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SUMMARY

The cell layers of the Arabidopsis primary root are development of gaps in the epidermis. These observations

arranged in a simple radial pattern. The outermost layer is
the lateral root cap and lies outside the epidermis that
surrounds the ground tissue. The files of epidermal and
lateral root cap cells converge on a ring of initials (lateral
root cap/epidermis initial) from which the epidermal and
lateral root cap tissues of the seedling are derived, once root
growth is initiated after germination. Each initial gives rise
to a clone of epidermal cells and a clone of lateral root cap
cells. These initial divisions in the epidermal/lateral root

indicate that TRN1and TRN2 are required to maintain the
distinction between the lateral root cap and epidermis and
suggest that lateral root cap fate is the default state. It also
suggests thafTRN1 and TRN2 repress lateral root cap fate
in cells in the epidermal location. Furthermore, the
position-dependent pattern of root hair and non-root hair
cell differentiation in the epidermis is defective inrnl and
trn2 mutants. Together these results indicate thafRN1
and TRN2 are required for the maintenance of both the

cap initial are defective intornadol(trnl) and trn2 plants
indicating a requirement for TRN1and TRN2for initial cell
function. Furthermore, lateral root cap cells develop in the
epidermal position in trnl and trn2 roots indicating that
TRN1 and TRN2 are required for the maintenance of the
radial pattern of cell specification in the root. The death of
these ectopic lateral root cap cells in the elongation zone
(where lateral root cap cells normally die) results in the

radial pattern of tissue differentiation in the root and
for the subsequent circumferential pattern within the
epidermis.

Key words: Root epidermis, Lateral root cap, Radial pattern, Cell
specification, Root hair formatiotgrnadomutants Arabidopsis
thaliana

INTRODUCTION The Arabidopsisroot is a tractable system to study the
development of pattern in plants because of its small size,
The development of plant organs requires the establishmesitmple tissue organization and genetic resources (Dolan et al.,
of symmetry. Radial symmetry in roots is set up duringl993). The root comprises concentric rings of tissue with
embryogenesis and maintained during postembryonic growtlateral root cap outside the epidermis, which surrounds the
of the seedling. Surgical experiments on developing roots argtound tissue. The development of the radial pattern in the
shoot meristems has lead to a partial understanding of tlggound tissues requires the products of #¢ORT ROOT
mechanism of the patterning of cells within organs and of thé6SHR)and SCARECROWSCR genes (Scheres et al., 1995;
patterning of lateral organs derived from the shoot meriste@i Lorenzio et al., 1996). The cells that make up these tissue
(e.g. Sussex, 1955; van den Berg et al., 1995; Berger et #hyers are arranged in files that converge on a population of
1998). It is clear for example that fields of positionalinitials at the root tip. Initials divide slowly, adding to the
information direct development but the molecules thapopulation of rapidly dividing cells (meristem). When cells
constitute this positional information have not beenstop dividing they continue to grow in the ‘elongation zone’
identified. Genetic dissection of the process of tissue anldefore acquiring their mature shape and size in the
organ formation has identified genes required for thalifferentiation zone.

establishment of symmetry in leaves, flowers and roots The lateral root cap and epidermis are derived from the
(Scheres et al., 1995; Di Lorenzio et al., 1996; Waites andutermost tissue layer of the embryo, the protoderm (Dolan et
Hudson 1995; Luo et al., 1996; Timmermans et al., 1998&l., 1993; Scheres et al., 1995). In growing seedling roots these
Schneeberger et al., 1998). tissues are derived from 16 ‘lateral root cap/epidermis initials’,
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which are arranged in a ring at the root tip. The initials divideéopl (trn1-2) by F. Carland and N. McHale (Department of
periclinally (new wall parallel to the root surface) to form aBiochemistry and Genetics, The Connecticut Agricultural Experiment
pair of cells. The outermost cell undergoes a series of divisiorigation, New Haven, USA)n1-3by L. Corben (Laboratorium Voor

o form @ clone of lateal oot cap cols. The inner celCS o0 e oo o hmar oy
undergogs a number of anticlinal divisions (neW_ wall he Netherlands)trn2-3 by H. Adler (De atrinent of Botant ’
perpendicular to the root su'rface) to form a c_Io.n.e of emderm%‘niversity of Was)Hington, %/eatle, US Ayr(lz- 4pby J. Traas (INR A]y'
cells, the basal most of which forms a new initial. Epiderma

