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SUMMARY

In higher plants, the outermost cell layer (L1) of the shoot homology with PDF2, display normal shoot development,
apex gives rise to the epidermis of shoot organs. Our the double mutant results in severe defects in shoot
previous study demonstrated that an 8-bp motif named the epidermal cell differentiation. This suggests thaPDF2 and
L1 box functions as a cis-regulatory element for L1-specific ATMLL1 are functionally interchangeable and play a critical
gene expression in the shoot system éfrabidopsis We  role in maintaining the identity of L1 cells, possibly by
show here that PROTODERMAL FACTOR2 (PDF2), a interacting with their L1 box and those of downstream
member of the HD-GL2 class of homeobox genes, is target-gene promoters.

expressed exclusively in the L1 of shoot meristems and that

recombinant PDF2 protein specifically binds to the L1 box

in vitro. Although knockout mutants of PDF2 and ATML1,  Key words:Arabidopsis Epidermis, Homeodomain, LMERISTEM
another L1-specific HD-GL2 class gene sharing the highest LAYER]1PROTODERMAL FACTORShoot apical meristem

INTRODUCTION HD-GL2-class genes have been implicated in regulating cell-
layer-specific gene expression.
The shoot apical meristem of angiosperms consists of An important issue regarding transcription factors is
clonally distinct cell layers. The outermost layer (L1) givesidentification of their target genes, but information on plant
rise to the epidermis of the primary shoot by anticlinal celhomeodomain target genes is limited. TWeabidopsis
division (for a review, see Howell, 1998; Lyndon, 1998).WUSCHEL (WU gene encodes a homeodomain protein
Although several genes that are expressed exclusively in lelonging to a distinct class and functions in specifying stem
have been identified, the molecular mechanisms by which trell identity in shoot and floral meristems (Mayer et al., 1998).
L1 is established and maintained remain obscure. Theohmann et al. have identified WUS-binding sites in the
Arabidopsis thaliana MERISTEM LAYERATMLI) gene second intron of the floral homeotic gghAMOUSAG) and
encodes a transcription factor of the homeodomainrevealed that WUS acts together with another transcription
GLABRA2 (HD-GL2) class and is expressed specifically infactor, LEAFY (LFY), as a direct activator &G (Lohmann
the protoderm of developing embryos and the L1 of the sho@t al., 2001).Arabidopsis ATHB-2, which belongs to a
apex (Lu et al., 1996). Similar expression patterns have alsaubgroup of the HD-ZIP proteins and plays a role in the shade
been reported for its homologous genesPimalaenopsis avoidance response in photomorphogenesis (Steindler et al.,
(Nadeau et al., 1996), maize (Ingram et al., 1999; Ingram di999), has been shown to bind its own promoter and create a
al., 2000) and rice (Ito et al., 2002; Yang et al., 2002). HDnegative autoregulatory loop (Ohgishi et al., 2001). Given the
GL2-class transcription factors are characterized by afunctional significance of individual members of the
amino-terminal homeodomain followed by a leucine-zippethomeodomain proteins in plant growth and development, their
motif (Ruberti et al., 1991) and a region similar to thetarget DNA sequences and downstream genes must be
mammalian StAR-related lipid-transfer (START) domaininvestigated further.
(Ponting and Aravind, 1999). The class includesbidopsis Arabidopsis PROTODERMAL FACTORHADF1) encodes a
GL2, which promotes trichome differentiation in the shootproline-rich cell-wall protein that is expressed exclusively in the
epidermis (Rerie et al., 1994) and suppresses root-hdirl of shoot meristems. By using progressive deletions of a
formation in the root epidermis (Di Christina et al., 1996).promoter fragment of thBDF1 gene, we previously showed
Another member of  the class, Arabidopsis that a cis-regulatory element named the L1 box is required for
ANTHOCYANINLESSRANL2), is involved in anthocyanin the L1-specific gene expression (Abe et al., 2001). The L1 box
distribution in subepidermal cells (Kubo et al., 1999). Thusis well-conserved within the promoter regions of all L1-specific
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genes analyzed so far. Furthermore, recombinant ATMLBTM-F (3-ACAGC ACTTC TTGTC CAATG GCTT-3 and STM-R
specifically binds to the L1 box in vitro (Abe et al., 2001). Here(5-GAAGA  CCATA GCTTC CTTGA AAGG-3) for

