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SUMMARY
The shoot apical meristem (SAM) of seed plants is the site Arabidopsis ERECTAER) gene is involved in theAS1-AS2

at which lateral organs are formed. Once organ primordia
initiate from the SAM, they establish polarity along the
adaxial-abaxial, proximodistal and mediolateral axes.
Among these three axes, the adaxial-abaxial polarity is
of primary importance in leaf patterning. In leaf
development, once the adaxial-abaxial axis is established
within leaf primordia, it provides cues for proper lamina
growth and asymmetric development. It was reported
previously that the Arabidopsis ASYMMETRIC LEAVES1
(AS1) and ASYMMETRIC LEAVES2 (AS2) genes are two
key regulators of leaf polarity. In this work, we
demonstrate a new function of theAS1 and AS2 genes in
the establishment of adaxial-abaxial polarity by analyzing
asland as2alleles in the Landsbergerecta(Ler) genetic
background. We provide genetic evidence that the

pathway to promote leaf adaxial fate. In addition, we show
that AS1 and AS2 bind to each other, suggesting that AS1
and AS2 may form a complex that regulates the
establishment of leaf polarity. We also report the effects on
leaf polarity of overexpression of theAS1 or AS2 genes
under the control of the cauliflower mosaic virus (CAMV)
35S promoter. Although plants withasland as2mutations
have very similar phenotypes, 35S::ASILer and
35S::ASZLer transgenic plants showed dramatically
different morphologies. A possible model of théS1, AS2
and ER action in leaf polarity formation is discussed.
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INTRODUCTION (HD-ZIP) family of proteins. Semi-dominant gain-of-function
mutations in eithePHB or PHV result in the transformation
The establishment of polarity is a fundamental theme in leadf abaxial leaf tissues into adaxial ones (McConnell and
development. Generally, leaf primordia initiate from theBarton, 1998; McConnell et al., 2001). Phenotypes in loss-of-
peripheral zone of shoot apical meristem (SAM), and establistunction rev mutants could be interpreted as a partial loss of
their adaxial-abaxial, proximodistal and mediolateral axesadaxial identity (Talbert et al., 1995; Otsuga et al., 2001). It
Genetic studies of leaf axis formation have uncovered was suggested that these genes are required for promoting the
number of mutants that exhibit abnormalities in leaf polarityadaxial cell fate in lateral organs (McConnell and Barton,
(Talbert et al., 1995; Waites and Hudson, 1995; McConnell anti998; McConnell et al., 2001). In additio’tABBY and
Barton, 1998; Schneeberger et al., 1998; Berna et al., 199’9 ANADI (KAN) genes are expressed in the abaxial face of
Clarke et al., 1999; Serrano-Cartagena et al., 1999; Kerstettlateral organs and specify the abaxial cell identity in
et al., 2001; Semiarti et al., 2001; Ha et al., 2003). PhenotypirabidopsigChen et al., 1999; Sawa et al., 1999a; Sawa et al.,
and molecular genetic analyses of some of these mutants haM@99b; Eshed et al., 1999; Eshed et al., 2001; Kerstetter et al.,
led to the identification of genes that play important roles ir2001). Members of th& ABBYand KAN gene families are
the leaf polarity establishment (for a review, see Bowman etandidate abaxial-promoting factors because mutations in
al., 2002). these genes cause abnormality in the specification of the
In Arabidopsis thePHABULOSA(PHB) andPHAVOLUTA  abaxial fate (Siegfried et al., 1999; Eshed et al., 2001;
(PHV) genes, together with a closely related g&®EYOLUTA  Kerstetter et al., 2001; Bowman et al., 2002).
(REV), encode members of a homeodomain/leucine-zipper Other key regulators of leaf polarity include a group of
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functional homologsPHANTASTICAPHAN) in Antirrhinum, MATERIALS AND METHODS
ROUGH SHEATH2(RS2 in maize and ASYMMETRIC
LEAVES1(AS) in Arabidopsis(Waites and Hudson, 1995; Plant material and growth conditions
Schneeberger et al.,, 1998; Serrano-Cartagena et al., 1999¢eds of mutanbrevipedicellus(bp), asl-1 as2-1and wild-type
PHAN, RS2 and AS1 all encode MYB-domain containing Landsberg (Lan, with the wild-type allele for tBRECTAgene) were
putative transcription factors, with a high degree of sequeng@tained from théirabidopsisBiological Resource Center (ABRC).
similarity among them (Waites et al., 1998; Timmermans et altheasl-101landas2-101mutants are in thedr genetic background
1999: Tsiantis et al., 1999; Byrne et al., 2000; Sun et al., 20023nd have been previously described (Sun et al., 2000; Sun et al., 2002;
In situ hybridization and immunolocalization experiments’ " &t al-» 2002). Plants were grown on soil according to our previous