o . . . aboratoire de Biology Cellulaire, Versailles, Franden2-5 by J.
and lateral root cap cells divide in the meristematic zone b qqdrich (ICMB, Edinburgh, UK) andrn2-6 by S. De Block

upon transition to the elongation zone the lateral root cap cel{gaporatorium Voor Genetica/VIB, University of Gent, Gent,

die. To our knowledge no mutations have been described thaélgium). ttg, axr2and the enhancer trap line J3411, in which GFP

define genes involved in the definition of epidermis from roots expressed in the lateral root cap in young seedlings, were obtained

cap. S::rom gleLNotting;(taryArab!jopfms\i(sSlzo%kK)Cent(;etﬁxr3 V\;]as obtet1ined|_
The mature epidermis is composed of two cell types whogéom O. Leyser (University ot York, and the enhancer trap line

fate is determingd by domains gf positional inforrzgtion with)2301 was obtained from J. Haseloff (MRC Laboratory of Molecular

strict boundaries (Berger et al., 1998). Trichoblasts form rodgi0lo9y. Cambridge, UK).

hairs and are located at the junction between two underlyingjant growth conditions

cortical cells. Atrichoblasts form non-root ha|( eplderm_al eeds were surface sterilised in 5% sodium hypochlorite and sown

cells and are located over the outer wall of a single cortica)yy half strength Murashige and Skoog (Duchefa, Haarlem, The

cell (Dolan et al., 1993, 1994). Genetic analysis of theyetherlands) medium (pH 5.8), 1% sucrose and 0.8% phytagel. The

development of this circumferential pattern has revealed thatants were stratified for 2 days and grown in the light at an angle of

the homeodomain protein GLABRA2 (GL2) is a positive 45°. For the analysis of meristems, expression of the enhancer trap

regulator of atrichoblast fate, which are positively regulatedines and examination of double mutant phenotype, plants were grown

by TRANSPARANT TESTA GLABRA (TTG) and on phytatgel-scil(i;iified modifieodsl;l/oag:]ar:d sc;luﬂon Vl\\;lithléﬁgbfonf\)/lwmg

WEREWOLF (WER) (Masucci and Schiefelbeilf96; Lee  composition: 1% sucrose, U.67 phylagel, 4 m m

and Schiefelbein, 1999). GL2 is negatively regulated b Q(HOB%’ 09')3 ’\T"\\"A '\é?sg'?§ TAMZ K:2P%4,3?0,\L/|l|\é Fse'EDTéAbﬁ

CAPRICE (CPC) a putative transcriptional repressor (Wadg, NZM03'04 (L:)H 5%) 2,0.77uM ZnSQy, 0.31uM CuSQr and 0.

et al.,, 1997). Ethylene and auxin positively regulate th e

processes of root hair initiation and elongation (Wilson et al.Confocal microscopy

1990; Dolan et al., 1994; Masucci et al., 1994; Tanimoto e4. to 7-day-old seedlings were stained with [igml propidium

al., 1995; Leyser et al., 1996; Dolan et al., 1997; Pitts et aligdide solution for 5-60 minutes. Propidium iodide-stained roots were

1998). imaged with an MRC600 Biorad confocal microscope using 568 nm
We previously described the gross morphology of theexcitation line and a YHS filter block or a Leica TC5 SP confocal

tornadolmutation and used an AFLP strategy to position thénicroscope using the 568 nm excitation and 498-551 nm emission

TRN1locus at the bottom of chromosome 5 (Cnops et allines or a Zeiss LSM510 confocal microscope using the 543 nm

; ; ; ieatieXcitation and 505-530 nm emission lines for Pl. The 488 nm
g')? 996 )ir:.'n Lz]:iaa%pnir \;vhea;:i ecsc)cr?st’)[ﬁuttf(lae E/%] eélgrgglaerr%(:ﬁtg?%trl]@citation and 580-700 nm emission lines on the Leica or LP560 filter