we report on the characterization of tRROTODERMAL SHOOTMERISTEMLESSTM (Long et al., 1996). _
FACTOR2(PDF2) gene, which shares the highest homology In situ hybridization was performed as described previously
with ATML1in the ArabidopsisgenomePDF2 also shows L1-  (Abe et al., 1999). To prepard®F2 gene-specific riboprobe,
specific expressionatmll pdf2 double mutation results in thePDF25-untranslated region (UTR) was amplified by PCR

severe defects in shoot epidermal cell differentiation, which ardsing pPDF2-02 as a template WRDF2 5'-specific primers
not observed in plants carrying mutations of only one of théPDF2-3F, 53-CTGAG TGATC ATAGT CAATC ATCC-3and

genes. Our results suggest tRBIF2andATML1play a critical PDF2-3R, 3-AGTAG TGACT TCGGT ACCTG ACTT-3,

role in maintaining the L1 cells, possibly by regulating theand was cloned as Bcll-Kpnl fragment into pBluescript Il.

expression of essential L1-specific proteins. Sense and antisense probes were generated by using T7 and T3
RNA polymerases with digoxigenin-11-UTP (Boehringer),
respectively.

MATERIALS AND METHODS Gel shift assays

The PDF2 protein-coding sequence was amplified by PCR using

The wild-type control used in all experiments was the Columbia (Col-’lj-igié_oi/_\a-rsT%teT”é%%? wcﬁgﬁcaﬁgmssF(zpp?gzzg ATQ A Caé

0) ecotype. Plants were grown in MS agar plates with 3% sucrose gixpan cCAAG CTTAA TCCT-3). The sequence was cloned as an

on rock-wool bricks supplemented .Wlth vermiculite in growth EcaRI-Hindlll fragment into pMAL-p2X (New England Biolab) to

chambers at 2.2°C gnder continuous light. . make a maltose-binding protein (MBP)-PDF2 fusion construct. The
The T-DNA insertion alleles dPDF2andATML1were isolated by f,,qjon protein was producedn coli TB1 and was purified according

screening a tqtal Of.60'480 T—DNA-teggeq Iines.,.generated at thﬁ the manufacturer’s protocol. Gel retardation assays were performed
University of Wisconsin Knockout Arabidopsis Facility (Krysan et al., as described previously (Abe et al., 2001).

1999). A primer specific for the T-DNA left border (LB-GATTT
TATAA TAACG CTGCG GACAT CTAC-3) was used in tandem with  Microscopy

PDF2-specific primers (PDF2-F, "&TATT GATCA GTGCC g qcanning electron microscopy (SEM), seedlings grown in MS plates

TTGAA GGAAA CCAA-3' and PDF2-R, '5CTTG_T TA.CTT were fixed in FAA (50% ethanol, 5% formaldehyde and 5% acetic acid),
GCTCC ACAAG AATCC CATT-3) or ATMLLspecific primers — gonydrated in an ethanol series and critical point-dried using liquid

(ML1-F, 5-TGGGA TATAC AGGCA GAAGA AAATC GAGA-3 CQOp. After coating with gold, samples were viewed using a Hitachi
and ML1-R, SACCTT CTGCA AAAAC ACAAA CCAAA ACAT- scanning electron microscope. For light microscopy, tissue samples

3). These T-DNA-tagged mutants had been created in the Ws ecotyRgare fixed in FAA, dehydrated in an ethanol series and embedded in

and were backcrossed at least three times into the wild-type Col-fychnovit 7100 resin (Kulzer GmbH, Wehrheim, Germany). Sections

before analysis. Primers used for the mutant screen were alggy ,m) were stained for 2 minutes in an aqueous 0.1% Toluidine Blue
employed for PCR-based genotyping. solution.

