCR3:

ant growth conditions 5-TACAAATCTTCCTAAGAAAGAACCAGCGTGGCT-3,  were

Seeds were surface sterilised in 5% sodium hypochlorite and sown @8ed to amplifySCR These primers produce a fragment of 564 bp

half strength Murashige and Skoog (Duchefa, Haarlem, Th@uhen cDNA is used as a template and a fragment of 680 bp when

Netherlands) medium (pH 5.8), containing 1% sucrose and 0.8%enomic DNA is the template. Primers EFAGCTCTATGGAAG-

phytagel. The plants were stratified for 2 days and grown IMTTCGACC-3 and EF2 5GGTGTGGCAATCGAGAACTGGG-3

continuous light conditions at an angle of 45°. were used to amplify thérabidopsiselongation factor 1-alpha 4

. o . (Liboz et al., 1989), for a control of equal amounts of cDNA used in

Mapping the schizoriza mutation the PCR reactions. These primers produce a fragment of 811 bp when

Col and Col-0 plants were used to pollinate homozygeasutant  ¢DNA is used as template and a fragment of 912 bp when genomic

plants (ecotype &r). An F2 population was generated. Individual F DNA is used. PCR reactions were run for 22, 25, 28, 31 and 34 cycles
scz mutants were selected for mapping. DNA isolated from thegr SCRand 18, 22 and 25 f&F1.

mutants was analysed using CAPS and SSLP markers (Klimyuk et
al., 1993; Konieczny and Ausubel, 1993; Bell and Ecker, 1994).

Confocal microscopy RESULTS
Three- to 7-day-old seedlings were stained with 0.1 mg/ml propidium

iodide solution for 5-15 minutes. Propidium iodide-stained roots werédentification and genetic analysis of the schizoriza
imaged with an MRC1024 Biorad confocal microscope using 568 nrigot mutant

excitation line and a YHS filter block or a Leica TC5 SP confocal : : .
microscope using the 568 nm excitation and 498-551 nm emissio’% population of Ac/Ds transposon tagged lines was visually

lines. The 488 nm excitation and 580-700 nm emission lines on t%;/eened to isolate root mUtan,t,S with defects in epidermal
Leica microscope were used to image GFP expression in the enhan@évelopment. The screen identified a mutant that developed
trap lines. Images were processed using NIH Imagdairier roots than wild-type plants. The mutant was named
(http://rsb.info.hih.gov/nih-image) and assembled using Adobeschizoriza(sc. Apart from a decrease in shoot stature the
Photoshop 5. mutant displayed no other obvious aberrant phenotypesdhe

, ) mutation segregates as a single recessive Mendellian factor
Crosses with marker lines . (x2=1.05), and maps to chromosome 1, between CAPS marker
Several GFP enhancer trap lines from the Haseloff collection werg ApB and SSLP marker nF19K23. Genetic analysis indicates

crossed into theczbackground. J0481 is expressed in all epidermalt at the transposon in this line and thez mutation are
cells from the elongation and differentiation zones and the Iaterq_En”nked

root cap cells (Irc). J0672 and J2092 are expressed in all epiderm lTh It ting fil f t hai d t hai
cells from the elongation and differentiation zones at 3 days after ere are no aiternaling hies or root hair and non-root hair

germination, and by 5 days they are only expressed in atrichoblasf€!lS in the epidermis afczmutants (Fig. 1B) as there are in
These lines are also expressed in the Irc. J0571 is expressed in Wéd type (Fig. 1A). In addition, some of the hairs emerged
quiescent centre, the cortex/endodermis initial and daughter cellom cells in the subepidermal location and grew out between
and all the cells of the ground tissue in the meristem, elongatiothe cells of the epidermis (arrows in Fig. 1B).