. o ! .on the Zeiss microscope were used to image GFP expression in the
groups. Phenotypic characterisation of the primary roots 'Bnhancer trap lines (J2301 and J4311). Images were processed using
trnl and trn2 mutants reveals thafRN1and TRN2are N4 |mage (http://rsh.info.nih.gov/nih-image) or LSM-image,
required to differentiate between lateral root cap anGssembled using Adobe Photoshop 4 or 5 and printed on a Fujix
epidermis tissues in the radial dimension and for theictography 3000 printer.
establishment of epidermal cell pattern in the circumferential
dimension. Tissue fixation and embedding
5- to 7-day-old roots were fixed for 1 hour in 2% glutaraldehyde in
50 mM sodium cacodylate buffer, pH 7.2. For electron microscopy,
roots were post-fixed in 1% osmium tetroxide (Agar Scientific,
Stansted, Essex, UK) in phosphate buffer, pH 6.8, on ice for 1 hour.
. . The roots were arranged on a thin slab of 1% LMP agarose (Sigma
Genetic analysis Aldrich Chemie GMBH, Steinheim, Germany) and covered with
The isolation and mapping thl-1is described by Van Lijsebettens further agarose to make a ‘root-agarose sandwich’ for ease of
et al. (1996) and Cnops et al. (1998)2-1 was isolated from ansF  handling. The sandwich was refixed in glutaraldehyde overnight,
population of EMS-mutagenised Col seeds obtained from Lehlgvashed twice in water for 5 minutes, dehydrated in 25%, 50%, 75%
Seeds, Arizona, USA.2Fprogeny of a back-cross @fn2-1 to Col and 95% ethanol for 10 minutes each and infiltrated with 50% LR
segregated for 1862 wild-type and 618 mutant seedlings, showing thahite (medium grade plus 0.5% benzoin methyl ether): 50% ethanol
this mutation is nuclear recessiye (3:1)=0.011,P>0.5). and twice in 100% resin for at least 2 hours each. The samples were
Heterozygous, kanamycin resistant (Rrirn1-1and heterozygous transferred to resin-filled capsules and polymerised at 60°C for 24
(or wild-type) trn2-1 plants were used to pollinate heterozygtms  hours. The sections were cut on a Reichert Jung Ultracut Microtome.
plants to test for allelism and approximately 50-20@egeny were  For light microscopy 0.pim sections were collected on glass slides
analysed for the presence of mutant individuals. Thesand stained with 0.05% toluidine blue and viewed on a Nikon E800
complementation tests identified three furttrad alleles and @rn2 microscope. For transmission electron microscopy, |0l thick

MATERIALS AND METHODS

alleles. sections were collected onto carbon-coated copper grids and stained
) with 2% uranyl acetate and 1% lead citrate and the sections were
Plant material examined in a Jeol 1200 EX electron microscope (Jeol, Tokyo,

Other trn mutants were kindly provided by the following persons; Japan).
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Fig. 1. Morphology oftrn mutants. 1-week-old C24 (A) amch1-1 (B) seedlings. (C) 3-month-old floweritign1-1 plant. Stem and flower
organs are heavily twisted and apical dominance is severely reduced. (D-F) Detail of the primary root of 1-week-old Ga@4yfe) wi

(E) trn1-1 (F) andtrn1-3 plants. The hairy primary roots vl mutants are twisted and shortened compared to wild-type. (G,H) Montage of
propidium iodide stained confocal sections showing the meristem, elongation zone and beginning of the differentiatiorCodri€péaad a
trn2-1 (H) 5-day-old primary root. The arrows indicate gaps in the epidermis. Ectopic root hairs are indicated with an astériskn Bar,

A,B; 3mm in D;1 mmin E,F.

RESULTS TRN1and TRN2genes may act in the same morphogenetic
pathway.
Genetic analysis of tornado mutants The TRN1gene maps to the bottom half of chromosome 5,

tornado (trn) mutations are recessive and fall into two close to the visible markez and the RFLP marker m233 and
complementation groups (Table 1 and Cnops et al., 1996). Ng located on the CIC YAC clones 6C5 and 8H1 (Cnops et al.,
significant phenotypic variation was detected between the 3996). Analysis of the Fsegregation of &n2-1 cross to Ler
different tornado mutations at the gross morphological level.indicated genetic linkage between th&N2 locus and the
We therefore only characteriséuhl-1, trn1-3andtm2-1in  DFR, AthPHYC and Ath50191 markers, indicating thRiN2
more detail (Fig. 1)loppedl (lopl)(Carland and McHale, is located on the bottom half of chromosome 5, most likely
1996) is allelic tdrn1. trn roots are shorter than wild-type and @boveTRN1.