Plant material

Cloning of PDF2 Plant transformation

The partialPDF2 cDNA fragment that was originally isolated by Fqr the35S::PDF2sense and antisense constructs, gel-puiifeRI
CDNA subtraction (Abe et al., 1999) was used as a probe to screen ggment of pPDF2-02 was blunt-ended with T4 DNA polymerase and
Arabidopsis cDNA library derived from wild-type inflorescences jnserted into $md site of pUC-NOS, a pUC18 derivative containing
(kindly provided by Drs J. Mulligan and R. Davis, Stanford 5, sad-EcoRl fragment of the nopaline synthase geMO§
University). Plaque hybridization and sequencing were performed g8 minator from pBI101 (Jefferson et al., 1987). The resulting clones
described previously (Abe et al.,, 1999). An almost full-length CONA:4rying thePDF2 cDNA in sense or antisense orientation were used
fragment_ was isolated and cloned as BodRl fragment into ;¢ YXpa-EcoRl fragments to replace th@-glucuronidase gene
pBluescript Il (Stratagene) to generate pPDF2-02. Then8 of the  yqynstream of the caulifiower mosaic virus (CaMV) 35S promoter of
PDF2 transcript was determined by using @RACE kit (Takara,  he pBI121 Ti-vector (Clontech). The constructs were introduced into
Kyoto, Japan). Ongg of total RNA from inflorescences was used as agropacteriumstrain C58C1 by electroporation and transformed into

a template for first-strand cDNA synthesis. The full-lengDF2  \yii4.type plants by the floral dip method (Clough and Bent, 1998).
cDNA sequence has been deposited with GenBank under the

accession number AB056455.

Expression analyses RESULTS
Preparation of total RNA and RNA gel blot analyses were performed
as described previously (Abe et al., 1999). ForRB&2 probe, gel-  Structure of PDF2
purified EcRI fragment of pPDF2-02 was labeled by the random-The Arabidopsisgenome contains a large number of gene
priming method. Th&TML1probe was prepared from &eoRI-Pst  duplications (Vision et al., 2000ATML1 is located in the
fragment of theATML1 cDNA clone (Abe et al., 2001). Probes for duplicated block 90b on chromosome 4, and there is a
PDF1 andEF1a have been described (Abe et al., 1999). For reversﬁomologous gene in block 90a on the san;e chromosome. A
transcription (RT)-PCR, oneg of total RNA from aerial parts of 10- artial cDNA clone of the homolog has been identified as a
day-old seedlings was used as a template for first-strand cDNR . . - .

eristem-specific gene in our previous study (Abe et al., 1999).

synthesis with an oligo(dT) primer. Nucleotide sequences of PC . ]
primers were PDF2-F and PDF2-R RBF2, ML1-F and ML1-R for /& named this gen®ROTODERMAL FACTORZPDF2,

ATML], PDF1-F (5TCCCT CTGGC TCACA TGGAA-3 and GenBank accession number AB056455), and attempted to
PDF1-R (5GTCTC TAACT TGAGG GGTTG-3 for PDF1, ACR-  evaluate its functional relationship ®TMLL The longest

F (5-TGAAG AACAC AATGC TCGAG-3) and ACR-R (5TATCT PDF2 cDNA isolated from anArabidopsis inflorescence-
CTTCC TCAAG ACTCC-3) for ACR4 (Tanaka et al., 2002), and derived cDNA library was 2742 bp. Comparison of the cDNA
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with the corresponding genomic sequences and determinatic A paf2-1

of a transcription start site 6fDF2 by the >RACE method TTAATGGNS) SIS ATG TG
revealed a transcription unit of 12 exons including'a 5 PDF2 —LI_.-Hi-I-I-I-I-II-I-
untranslated exon located 1.8 kb upstream of the predicte atmi1-1

translation start site (Fig. 1A). The open reading frame o TIRATGGHNSTRARIGER  ate TAA
PDF2encodes a putative protein of 743 amino acids (Fig. 1B ATML1
The predicted amino acid sequence shares 82.6% identity wi

ATML1 and shows high sequence similarity to other plani B

homeOdomaln prOtelns Of the HD-GLZ Class' MYHPNMFESH HMFDMTPKST SDNDLGITGS REDDFETKSG TEVITENPSG 50

The 3 promoter region oPDF2 contains an L1 box which EELQDPSQRP [NKKKRYERHT QROIQELESF FKECPHPDDK QRKELSRDLN|100
has been identified as a CiS-regUIatory element responSible 1 LEPLOVKFWF QN](RTQMKAQ'SERHENOILK SDNDKLRAEN NRYKEALSNA 150
L1-specific gene expression (Abe et al., 2001), as shown in Fi  rcenceepan 1GEMSFDEQH ERIENARERE EIDRISAIAA KYVGKPLGSS 200
1A. The L1 box of PDF2 is preceded by a TTAATGG FAPLATHAPS RSLDLEVGNF GNQTGFVGEM YGTGDILRSV SIPSETDKPI 250

heptamer, a potential target sequence of WUS (Lohmann et ¢ Iw“f;:;::“ :::ﬁmﬂm E::‘!';T;;‘:; :;g::i‘;:: giﬁ:giﬁ ;:2
- i LGLRSEASRQ SAVVIMNH