zone, and differentiation zone. J3611 is expressed in endodermal

cells in the differentiation zone and J2672 is expressed in thRoot hairs are formed from the subepidermal layer
endodermis from the endodermal daughter cell into the elongationf scz mutant roots

and differentiation zones. J2672 is also expressed in lateral root ¢ ; ; PR ; Aav.
cells. J2931 and Q2393 are expressed in the lateral root ca%g' 2A is @ median longitudinal section through a 3-day-old

epidermis and cortex. N9173 is expressed in the epidermis/laterg] ot of a plant ho_mozygous for tfwzmutatlon. The image
root cap daughter cells, in the lateral root cap cells, and in all the 10WS t_V_VO roo_t h‘_"’"r cells. Transverse sections through t_he root,
epidermal cells of the meristem. In the elongation zone it i@t Positions indicated by arrows, show a root hair that
expressed in the atrichoblasts of the epidermis. In the differentiatiopriginates from a cell in the subepidermal location (asterisks
zone, it is expressed in the atrichoblasts and the expression spre#@$ig. 2B). In 3-day-old plants approximately 60% of the hairs
to all cells of the ground tissue, the pericycle and the vasculatureoriginate from the layer immediately underneath the epidermis
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Fig. 1. Morphology of 3-day-olaczroot. Scanning electron
micrograph of the root at the beginning of the differentiation zone.
The tubular outgrowths are root hairs. (A) The alternating files of
trichoblasts (t) and atrichoblasts (at) can be seen in the wild-type
Landsbergerecta (B) There are no alternating files of trichoblasts
and atrichoblasts isczmutants. Furthermore, root hairs can be seen
originating from the underlying cells (arrows). Bar,|50.

(subepidermal layer) but not every cell in this layer produce
a hair. By 10 days, almost all cells in the subepidermal laye
have developed hairs.

To determine if subepidermal cells display other epidermis
specific traits, we examined the expression of the GFP- _ )
enhancer trap line J0481 in the root hair regiosazimutant Fig. 2. The subepidermal layer e€zmutants develops root hairs and

; ; ; ; presses epidermal cell specific markers. (A) Median longitudinal
roots. This enhancer trap is expressed in all the epidermal Ceﬁ%tical section through theezmutant root showing two cells with

of the elongation and differentiation zones in wild-type rOOtSroot hairs arising from subepidermal cell layers. (B) Transverse

(Fig. 2D). In contrast the enhancer trap line is expressed in g tions through the root shown in A at positions indicated by arrows

epidermis and the underlying layers of 3- to 7-dayseldoots  jjjystrate that the root hair originates from the cortex (asterisk).

(Fig. 2C) and every subepidermal root hair-forming cell(c D) Expression of GFP-enhancer trap line J0481 in the
expresses the marker. THeL2::GUS promoter fusion is differentiation zone of aczmutant root (C) and wild-type root (D).
preferentially expressed in epidermal atrichoblasts (cells thaedian longitudinal sections stained with propidium iodide are

will develop into non hair-bearing epidermal cells) in wild typeshown on the left, GFP expression (green) is in the middle and
(Masucci et al., 1996)GL2::GUS is expressed in some Superimposed images are shown on the right. The enhancer trap is
subepidermal cells in theczmutant (data not shown), further €xpressed in the epidermis and ground tissseamutants (C), in
supporting the notion that the subepidermal layer exhibit%mraSt to wild type where expression is restricted to the epidermis
epidermal traits. We examined the expression of a groun ) Bar, 25um.

tissue-specific marker (J0571) and two endodermis-specific

markers (J3611 and J2672) in Bezmutants. These enhancer respectively) have more root hairs thtenzsingle mutant (Fig.
traps are not expressed in the hair-forming subepidermal ceB\ upper panel). In both double mutants almost all epidermal
of scz mutants (data not shown), suggesting that the cellsells form root hairs. In addition, most if not all cells situated

display epidermal but not ground tissue traits. in a subepidermal position form root hairs, as shown in 3-day-
] . ] ] ) old scz gl2 and scz ttgroots (Fig. 3B,C lower panels,

Epidermal patterning genes act in the hair-forming respectively), compared witzmutants where fewer cells of

subepidermal layer of =~ scz mutants the subepidermal layer form root hairs (Fig. 3A lower panel).