. . - .conditions (Chen et al., 2000).
demonstrated that transcripts or proteins of members in the
class 1 KNOX (knotted-like homeobox) gene family are Yeast two-hybrid assay
ectopically accumulated in leavespbfan rs2andaslmutants  The cDNA fragments encoding the entire AS1 and AS2 predicted
(Waites et al., 1998; Timmermans et al., 1999; Tsiantis et alpyoteins were amplified using polymerase chain reaction (PCR) and
1999; Byrne et al., 2000). These results suggest that PHANIoned into the Ndd and BanHl restriction sites of the
RS2 and AS1 act to down-regul&BlOXgenes in leaf initials, MATCHMAKER two-hybrid vectors pGADT7 and pGBKT7

or these genes might initiate a process by whiblOX gene ~ (Clontech, USA), to generate pGADT7-AS1, pGBKT7-ASI,
expression is epigenetically repressed. pGADT7-AS2 and pGBKT7-AS2, respectively. The PCR primers

. : . : were as follows: 5gccatATGAAAGAGCGTCAACGTTGG-3 and
Furthermore, mutalions 10 (hévabidopsis AS2gene.  s-giggatccTTAT CAGGGGCGGTCTAATCTG:(for ASL), and
anotner important gene In lear development, cause very simi %r-gccatATGGCATCTTCTTCAACﬂ AAC-3 and 5-gtggatccTTAT-

phenotypes to those a1l mutants (Serrano-Cartagena et al., cAAGACGGATCAACAGTAC-3 (for AS2). In each of the above
1999; Ori et al., 2000; Sun et al., 2000; Semiarti et al., 2001hrimer sequences, the lowercase letters represent additional

In addition, as2 mutants show increased accumulation ofnucleotides to introduce restriction sites. All PCR fragments were
KNOX transcripts in leaves (Semiarti et al., 2001), similar toverified by sequencing.

that inas1 mutants (Byrne et al., 2000). It was proposed that Construct combinations pGADT7-AS1/pGBKT7-AS2 and
theAS1andAS2genes function in the same regulatory pathwaypGADT7-AS2/pGBKT7-AS1 were co-transformed into the yeast
(Serrano-Cartagena et al., 1999; Byrne et al., 2002; Xu et afirain AH109, and transformants were selected for growth on media
2002).AS2has been cloned recently and the gene encodeslagking tryptophan and leucine. The interaction between the AS1
protein with a leucine-zipper motif (iwakawa et al., 2002: Xuand AS2 proteins was tested by growth of the transformants on

. . edia lacking histidine and adenine, indicating expression of the
et al., 2002)AS2is expressed in almost all of the above grouncf;mrter gengesH|S3 and ADE2 Analysis of %he prelativeB-

portion of the wild-type plant except the stem (Iwakawa et al.yajactosidase activity was as described in the Yeast Handbook
2002; Xu et al., 2002). (Clontech, USA).