are hairy and twisted (Fig. 1). Root twisting around its

longitudinal a>r<lis begins apprgximatea/ 3 daé/s after Table 1. Genetic segregatichof trn mutants
germination. The twisting coincides with a retardation of " 2

longitudinal root extension (Fig. 1E,F). Organ twisting occurs':emaleC Male  Tm _Tm" X Ecotype  Mutagen

in the expanding first leaf pair, while cotyledons and hypocotyﬁml']“ c24 Agrd

e . rn1-2=lopped+ trn1-1/+ 5 26  0.65 WS Agro
exhibit no s_uch defepts, suggesting that these genes Afpl1-3/+9 trn1-1/+ 79 250 017 c24 EMS
postembryonically. Apical dominance is severely reduced imn2-v+ trnl-UV+ 334 406 058 Col4 EMS
trn mutants. Many rosette-like structures develop extremel{yn2-2/+! tn2-¥+ 27 65 012  Col4 EMS
twisted inflorescences containing twisted and abnormall{f"2-3* tm2-U+ 6 37 3 No — Agro
haped flowers, resulting in reduced fertility (Fig. 1C) -4 wn2-Av 18 44 053 Ws Agro
shape ) , g y (FIg. : trn2-5/+ trn2-1/+ 40 118 0.01 Ws Agro
To examine the phenotypes whl trn2 double mutants, tn2-g+m trn2-1/+ 20 53  0.22 No tD3
trn1-1 (C24) was introgressed into the Col ecotype before
crossing tarn2-1. The B progeny of the cross betweanl aF, segregation data ofiplants heterozygote for both mutatioPg? data

‘g 0 for 1:3 segregatior?;x2 data for 7:9 segregatiofAll mutations induced by
and trn2, consisting of 201 wild type and 169 mUtaWz ( Agrobacteriumare unlinked with the T-DNA insertiorftransactivated Ds

_(9:?):0-561P>0-5) revealed no novel phenotype. These datdopulationCnops et al. 1996Carland and McHale, 1998Corben, L.;
indicate that trnl1-1 trn2-1 double mutants are hClarke, J. and Cnops, GScheres, BiAdler, H.;kTraas, J.!Goodrich, J.;
indistinguishable from the single mutants, suggesting thdtDe Block, S. and Wang, X.
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Fig. 2. Defects in the cellular organisationtafi meristems. Longitudinal sections of propidium iodide-stained 5- to 7-day-old meristems of
C24 (A),trn1-1(B-D), trn1-3 (E-F), Col (G) andrn2-1 (H-1). The wild-types, C24 (A) and Col (G) are schematised on the left. The
cortex/endodermis initials surround the central cells on the left and right. In C24 roots, a periclinal cell plate israkeatiynpnost of these
initials. Columella initials are situated below the central cells. Columella and protoderm initials divide synchronouatierTinedergo a
periclinal division giving rise to epidermis and lateral root cap cells. (B) Altered division plane in the protoderm daligifitdrecmot of a
plant homozygous for then1-1 mutation (arrow). (C,E) Abnormal divisions in protoderm initial in a plant homozygous fonthé
mutation are indicated by an arrowhead. (D,F) The cellular organisation of the meristem is defective at one side ofathiglecatdavs).
(E,F) A cortical/lendodermal initial is misplaced relative to the central cells and protodermal initial (asterisk). (Hyd@tteeqd and columella

files are not continous (arrowhead). (I) Abnormal sized protodermal initial (double asterisk) abutting the columella andila cells.
Bar, 10pum.

Meristem organisation is altered in  frn mutants lateral root cap. The cortical/endodermal initial is occasionally

Cellular organisation in the vicinity of the central cells ismisplaced relative to the central cells as depicted in Fig. 2E.
defective intrn roots. 5- to 7-day-old meristems thi-1 ~ Rarely, alignments of cell walls on one side of the root is
(n=17), trn1-3 (n=9) andtrn2-1 (n=9) primary roots were disorganized (Fig. 2D,F). Furthermore, at least one of the four
analysed and compared with C2¢419) and Col §=9) wild- central cells is observed to divide tim1-1 (r]:8) andtrnl-3

type meristems. The majority dfnl and trn2 mutants (N=6) roots while none were observed in wild-type (©28).
displayed one or more phenotypic defects in the meristen]hese data indicate that functiof@Ngenes are required to
Most irregularities are seen in the epidermal/lateral root cafiaintain the spatial organisation of the cells surrounding the
cell files and are often restricted to only one side of th&éentral cells in the root, especially the protoderm.