TRANSPARENT TESTA GLABRATG), and GLABRA2 scz cpaouble mutants develop fewer root hairs thersingle
(GL2) repress hair cell identity in the epidermis (Galway et al.mutants (compare Fig. 3D to A upper panel). Of the few root
1994; Masucci et al., 1996; Di Cristina et al., 19@APRICE  hairs that form in thescz cpcdouble mutant, some originate
(CPQO), in contrast, is a positive regulator of hair formation infrom subepidermal cells (Fig. 3D lower panel).

the epidermis (Wada et al., 1997). To determingliG, GL2 In conclusionttg andgl2 enhance root hair formation in the
and CPC are active in thescz subepidermal layer, double subepidermal layer afcz while cpc decreases the number of
mutants withttg, gl2 andcpcwere generated. The phenotypeshairs. This indicates thai TG GL2 and CPC act in the

of scz scz gl2 scz ttgandscz cpamutants are shown in Fig. subepidermal layer adczin the same way as they act in the
3. scz glzandscz ttgdouble mutants (Fig. 3B,C upper panels,epidermis of thesczmutant and the wild type, supporting the
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view that the subepidermal layer of tlsez
mutant has epidermal characteristics.

SCZis required during cell division in
the meristem

Meristems of 3-day-oldczprimary roots wer
analysed and compared to wild-typee(}
meristems. The cellular organisation of Hu
mutant meristem is defective — the plane
division are abnormal compared to wild t
and the organisation of the cells next to
presumptive quiescent centre (initial cells
altered. Consequently it is often difficult
precisely define the position of
epidermis/lateral root cap initials and daug
cells (asterisks, Fig. 4C). During 1
development of the ground tissue in wild t
the  cortex/endodermis initial  divid
anticlinally to generate a new initial anc
daughter cell. This daughter in turn underc
an asymmetric periclinal division to genetr
an outer cell, which gives rise to cortical ce
and an inner cell, which gives rise to the fil¢
endodermal cells (arrowhead, Fig. 4B).ske
mutants a number of anticlinal divisic
may take place before the periclinal divis
occurs (arrowhead, Fig. 4C). More than
periclinal division may occur in any lineas
here defined as the descendants of a s
cortical endodermal initial, which results in
increase in the number of cell layers (arrc
Fig. 4C).

An epidermis-specific enhancer trap is
expressed in the ground tissue of  scz
mutant meristem

To determine if the mis-specification of -
ground tissue (cortex/endodermis) oct
during early development, in the meristem,
expression of the GFP enhancer trap

N9173 was examined iacz mutant roots. |
wild type, this enhancer trap is expressed

division of the daughter cells of the lateral 1
cap and the epidermal initial (arrow, Fig. *
and expression is maintained in all the cell
the epidermis and the lateral root cap (Fig. '
In sczroots, the enhancer trap is expresse
these cell types but is also expressed at
levels in cells of the extra layer that forms i
result of the supernumerary periclinal divis
in the ground tissue. The expression is we
than in the epidermis/lateral root cap an
occurs in clusters of cells (arrowheads,

5B,C). This suggests that the subepide
layers of the scz roots exhibit epiderm:
characteristics in the meristem as well as ir
mature zone where hairs develop (as st
above). Furthermore the expression of
enhancer trap is displaced upwards (away
the root tip) insczmutants compared to wi
type (arrow, Fig. 5B). This suggests tI®(z

Fig. 3.TTG, GL2andCPCact in the subepidermal layer sfzmutants. (A)scz (B)

scz gl2 (C) scz ttgand (D)scz cpc(Upper panels) Light micrographs of the
beginning of the differentiation zongcz gl2andscz ttgform more root hairs than

scz while scz cpdorm fewer root hairs. (Lower panels) Median longitudinal sections
through the beginning of differentiation zone, showing that the number of
subepidermal root hairs is altered in the double mutants when compaczsitgle
mutant. Bar, 5Qum.

I vasculature

s pericycle
endodermis
cortex

Fig. 4.Defects in the cellular organisationgaizmeristem. (A) Schematic

representation of meristem organisation ofArebidopsisroot. The colour code

identifies the different cell types. The initials of the epidermis/lateral root cap and
cortex/endodermis are shown in white. (B,C) Median longitudinal section through 3-
day-old wild-type (B) angcz(C) roots. (B) In wild type, the asterisk indicates a cell

that has divided asymmetrically to generate epidermal (inner) and lateral root cap
(outer) daughter cells and the arrowhead indicates a cell that has divided
asymmetrically to produce the endodermis (inner) and cortex (outer) daughter cells.
(C) In scz the epidermis/lateral root cap daughter cells are not clearly defined (asterisk).
Division pattern of the cortex/endodermis daughter cell is abnormal. Often an anticlinal
division occurs instead of a periclinal one (arrowhead). More than one periclinal
division can occur (arrows) resulting in supernumerary layers (C). Bam25
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may be required for position-dependent development alongresumptive quiescent centre, or in the ground tissue initials.