2001) The 100bp reg|0n betWeen the Ll bOX and th GVAGNYNGAL QVMTAEFQVP SPLVPTRENY FVRYCKQHSD GSWAVVDVSL 400

predicted transcription start site does not contain a putativ  pgrrpsTPIL RTRRRPSGCL IQELPNGYSK VTWIEHMEVD DRSVENMYKP 450

TATA box. A similar arrangement of such elements is alSC  LvQSGLAFGA KRWVATLERQ CERLASSMAS NIPGDLSVIT SPEGRKSMLK 500

found in theATML1 promoter region (F|g 1A) LAERMVMSFC SGVGASTAHA WTTMSTTGSD DVRVMTRKSM DDPGRPPGIV 550
LSAATSFWIP VAPKRVFDFL RDENSRKEWD ILSNGGMVQE MAHIANGHEP 600

H GNCVSLLRVN SGNSSQSNML ILQESCTDAS GSYVIYAPVD IVAMNVVLSG 650
EXpreSS'On pattern Of PDFZ GDPDYVALLP SGFAILPDGS VGGGDGNQHQ EMVSTTSSGS CGGSLLTVAF 700

We examined the expression patterPB2 by RNA gel blot QILVDSVPTA KLSLGSVATV NSLIKCTVER IKAAVSCDVG GGA 743
analysis. Total RNA samples prepared from each tissue Wef§y. 1. Structure and deduced amino acid sequen&D6?.
probed with aPDF2-specific probe PDF2 expression was (A) Genomic structure dPDF2 andATMLL Black boxes represent
detected mainly in flower bud clusters including shoot apicesxons. Start ATG and termination codons are indicated. T-DNA
(Fig. 2A). PDF2 mRNA was also present in leaves, stemsjnsertion sites ippdf2-1andatmil-1lare shown. The upstream
siliques and 10-day-old seedlings. We detected only a faimegions of both genes contain L1 box sequences (gray boxes)
signal of PDF2 expression in root tissue. associated with putative WUS target sites (underlined). (B) The

The spatial expression pattern of BPIRF2 gene was further predicted amino acid sequence of the PDF2 protein. The boxed area
examined by RNA in situ hybridizatio®DF2 mRNA was indicates a homeodomain. Amino acids forming a ZIP motif are
readily detected in the L1 layer of vegetative shoot meristem aded. A START domain is underlined.
and the protoderm of leaf primordia (Fig. 2B). L1-layer-
specific expression was also found in floral and apical
inflorescence meristems (Fig. 2C). In developing flowers,

Table 1. F segregation of double mutants

PDF2 mRNA was present in protodermal cells of primordia ofParental genotype 1genotype
all floral organs (Fig. 2D), but later the signal became restrictegbmaleMale ppAA* ppAa ppaa Ppaa PPaa PpAA PpAa
to the protodermis of developing ovules (Fig. 2BPF2  joaxppaa 26 (0) 48(0) 17 (17) — _ _ _
expression was evenly distributed in the quadrant-stage embrppaaPpaa - - 14(14) 39(0) 22(0) - -
(Fig. 2F), but was confined to the outermost cell layer in thepAaxPPAA - - - - - 900 7(0
early globular-stage embryo (Fig. 2G). These expressioRPAAPPAa - - - - - 80 100
patterns are indistinguishable from thosé\@ML1(Lu et al., *p, thepdf2-1allele; P, the wild-typePDF2 allele;a, theatml1-1allele; A,
1996). the wild-typeATML1allele.

. Figures in parentheses indicate the number of plants showing abnormal
PDF2 binds to the L1 box seedling growth.