meristem. The protoderm initials in wild-type roots are situated o o

around the columella initials and divide periclinally to give riseProtodermal specification is defective in  trn mutant

to the epidermis and the lateral root cap (Dolan et al., 199390ts

(Fig. 2A,G). trn1-1 (n=6), trn1-3 (n=3) and trn2-1 (n=3)  The analysis ofrn1-1, trn1-3andtrn2-1root tips reveals that
primary roots had abnormal cell divisions in either the initiala subset of epidermal cell files contailtg-thin cells,

(Fig. 2C,E) or the daughter cell (Fig. 2B) of the protodermagxhibiting lateral root cap like features. Théseg-thin cells
initial. Cell divisions in the adjacent initials of columella anddie in the elongation zone, where lateral root cap cells are
protoderm do not occur synchronoushytinl (n=6) andtrn2 ~ normally programmed to die. The death of these, mis-specified
(n=2) meristems. This results either in non-continuous cell filegpidermal cells results in the formation of gaps that run along
between lateral root cap and columella (Fig. 2H) or a largéhe length of the root (Fig. 3A,B).

protodermal initial neighbouring not only the columella initial Examination of transverse sectionstofl-1 indicates that

but also one or two daughter cells (Fig. 21). Such large initiathe long-thin cells display characteristics of lateral root cap
cells were not observed in wild-type control roats19). The cells. Their walls are thicker and their cytoplasm more diffuse,
initials of the columella and protoderm divide synchronouslywith a greater degree of vacuolation than epidermal cells at the
so that when viewed in longitudinal sections each lateral rostame stage of development (Fig. 4C,G). In addition toese

cap cell abuts one columella cell. Irregular divisiongrin  thin cells are found in both RH and NRH positions (Figs 3A,
meristems are sometimes found in cells of other tissue typesH).

Fig. 2C,D show the displacement of a subset of cells in the To investigate the mis-specification of the epidermis in
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Fig. 3. Disrupted protodermal
specification leads to gap formation
in the differentiation zone dfn

roots. (A) Projection throughtan2-1
primary root showing the location of
agap in a RH and a NRH file.
Transverse sections through the samg
root are presented on the right.
Bottom section shows twlong-thin
‘epidermal’ cells (L) in the
meristematic region surrounding a
normal sized trichoblast. A few cells
above this trichoblast are two lateral
root cap like cells, the uppermost of
which is dead (propidium iodide
stained cell in the middle section).
Gaps are induced in both the RH and
the NRH cell file (top). (B) Gap
formation in the differentiation zone
of a 7-day-oldrn1-1root (arrow).
(C,D) End of the
meristematic/beginning of the
elongation zone of a C24 (C) and a
trn1-1 (D) primary root. Propidium
iodide stained optical sections are
shown in gray (left); the J3411
expression pattern (green) is
superimposed on the propidium
iodide stained section (right). The
ectopic lateral root cap cells
(arrowheads) express the J3411
marker. (E,F) Longitudinal sections
through the root tip of C24 (E) and
trn1-1(F). Ectopic J3411 expression
in trn1-1 epidermis cells is indicated
with an arrowhead, and in the initial
with an asterisk. Bar, 20m in A; 5

pm in B; 30um in C,E; 25um in E;
35uminF.