the apical basal axis of the root. Along the apical basal axis the expression is first observed after
] N o the first periclinal divisions have taken place (asterisk, Fig. 6B),

A ground tissue-specific enhancer trap is mis- i.e. it is displaced upwards along the root as is the case for the

expressed in scz mutant meristems epidermal enhancer trap (N9173). Expression in the meristem

Since an epidermis-specific enhancer trap is mis-expressedif discontinuous (arrow, Fig. 6B). Occasionally, there are
the meristem of theczroots, we predicted that the expressionclusters of a few cells in the extra ground tissue layer, below
of ground tissue-specific genes would be defective in ththe epidermis, that express the enhancer trap (arrowhead, Fig.
subepidermal layers afcz roots. In wild type, the J0571 6B). Hence, very few cells of the supernumerary ground tissue
enhancer trap is expressed in the quiescent centre, tleyers express the ground tissue specific marker. This is
cortex/endodermis initials, cortex/endodermis daughter cellsonsistent with the majority of the cells in the subepidermal
and throughout the cortex and endodermis (Fig. 6A). Théayer being epidermal in identity. The mis-specification of the
expression pattern of this enhancer trap is altered isd¢he subepidermal layer as epidermis is mostly evident in the
meristem. In regions of the mutant root where additionaklongation/differentiation zone.

ground tissue layers develop the enhancer trap is expressed in )

the two layers of the ground tissue next to the vascular cylindefcz interacts with  scr and shr

Furthermore the enhancer trap is not expressed in tHRCARECROWSCR andSHORT ROOTSHR are required for

the development of the ground tissue aodand shr mutant
roots develop a single layer of ground tissue instead of two
(Benfey et al., 1993; Scheres et al., 1995). To determB&4f

is involved in the same processst4RandSCR double mutant
plants forsczand eitherscr or shr were constructed. Botbcz
scrandscz shihave fewer cell layers than thezsingle mutant
(Fig. 7A,B respectively), indicating thatr and shr suppress

the extra periclinal divisions occurring in teezground tissue.
Occasionally, periclinal divisions are observeddn sciground
tissue (arrow, Fig. 7A). Such divisions lead to the formation of
a partial double ground layer as has been already reported in
the scr single mutant (Wysocka-Diller et al., 2000).

Fig. 5. An epidermis-specific enhancer trap is expressed in cells of

the ground tissue isczmeristems. Expression of GFP-enhancer trap Fig. 6. The expression of a cortex/endodermis-specific enhancer trap
line N9173 in 3-day-old wild-type (A) argtz(B) meristems. (A) In is altered in thesczmeristem. Expression of the GFP-enhancer trap
wild type, the enhancer trap is expressed in the lateral root cap andline JO571 in 3-day-old wild-type (A) arstz(B) meristems. (A) In

the epidermis. Expression is evident immediately after division of thevild type the marker is expressed in the quiescent centre, the
epidermis and lateral root cap daughter cells (arrow). (B¥in cortex/endodermis initial, the cortex/endodermis daughter cells and
mutants expression in the epidermis starts higher in the root (arrow)in all the cells of the cortex and the endodermis. (B) The expression
Moreover, in the ground tissue clusters of cells show a lower level obf the marker is displaced upwards (asterislgczmutants. The
expression (arrowheads). (C) Close-up of a cluster of cells shown inexpression is discontinuous (arrow). There are clusters of cells in the
B illustrating expression of the marker in the ground tissue. Bar,  extra outer ground tissue layer that show low levels of expression
25pum in A,B; 56um in C. (arrowhead). Bar, 2pm.
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Fig. 7.sczinteracts withscr
andshr. (A,B) Median
longitudinal optical sections
through the meristem of 3-de
old scz sci(A) andscz shi(B)
double mutant roots. Bostr
andshr suppress periclinal
divisions in the ground tissue
of sczmutants. Occasionally
periclinal divisions occur in
the ground tissue afcz scr
(arrow). (C,D) Median
longitudinal section in the
differentiation zone of 3-day-
old scz scC) andscz shi(D)
double mutant roots. Cells of
the ground tissue in treez scidouble mutant form root hairs (C). Few of the ground tissue cells Btihghidouble mutants form root hairs
(D), as shown in an optical cross section (E, asterisk). Bam2is A,B,D,E; 50um in C.