Our previous study demonstrated that the recombinant ATML1

protein can bind to the L1 box within tRRDF1 promoter in

vitro (Abe et al., 2001). To determine whether PDF2 als@jesignateghdf2-1 Thepdf2-1allele has a T-DNA insertion in
interacts with the L1 box, we performed gel retardation assayge fifth exon of thePDF2 gene (Fig. 1A) but exhibits no
using the recombinant PDF2 protein. PDF2 was produced asa@normal phenotype with respect to growth and morphology.
fusion protein with a maltose-binding protein (MBPJEncoli  we further screened féTML1knockout mutants and isolated
cells, purified and then tested for its binding ability to the Llgne allele designateatml1-1 Theatmll-1allele has a T-DNA
box probe. Complex formation was observed with thensertion in the ninth exon of th&TML1 gene (Fig. 1A) but
recombinant PDF2 but not with MBP alone (Fig. 3). Specificalso displays normal growth and morphology.

interaction of PDF2 with the authentic L1 box was confirmed \We therefore examined the effect of double mutation.
with effective competition with the unlabeled probe and ndecause both loci are located on the same chromosome, we

complex formation with the mutated L1 box (Fig. 3). first selected plants that were homozygous ddf2-1 and
: heterozygous foatml1-1in the F2 population of the cross
Isolation of pdfz and atml1 knockout mutants betweerpdf2-1andatml1-1mutants and examined segregation

To define the role of PDF2 in L1 layer differentiation, weof genotypes in their selfed progeny (Table 1). We found that
screened a collection of 60,480 T-DNA tag lines (Krysan et alg|| plants showing severe defects in cotyledon development
1999) for knockout mutants of tiRDF2gene by using a PCR-  were homozygous for bodf2-1andatml1-1(Fig. 4A). The

based screening strategy, and we identified one allelame result was obtained in the progeny of plants that were
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F Si

Fig. 2. Expression pattern 6fDF2. (A) RNA gel blot analysis of

PDF2 mRNA. Total RNA was isolated from whole seedlings (Se),
roots (R), leaves (L), stems (St), flower-bud clusters (F) and siliques
(Si). Seedlings were grown for 10 days in MS plates. B&x

probe was used as a control for loading and transfer. (B-G) In situ
localization ofPDF2 mRNA. Longitudinal sections of a vegetative
shoot meristem of a 10-day-old seedling (B), apical inflorescence
and floral meristems (C), a flower bud (D), ovule primordia (E), a
guadrant-stage embryo (F) and an early globular-stage embryo (G)
were hybridized with the antisenB®F2 RNA probe.

homozygous folatml1-1and heterozygous fqrdf2-1 (Table

1). Furthermore, in reciprocal crosses of plants that wer
homozygous forpdf2-1 and heterozygous foatml1-1 with
wild-type plants, progeny that was heterozygousatonl1-1

or homozygous for the wild-typATML1 allele segregated at
a ratio of 1:1. The whole progeny was heterozygoupdie-

1 and showed normal growth. Thus, neitR&F2 nor ATML1

|

Competitor - - = =
Probe L1 mL1
Protein MBP MBP-PDF2

-

.

L1: rcERAREEERCccTGCAACACA
mL1: TcEARGGEEACCTGCAACACA

Fig. 3.Interaction of thd®DF2 gene product with the L1 box in

Probes

vitro. Gel retardation assays were performed using a labeled 21-bp

L1 box probe (L1) derived from tHeDF1 promoter, together with

the MBP alone or the PDF2 fusion protein (MBP-PDF2) as

indicated. The wedge indicates increasing amounts of 100-, 300- and
1000-fold molar excesses of unlabeled L1 probe DNA in competition

assays. An assay using a mutated probe (mL1) with MBP-PDF2 is
also shown.

Fig. 4. Phenotype of thatml1-1 pdf2-Imature embryo. (A) Wild-

type (WT) and double mutant mature embryos dissected from dry
seed. Samples were cleared and examined under Nomarski optics.
Scale bar: 100m. (B) SEM view of the double mutant mature
embryo. Scale bar: 1Qfm. (C,D) Median sections through the

are required for germ cell development. SEM showed sho@louble mutant shoot apex (C) and the double mutant root apex (D).

apical dome-like structures pdf2-1 atmll-Imature embryos
(Fig. 4B), but sections revealed an irregular surface of the sho
apex and a lack of distinct cell layers (Fig. 4C). In contrast, th
anatomy of the root apical meristem and root growtpdf2-

1 atmll-1were indistinguishable from the wild type (Fig. 4D
and data not shown).