molecular detail, we examined the expression of a GFP markanalysed and no altered protoderm phenotype was observed
in the enhancer trap line J3411 irral-1 background. This (data not shown). Furthermore, progressively more epidermal
marker line is expressed in cells of the columella and the lateretlls acquire lateral root cap fate as the root grows. 7-day-old
root cap (http://www.plantsci.cam.ac.uk/HaselofffHome.html)roots have many more lateral root cap cells in the epidermis
(Fig. 3C). The analysis of 5- to 7-day-dhd1-1roots =17) than 4-day-old roots (Fig. 4C,E). 7-day-old roots also have
revealed that all lateral root cap-like cells in the epidermisnany gaps in the epidermis in the differentiation zone while 3-
display the J3411 expression pattern, indicating that thestay roots had no gaps. This suggests that specification of
long-thincells exhibit lateral root cap fate (Fig. 3D). The mis-epidermal cells laid down in the embryo that give rise to the
specification of these cells is an early event since theppermost regions of the root is normal. Only a subset of cells
protodermal initial expresses the J3411 marker in domiel  in any particular file are mis-specified (Fig. 4G).
root meristems (Fig. 3F). The morphologyaig-thincells in ) o )
epidermal layers of the meristematic region and theiEpidermal sub-specification is abnormalin  trn
expression of J3411 together with the initiation of the gaps imutants
the elongation zone and the observation that cells die at tiorphological characterisation a@fnl-1, trn1-3and trn2-1
beginning of the gap suggest that a sub-population dfrimary roots reveals defects in epidermal sub-specification in
epidermal cells is mis-specified as lateral root cap cells. Sindgen roots. Root hairs develop over the anticlinal walls between
loss-of-function alleles oFRNgenes result in the formation of two cortical cells (ACCW) and non root hair cells develop in
lateral root cap cells in the epidermis, they can be formallyhe epidermis overlying the outer periclinal wall of individual
described as negative regulators of lateral root cap identity icortical cells (PCCW). Plants homozygous for th&l and
the epidermis. trn2 mutations develop ectopic root hairs, i.e. root hairs
Phenotypic characterisation of the embryonic root indicatedevelop over PCCWs (Figs 1H, 4D,F and 5B). Cell fate and
that TRN1is required for the postembryonic reinforcement ofposition of cells in RH (root hair) and NRH (non root hair) files
epidermal fate. Examination of approximately 60 fully grownin relation to the underlying cortex, was determined for C24
embryos, derived from &nl-1 segregating population, were (wild-type) andrnl-1roots. All cells overlying ACCWSs in the
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differentiation zone of C24 formed root hairs while 7% of cells Table 2. Epidermal specification intrn1-1

(3 out of 43) overlying PCCW produced a root hairtriri-1 Cells in RH file Cells in NRH file
roots, 37% of cells in a RH file were hairless and 54% of cells % NRH % RH
in a NRH position produced a root hair (Table 2). Furthermore, O\;’erlying ovg_rlying
cells in both files are not only reduced in sizérimi-1, trnl-  stain n RH NRH ACCW n NRH RH PCCW
3 andtrn2-1, but also the size difference between cells in RH;,, 54 51 0 0 43 40 3 6.9
and NRH files is reduced (Table 3 and Fig. 3B) meristems  yn1-1 156 98 58 37.2 175 80 95 543
also lack the regular pattern of alternating trichoblasts antb 216 216 0 0 205 10 195 95.1
atrichoblasts as seen in wild-type where more cytoplasmicallg trn1-1 244 243 1 05 267 7 260 974

dense .Ce”S .(t”Chc.)blaStS) are positioned over the ACCW RH, root hair; NRH, non root hair; ACCW, anticlinal wall between two
and d'ffetem'ate into RH cells. Irtrn roots however, cortical cells; PCCW, periclinal wall of individual cortical cells.
cytoplasmically dense, and less dense cells were found ovet
both PCCW and ACCW (data not shown). These data suggest
that epidermal sub-specification is defectivetrim from the  fate possibly through the negative regulation of @& gene
meristematic through mature zones. expression, since a recessiypE mutation produces fewer root
To investigate this mis-specification in more detail, wehairs than wild-type (Wada et al., 199¢pc trnl1-1double
examined the expression of J2301 in plants homozygous fonutants display a novel phenotype. The roots develop fewer
trn1-1. J2301 is expressed in NRH files and not expressewot hairs than thepcsingle mutant (Fig. 6H,1). The analysis
in RH files in wild-type (Fig. 5A,C). J23(
expression pattern is alteredtinl-1. A subse
of cells in both epidermal positions expres
the marker (Fig. 5D). This altered expres:
pattern persists through the differentiation z
where non root hair cells, independent of t
position, express the J2301 marker and root
cells do not express the marker (Fig. 5B). ~
is in agreement with the J2301 marker bel
marker line for cell identity rather than c
position per se. Therefore, quantitative anal
of the epidermal cell morphology and matr
gene expression indicate that subsets of ce
both positions acquire an incorrect fateriml-
1 mutant roots. This indicates thatRN1
activity is required for the specification of fi
in the epidermis.