scz scrand scz shrdouble mutants have a single layeredwild type. As a control for equal amounts of cDNA used for
epidermis and ground tissue, and the ground tissue forms raatplification (Fig. 8 lower panel), we used tAmbidopsis
hairs (Fig. 7C,D and E respectively) indicating thatandshr  elongation factor 1-alpha 4 (Liboz et al., 1989). Sisce
do not suppress subepidermal hair cell development. Thimutation does not affect the steady state leveBGRMRNA,
suggests that the supernumerary periclinal cell divisions aiieis unlikely thatSCZregulatesSCRtranscription.
not required for the mis-specification of cells in the ground
tissue. Defects in divisions are first seen in embryos

In conclusion, botlscr andshr suppress the extra periclinal To determine whersCZis first active during the life of the
divisions that take place isczmutants indicating that these plant, the organisation of cells stzembryos was compared
genes may act in the same pathway. Nevertheless root hairs trewild type at different developmental stages. At the early
formed in the single cell layer ground tissue of the doubldeart stagesczand wild-type embryos were indistinguishable
mutants, indicating that the mis-specification of the ground- cell layers and initials were laid down around the quiescent
tissue ofsczmutants is not a consequence of the formation o€entre as in wild-type embryos (data not shown). Differences

extra ground tissue layers. in cell division patterns between wild type asatmutant were
o first seen during the transition from heart to torpedo stage when
SCR expression in - scz mutants the promeristem is formed (Fig. 9A). The periclinal division of

SCRis required for the execution of the periclinal cell divisionthe presumptive cortex/endodermis initial daughter cell takes
of the cortex/endodermis initial daughter cell, generating thelace earlier in theczmutant than in wild type (arrow, Fig.
cortex and endodermis cell files (Di Laurenzio et al., 1996)9A). This suggests th&CZactivity is required between the
Sinceshr andscr suppress the development of additional cellheart and the torpedo stages of embryogenesis.

layers inscz mutants, it is possible th&CZ regulates the At the walking stick stage isczmutant embryos the pattern
transcription of SCR directly and that the extra periclinal of cell divisions in the ground tissue is altered. A periclinal
divisions occurring inscz mutants are the result of the division occurs at one cell distance from the presumptive
deregulation o5CRexpression. To test this hypothesis mRNA central cells (arrowhead, Fig. 9B) resulting in the formation of
was isolated from roots of 3-day-addzand wild-type plants. two files. A second periclinal division takes place in the cells
The amount of SCR mRNA was determined by semi- of the inner file. These combined divisions result in the
guantitative RT-PCR. As it is shown in Fig. 8 (upper panel)formation of three ground tissue cell layers in sheembryo
there are the same amouBSRMRNA in sczmutants and in  instead of the two that normally develop in wild type (cortex
and endodermis). The ectopic periclinal divisions resulting in
the formation of an extra cell layer were observed irsedl
mutant embryos examined=8). These data indicate that the
control of the position and number of periclinal divisions of
the cortex/endodermis initial daughter cell is defectivedn
mutants. This results in the formation of supernumerary cell

Ler scz G
layers in developing embryos.
DISCUSSION

Fig. 8. Expression o5CRin scz RT-PRC was performed to compare . . .
the amounts cBCRMRNA in sczmutant and wild-type ér roots We have shown th&CZis required for the establishment of

(upper panel). ThArabidopsiselongation factor 1-alpha £F1) the radial organisation of tissues in the root. The development

was used as a standard (lower panel). Lane G shows the size of thedf subepidermal root hair cells in teezmutant indicates that
fragment synthesised when genomic DNA is used as a template. SCZrepresses epidermal identity in the ground tissue of wild-

SCR
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displays characteristics of epidermis comes from double
mutants in whichscz is combined with other mutations
affecting the development of the epidermis. TH&, GL2and

CPC genes active in the specification of cell fate in the
epidermis are also active in the subepidermal layescaf
mutant roots, supporting the view that the subepidermal layer
in scz mutants is epidermal in character. While the
subepidermal cells afczroots are located where cortical cells
are situated in a wild-type root, we found no evidence, using
molecular markers, that these cells exhibit cortical identity
(JO571). One possibility is th&CZrepresses the expression

of genes required for epidermal identity and promotes the
expression of those required for cortical cell development in
the ground tissue. In addition, some of the markers expressed
in cortex or endodermis used for the analysis showed no
expression in the mutant background, indicating that the genes
are downstream of tH&CZpathway (J2931, Q2393, J3611 and

: J2672). Alternatively the lack of expression might be a result
— of ground tissue mis-specification.