Scale bars: 50m.

ot

e Although pdf2-1 atml1-1double mutants failed to survive
after germination under greenhouse conditions, those grown in
MS agar supplemented with 3% sucrose produced leaves that
appeared moist, glossy and more pointed than wild-type leaves



L1-specific homeobox genes in Arabidopsis 639

Fig. 5. Post-embryonic growth iatml1-1 pdf2-1(A) Ten-
day-old wild-type seedling. (B) Ten-day-old seedling of the
double mutant. (C) Eighteen-day-old seedling of the double
mutant. (D) SEM view of the double mutant leaf. Scale bar:
0.5 mm. (E-H) SEM micrographs showing the adaxial (E,F)
and abaxial (G,H) surfaces of leaves of the wild type (E,G)
and the double mutant (F,H). No epidermal cell layer is
present in the double mutant (F,H). Wild-type leaves were
partially peeled to show the mesophyll underneath the epidermis (E,G). Scale hens:(BQCross-section of a double mutant leaf. Scale bar:
0.5 mm. (J) A cluster of stomatal guard cells found in a double mutant leaf. Scale joax: 10

(Fig. 5A-C). The surface of these leaves appeared to lack : atml1-1
epidermis (Fig. 5D). The adaxial and abaxial surfacqsit#- pdi2-1 atml1-1 pdf2-1 WT
1 atmll-1lleaves consisted of cells that resembled wild-type PDF2
palisade and spongy mesophyll, respectively (Fig. 5E-H). I

cross sections of double mutant leaves, vascular tissue but ATML1
epidermal cells were observed (Fig. 5I). However, we

occasionally observed abnormal clusters of stomatal gual PDF1
cells on both adaxial and abaxial leaf surfaces (Fig. 5J). So f

all double mutant plants died without having produced flowers

We also examined whether théf2-1 atml1-ldouble mutation ACR4
affects transcript levels of L1-specific genes. RT-PCR analys

revealed thatpdf2-1 atmll-1 seedlings accumulated no STM
transcripts of PDF1 and ACR4 (Tanaka et al., 2002), an

Arabidopsis homolog of the maizeCRINKLY4 gene that Fig. 6.Effect ofatml1-1 pdf2-lon the expression of L1 layer-
encodes a receptor protein kinase implicated in leaf epidermggecific genes. RT-PCR analysis of the expressi®Dé7l, PDF2,

differentiation (Becraft et al., 1996) (Fig. 6). ATML1andACR4is shown. Total RNA was prepared from aerial
’ tissues of 10-day-old mutant and wild-type seedlings. Expression of
PDF2 overexpression delays flowering STMwas also examined as a control.

To examine the effect dPDF2 overexpression, transgenic

Arabidopsisplants in which the full-lengtiPDF2 cDNA is

transcribed under the control of the CaMV 35S promoter were

generated. We obtained 15 independent lines, and they weP®F2 overexpression lines produced approximately 12 extra

classified into two groups based on their phenotypes, onesette leaves before bolting compared to wild-type plants (Fig.

showing delayed flowering and another showing altered floweA,B). In situ hybridization revealed thRIDF2 mRNA was

morphology. RNA gel blot analysis using total RNA from ectopically expressed throughout the shoot apex of these

flower bud clusters revealed that the transgenic lines with theverexpression lines (Fig. 8C,D). However, tHRDF2

late-flowering phenotype accumulated much higher levels adverexpression had no effect on the mRNA levelADFIL1

PDF2 mRNA than did the wild type, whereas the lines withand PDF1 (Fig. 7).

abnormal flowers accumulated reduced leveRDIF2 mRNA

(Fig. 7). These results suggest that the late-floweringlorphology of plants with reduced =~ PDF2 expression

phenotype is caused by overexpressionP@fF2 and the We also generated plants with the antisePB&2 construct

abnormal flower development is a consequence of reduceghd found abnormalities in flower development (not shown)

PDF2 expression. which were almost identical to those found in plants carrying
When grown at 22°C under continuous illumination, thethe 35S::PDF2construct but showing reduc&DF2 mRNA
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#1 #10 #12 #3 #5 WT_

6.4 . 3 06 03 1.

i1 09 1.0 04 05 1.0

15 14 1.0 06 08 1.0

£F 1o SN

Fig. 7.Northern analysis of mRNA isolated from flower-bud clusters
of wild-type and transgenic plants with tB&S::PDF2construct.