Double mutant combinations indicate
that TRNI1 activity is required
throughout the process of specification
of epidermal cell fate

To determine wher@RN1lacts in the genet
pathway regulating cell specification in the r
epidermis, double mutants were m
combiningtrn1-1 with ttg, cpcl axr2, axr3-1
mutations.TTG is a negative regulator of k
fate in NRH cells and is one of the first ge
to act in the specification of identity in the r
epidermis (Galway et al., 1994). The fates
positions of 400 epidermal cells of 8 roots fr
plants homozygous for thigg mutation (C2:
background) were scored (Table 2). All @
cells overlying in the ACCW and most of 1
cells overlying the PCCW (195 out of 2(
acquired root hair fate. Almost all epiderr

; _ Fig. 4. Epidermal cells are mis-specifiedtin1-1roots. Transverse sections through
gﬁlflesrelnr;i;;[gd '[ErlglrolOtdrc]):i?ée(TQtl)lear;t.sF:(;S% 7-day-old C24 (A,B), and 4- (C,D) and 7- (E,F) day-mid.-1 primary roots. Sections
. . SN S through the meristem are on the left, sections through the differentiation zone at the
This suggests thatg is epistatic tdrnl since right. (G) Longitudinal section through a 4-day-tid1-1root. (H) TEM sections
the phenotype of thitg trn1-1double mutant  ihrough a 7-day-oléin1-1root. In C-H arrowheads indicate lateral root cap like cells
resemblestg with respect for cell specificatic  in an epidermal position. (D,F) Ectopic root hairs are indicated by an asterisk and a
of the root epidermis. gap in the epidermis is indicated by a double arrow. Ep, epidermis; c, cortex and Irc,
In contrast toT TG, CPCpromotes root ha lateral root cap. Bar 20m in A-G.
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Table 3. Epidermal cell length intrn mutants TRNlandTRNZ2are required to maintain the radial pattern of
Cell length in Cell length in tissue_s in the root by nega_ti_vely regulating root cap fate among
Strain a RH file gm) nofcells  anRHfilem) nofcells cells in the epidermal position. FurthermofF&N1land TRN2
Coa 165 22 259 35 are required for patterned ce_ll.differclantiation in the epidermis
trnl-1 56 24 68 28 — in the absence of TRN activity hair cells and non hair cells
trn1-3 63 17 66 21 develop but their pattern is defective with similar numbers of
Col 185 31 305 59 each cell type developing in each epidermal position. This
trn2-1 135 29 174 46 suggests that these genes are required firstly to maintain the
RH, root hair: NRH. non root hair. radial pattern of the root and secondly for the specification of

cell pattern in the developing epidermis.

TRN1 and TRNZ are required for the development of

of 22 root hairs derived from seven double mutants showed thegdial pattern in the root
two root hairs were located over PCCWSs; i.e. were in aiRadial patterning is defective i seedling roots. The division
ectopic position. of the epidermal initial (the cell that divides periclinally to form
Plants homozygous for thexr3-1 mutation form no root an outer root cap cell and an inner epidermal cell) is altered in
hairs (Leyser et al., 1996axr3-1 trn1-1double mutants are trn roots indicating that theRN1andTRNZ2are necessary for
completely hairless (Fig. 6F), suggesting that3 is epistatic  the execution of asymmetric cell divisions in this cell. Later in
to trnl. 27% ofaxr2 epidermal cells bear root hairs and theydevelopment lateral root cap cells develop in the place of
are all positioned over the ACCW (Masucci et al., 1996). Thepidermal cells in plants homozygous for the mutations.
position, altered elongation and number of root haiaxi?-  These ‘ectopic’, lateral root cap cells vacuolate earlier than
trn1-1 double mutants is similar t@axr2 single mutants (C24 normal epidermal cells, have thicker cell walls, express a
background) (Fig. 6C,D). However, nine out of 30 root hairdateral root cap molecular marker and die at the beginning of
analysed in 6 differenbixr2 trn1l-1 double mutants were the elongation zone resulting in the formation of gaps in the
situated over the PCCWs, i.e. in an ectopic position. Thiepidermis — all characteristics of lateral root cap cells. Since a
means that a functiondlXR2gene product is necessary for subset of inner protoderm cellstin mutants are mis-specified
initiation and elongation of excess root hairriti-1, and that  as lateral root cap cells it is possible that lateral root cap fate
TRNL1is required for correct positioning of root hairs. is the default state for cells derived from the embryonic
Ethylene is a positive regulator of RH fate and blockingorotoderm.TRNgenes are then directly or indirectly involved
ethylene synthesis by aminoethoxyvinyl glycine (AVG) resultsn either the positive regulation of epidermal fate or the
in a reduction of root hairs in both C24 amdl1-1. Neither  negative regulation of lateral root cap determinants in the inner
C24 nortrn1-1form ectopic root hairs after the addition of 2.5 protoderm derivatives. We await the isolation of TiRNgenes
MM AVG. The root hairs in C24 however are reduced in lengtho distinguish between these alternatives.
but almost all the cells overlying ACCWs initiate a very short SCRandSHRare required for the development of the radial
root hair. Cells in a RH file itrn1-1 mutants react differently. pattern in the ground tissue (cortex and endodermis) of the
Approximately 70% of these cells develop into non root hairoot. The division of the cortical initial daughter cell does not
cells These data suggest thatl-1is more sensitive to AVG occur inscr andshr roots, and the resulting cell file develops