II:EEE“"Q. The development of epidermal trichomes in subepidermal
{35 tissues has been described in leaves that constitutively express
WEET GLABRA1 (GL1)in a triptyphon (try) mutant background
(Schnittger et al., 1998; Szymanski and Marks, 1998). Since
GL1 is a positive regulator of trichome development, its
ubiquitous expression might be expected to predispose cells to
trichome development. When misexpressed in the absence of
TRY, the negative regulator of trichome development, cells in
subepidermal tissues then differentiate as trichomes. Given the
dominant, gain-of-function effect of overexpressi@pl this
observation does not indicate that eit@&rl or TRYare active

Fig. 9. Cell division defects isczembryos. Wild-type (left panels) and I repressing or promoting trichome development in the
sczmutant (right panels) embryos stained with Toluidine Blue. (A) In Subepidermal tissues of leaves during normal development.
torpedo stagsczembryos, a periclinal division of the presumptive Rather it suggests that the fate of cells can be switched if the

cortex/endodermis initial daughter cell occurs earlier (arrow) than in appropriate regulatory genes are expressed or repressed. On the
wild type. (B) In walking stick embryos, an extra periclinal division in contrary our observation that plants homozygous dcz
sczmutants results in the formation of a new layer in the ground tissugresumptive loss-of-function mutations develop root hairs
(arrOWhead). The periClinal division of the epidel’mis/|atera| root cap from the Subep|derma| |ayers Suggests 3@2'3 requ|red to

initial is indicated with an arrow. Bar, 2fn. repress epidermal cell differentiation in internal cells.

type roots. Furthermore the development of additional layer§CZ represses periclinal divisions in the ground

in the ground tissue of treezmutant root indicates th&Cz  tissue

also functions to repress periclinal divisions in the groundPlants homozygous for the presumptive loss of funcsicon
tissue of wild-type roots. Taken together these data suggest ttmattation develop supernumerary cell layers because of an
SCZplays a pivotal role in the development and maintenancicreased number of periclinal divisions in cells of the ground

of ground tissue in the root. tissue. Such deviations from the wild-type pattern occur during

) ) ) ) ) embryogenesis when the cellular organisation of the future root
SCZis required for suppression of epidermal fate in meristem is being laid down. Defects are also observed during
the ground tissue the formation of lateral root meristems, indicating tR@Zis

Evidence presented here indicates tB&Z is required to required for the establishment of radial pattern in roots
repress epidermal identity in subepidermal layers of the roothroughout the life of the plant.

i.e. to restrict epidermal fate to the outer layer of the mature In wild type, the cortex/endodermis initial daughter cell
root. The subepidermal layersozmutants is transformed into undergoes a single periclinal division giving rise to cortical and
an epidermis as revealed by the formation of root hairs and tlendodermal daughter cells. Anticlinal divisions in each of these
expression of molecular markers in these cells. We examinextlls result in the formation of groups of cortical and
the behaviour of 3 independent GFP enhancer trap linemndodermal cells (Fig. 10A). Iscz additional rounds of
expressed in the epidermis in #ezbackground (J0481, JO672 periclinal cell divisions occur, resulting in the formation of a
and J2092). All lines showed expression in the subepidermatulti-layered ground tissue. We propose thatdra periclinal
layer(s). In addition, th&L2 gene, which is normally only division results in the formation of two cells. The outer cell
expressed in the atrichoblasts and non hair cells of theontinues to divide anticlinally generating a new layer. The
epidermis, is expressed in cells of the subepidermal layer afner cell may then undergo an additional periclinal division
thesczmutant. Further support that teezsubepidermal layer resulting in the formation of two files of cells. This process can
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