Lines 1, 10 and 12 represdfDF2 overexpression plant lines, and
lines #3 and #5 represent co-suppression plant lines. The relative
MRNA levels are corrected with tf#=1a mRNA as a control,

compared with wild-type signal levels and indicated below the Fig. 8.Phenotypes dPDF2 overexpression plants. (A) Thirty-day-
signals. old wild-type plant. (B) Forty-five-day-olBDF2 overexpression

plant (line 1). (C,D) In situ localization 6fDF2 mRNA in apical
inflorescence meristems BDF2 overexpression plants (line 1).
Longitudinal sections were hybridized with antisense (C) or sense
(D) PDF2RNA probe.
accumulation (Fig. 9). Therefore, the abnormal flower
phenotype observed in these lines with tB&S::PDF2
construct is most probably because of co-suppression of the
endogenous gene with the introduced construct (for a revielISCUSSION
see Depicker and Van Montagu, 1997). Interestingly, these co- )
suppression and antisense plants also showed reduction fPF2 encodes an L1 box-binding homeodomain
ATML1 and PDF1 mRNA levels (Fig. 7 and not shown). protein
Morphological aberrations were found in sepals and petal$dentification of theArabidopsis GL2and ANL2 genes from
Sepals of these plants were often fused along their edgéseir corresponding mutants has highlighted the significance of
toward the base, and petals were short and narrow (Fig. 9A,Bhe HD-GL2 class homeodomain transcription factors in
Although these flowers did not fully open and usually failed irepidermal cell differentiation (Rerie et al., 1994; Di Christina
self-pollination, we confirmed by enforcing crosses that thet al., 1996; Masucci et al., 1996; Kubo et al., 1999). Moreover,
fertility was normal. SEM revealed that no phenotype wasome genes of this class cloned friehmalaenopsigNadeau et
manifested at young bud stages (Fig. 9C,D). Examination cfl., 1996), maize (Ingram et al., 1999; Ingram et al., 2000) and
tissue sections revealed no obvious difference between the ceike (Ito et al., 2002; Yang et al., 2002) have been found to
layered structures of shoot apical meristems in the wild typshow essentially L1- or protoderm-specific expression. Our
and these transgenic lines (Fig. 9E,F). data presented here demonstrate thaPDE2 gene encodes
The epidermal surface morphology of each floral organ was homeodomain protein with high similarity to ATML1 and
further examined by using SEM. At the mid-floral stage (stagehows expression exclusively in the L1 of vegetative,
nine according to Smyth et al.) (Smyth et al., 1990), petahflorescence and floral meristems. The PDF2 protein binds
epidermal cells of wild-type flowers are rounded and some cpecifically to the L1 box sequence in vitro (Fig. 3), suggesting
them are still under division (Fig. 9G). At maturity, the adaxiala regulatory role for L1 layer-specific gene expression. The
(interior) epidermal cells become more cone-shaped withresence of an L1 box within the upstream region oPIDE2
straight cuticular ridges, whereas the abaxial (exteriorjene itself suggests an autoregulatio®DF2 expression.
epidermal cells become cobblestone-like in appearance (Fig. High similarity of the homeodomain among the members of
91,K). Petal epidermal cells of the lines with redudddF2  the HD-GL2 class raises the possibility that they may share the
expression were noticeably large and rugged at stage nine (Figame L1 box as a target-binding site and regulate an overlapping
9H). Later, they became tubular on both adaxial and abaxigkt of target genes. Our searches of the GenBank database
sides (Fig. 9J,L). In contrast, wild-type sepals differentiatedevealed that thé&rabidopsisgenome contains 16 genes of the
stomata cells and some extremely elongated cells in the abaxiD-GL2 class (not shown). Four maize genes of this class are
epidermis (Fig. 9M). Sepals of the lines with reduB&F2  expressed in distinct regions of the embryonic protoderm during
expression also contained stomata cells but fewer elongatedrly development (Ingram et al., 2000). Functional specificity
cells in the abaxial epidermis (Fig. 9N). Epidermal cellof these members in recognition of target genes might be
morphology in anthers, filaments, carpels and other vegetatianferred by temporal and spatial expression patterns of each
organs was indistinguishable between the wild type and thegedividual and combinatorial interactions with other
transgenic lines (not shown). transcription factors of the same or different class to form a
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and thePDF2 co-suppression plant (D). The
adaxial sepal has been removed.