than C24 with respect to root hair formation. as a cortex ishrand is of mixed identity iscrroots (Scheres

et al.,, 1995; Di Laurenzio et al., 1996). Furthermore the
Mis-specification of a subset of epidermal cells into embryonic divisions that give rise to the cortex and endodermis
lateral root cap is independent of twisting (during pattern formation) are also defective sar roots

ttg supresses the twisting phenotype characteristi¢rrdf  indicating thatscr participates both in the early stages of
roots. Ten out of twelvég-trn1-1double mutants completely pattern formation in the embryo and the later stages of pattern
lacked twisting (Fig. 6B). Gaps formed in the differentiationmaintenance in the seedling meristem. It is as yet unclear what
zone of these straight roots, again indicating that twisting anithe precise roles ddCRand SHRare in these processes but
mis-specifcation of thetrnl-1 epidermis are two distinct their products are required for the division of the initial. The
aspects of thi#n1-1phenotype and are not coupled. MutationsTRNgenes play a similar role in the epidermal initial, since the
in AXR2 and AXR3 enhance twisting intrn1-1 (Fig. 6). division of this cell is defective in plants homozygous for the
Enhancement is extreme in the lateral rootsxaf3 trn1-1  trnl or trn2. Neverthelesstrn roots display no obvious
double mutants, which look like overtwisted ropes (Fig. 6G).embryonic defects, suggesting that the activityrBN1and

TRNZ2is not required in the embryo. It is therefore likely that

TRN21and TRNZ2activities are required post embryonically in
DISCUSSION the seedling meristem.

Patterned groups of cells are progressively organized duringRN 1 is required for maintenance of epidermal cell

the formation of the embryonic root (radicle) (Scheres et alpattern in the root

1994). Upon germination, mechanisms exist for theEvidence presented here indicates RN 1is required for the
maintenance and perpetuation of such pattefi®N1 and  development of the distinctive circumferential pattern found in
TRN2 are required for the maintenance of pattern and celrabidopsis. Hair cells are equally frequent in the RH and NRH
specification in cells derived from the protoderm in thelocations intrnl roots. Likewise, non root hair cells are equally
seedling root meristem. The mutant phenotypes indicate th&equent in RH positions. This suggests fhRIN1is required
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Fig. 5. Altered J2301 expression
pattern intrn1-1roots.

(A) Differentiation zone of C24
primary root. Only cells in a non root
hair file express GFP from the J2301
enhancer trap. (B) J2301 pattern is
not position, but fate, dependent in
the differentiation zone dfni-1,i. e.
J2301 is only expressed in non root
hair cells. (C) Trichoblasts express
the J2301 marker in the
meristematic/elongation zone of C24.
(D) J2301mis-specification in
meristematic (bottom) and elongation
(top) zones ofrn1-1. N, file

overlying 1 cortical cell file; R, cell
file overlying 2 cortical cell files. Bar,
3.5umin A; 4pm in B; 5pm in

C,D.

Fig. 6. Effect of other mutations o
twisting and altered root hair
phenotype inrn1-1roots.

(A) Differentiation zone irtrn1-1
root. (B) Degree of twisting is
reduced irttg trn1-1double
mutants. (Caxr2 primary root.
(D) Enhanced twisting iaxr2 o _ 0 ; H _ I
trn1-1 primary root. (E)axr3 % cpeLrud:1
primary root. (F-G) Enhanced
twisted inaxr3-1 trn1-1primary
(F) and secondary (G) roots. The
lateral roots ofixr3-1 trnl-1
double mutants show an increass
degree of twisting. The double
mutant is hairless too. (Hpc
mutants bear few root hairs. @pc
trn1-1 primary roots have only a
few to no root hairs at all. Bar,
50 um in A,B; 25um in C,D,E; 20
pmin F; 125um in G, 500um in
H;1 mmin I.
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