(E,F) Longitudinal sections of an apical
inflorescence meristem of the wild type (E) and
the PDF2 co-suppression plant (F). (G-N) SEM
views of epidermal cells of the wild type
(G,1,K,M) andPDF2 co-suppression plants
(H,J,L,N). Epidermal cells of the adaxial side of
stage-nine petals (G,H), the adaxial side of stage
13 petals (1,J), the abaxial side of stage-13 petals
(K,L) and the adaxial side of stage-nine sepals |
(M,N) are shown. Scale bars: gk in E,F;
10pum in G-L; 50pum in M,N.

‘ ’
Fig. 9. Phenotypes dPDF2 co-suppression
plants. (A) Wild-type flower. (B) Flower of the
PDF2 co-suppression plant (line 3). (C,D) SEM
views of a stage-nine flower of the wild type (C) -
C : D

transcription complex. The presence of a ZIP motif indicate
potential dimer formation (Sessa et al., 1993). In contrast, mar
studies onDrosophilahomeodomain proteins have suggestec
the importance of cofactor interactions in modulating DNA-
binding site specificity, transcriptional activity or both (Popperl
et al., 1995). The predicted START domain of PDF2 might als:
serve as a regulatory domain. Alterations in the START domai
of Arabidopsis PHABULOSA and PHAVOLUTA, both of
which belong to an HD-ZIP class distinct from the HD-GL2
class, may render the proteins constitutively active and cause
dominant phenotype of abnormal radial patterning in shoot
(McConnell et al., 2001).

The effect ofPDF2 overexpression indicates that PDF2 is
insufficient for ectopically activatingDF1, which contains an
L1 box within the promoter region, suggesting the requiremer
for another factor(s) for its ectopic expression. It is possibli
that additional cis-elements other than the L1 box and the
binding factors are involved in the activation of target genes
Consistent with this, chimeric promoter constructs consistin
of tandemly repeated L1 box-containing fragments (21 bp x 4
of PDF1 and a minimal 90-bp CaMV 35S promoter with a
reporter gene did not activate the reporter (M. A,
unpublished). The late-flowering phenotype is reminiscent ¢
the one reported fofwa mutants, in which thé&WA gene
encoding a homeodomain protein of the HD-GL2 class i§ig. 10.(A) Schematic summary of regulatory functions of PDF2
ectopically expressed (Soppe et al., 2000). In wild-type plant§Plue) and ATML1 (red) in L1 layer-specific gene expression. The
FWA is expressed only in developing and germinating see lustration incorporates potential formation of homo- and .
(Soppe et al., 2000). It remains unknown whether FWA bind eterodimers. Red arrows indicate transcriptional activation mediated

. by the interaction of PDF2 and/or ATML1 with the L1 box located
to the L1 box element or not. If so, both PDF2 and FWA migh stream of each gene. (B) A hypothetical model in which the L1

activate or repress a common target gene(s) to delay floweringy e js established and maintained in the embryo. Continuation of an

L . autoregulatory loop for theDF2 andATML1 expressions is
PDF2 and ATMLI function in shoot epidermal cell maintained in the protodermal layer, and an as-yet-unidentified

differentiation suppressor(s) functions (orange) in switching off the loop in the basal
Based on the phenotype, we conclude thaptif-1 atml1-1  and inner cells of the 16-cell embryo.

double mutant fails to differentiate epidermal cells.

Surprisingly, this has little effect on the development of the

mesophyll and the vascular cells, and on the establishment sdfiggest thaPDF2 and ATML1 activate L1-specific genes, and
dorsiventrality. Furthermore, expression RDF1 and ACR4  consequently serve in the differentiation of epidermal cells from
was found to be downregulatedddf2-1 atml1-1These results the L1 of shoot meristems. The common locatioRBf2 and
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ATML1 in a duplicated block of thérabidopsisgenome, by the JSPS research fellowship for young scientists. This study was
together with the similarity of the expression pattern and th&nded by Grant-in-Aid for Scientific Research on Priority Areas
absence of abnormal phenotypes in single mutants, sugge&ignt no. 14036202) to T.T.
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