Although the isolation and characterization of Af@&land ) )
AS2 genes have provided important insights into theEnzyme-linked immunosorbent assay
mechanisms that control the establishment of polarity duringor synthesis and purification of recombinant AS1 and AS2 proteins,
leaf development, they also raised further questions. First, whePNAS containing the entire coding regions of these two proteins
is the molecular basis for AS1 and AS2 action? Do they fornjgere amplified by PCR. The amplifigd5B1cDNA was cloned into

. s e vector pET-14b (Novagen, USA) by using Med and BanHl|
a complex if they function in the same regulatory pathway sites to yield His-AS1, and the AS2 cDNA was cloned into the vector

Seco_nd, dOA.Sl and_ASZ_aISO regylate leaf po_larlty In th? pGEX-4T1 (Pharmacia, USA) by using tBamH| and Sal sites to
adaxial-abaxial ~axis, in addition to their roles inyeqtin GST-AS2. The PCR primers for th&lamplification were
prOX|mod|.staI.|ty and medlplaterallty in leaves (Byrne et al.,5-gccatATGAAAGAGCGTCAACGTTGG-3 and 5-gtggatccTT-
2000; Tsiantis, 2001)? Finally, are there any other genesTCAGGGGCGGTCTAATCTG-3 and those for the AS2
required for leaf polarity formation in thAS1 and AS2  amplification were ScaggatccATGGCATCTTCTTCAACAAAC-3
regulatory pathways? and 3-cagtcgacTTATCAAGACGGATCAACAGTAC-3 In each of
To address these questions, we previously isolated ar@pove sequences the lowercase letters represent additional nucleotides
(Ler) genetic background (Sun et al., 2000; Sun et al., 200 eq_uencing._ Production and_ purification of His-AS1 and GST-AS2
Xu et al., 2002). Unlike otheasl and as2 'aIIeIes in the Usion proteins were according to the manufactures’ recommended

! . protocols (Novagen and Pharmacia, USA). The resultant proteins
Columbia, ER and En-D backgrounds, the alleles in e L were analyzed by SDS-PAGE before enzyme-linked immunosorbent

background showed a novel leaf phenotype: in some roset{gsay (ELISA) experiments. ELISA was performed by coating wells
leaves the petiole is attached to the under surface of the legf microtiter plates (Nunc., USA) with the GST-AS2, followed by
lamina. We referred to this structure as a lotus-leaf. Here, waidition of the His-AS1 at different concentrations to the coated wells.
further characterize the lotus-leaf defects and demonstrate théte retained His-AS1 was determined by incubation with a primary
the primaryASlandAS2functions in the establishment of leaf antibody against the His tag (Sigma, USA), at 4°C overnight. Then
polarity are the regulation of adaxial-abaxial axis. We alsghe second antibody, a POD-conjugated anti-mouse antibody (Sigma,
provide evidence th&Rfunction acts in thaS1-ASdathway USA), and the sgbstrate 35&5'-tetramethylbe.n2|d|ne (TMB) were

to regulate polarity formation during leaf development. Weadded._The reaction was examined by r_ecordlng the absorbance at 655
report a physical interaction between AS1 and AS2 proteins fim. using a 450 Microplate Reader (Bio-Rad, USA).

vitro and in yeast. Based on these results as well as thverse transcription-polymerase chain reaction

phenotypes oB85S::ASland 35S::AS2transgenic plants, We For reverse transcription-polymerase chain reaction (RT-PCR), total
propose a model &S], AS2andER actions in leaf polarity RNA was extracted as described previously (Huang et al., 1995). After
formation. treatment with DNase (Promega, USA), complementary DNA was
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synthesized using a reverse transcription kit (Promega, USA). PCRistology and microscopy

reactions were performed witKNAT1 gene-specific primers 't5  Fresh leaves and whole seedlings of wild-type and mutant plants were
TGTCAGAGTCCCATTCAC-3 and 3-GCAACGAGAGGTTGT-  examined using a SZH10 dissecting microscope (Olympus, Japan),

TATT-3'), which span the exon3/exon5 region. PCR products wer@nd photos were taken using a Nikon E995 digital camera (Nikon,

examined by separating on a 1.0% agarose gel. Japan). Preparation of thin section specimens and scanning electron
_ ) microscopy (SEM) were as described previously (Chen et al., 2000),
Construction of transgenic plants using the first pair of rosette leaves.

The overexpression constru8bS::AS1lwas constructed previously

(Sun et al.,, 2002). For overexpression of #®2 gene, a 0.6 kb

genomic DNA containing the entir@S2 coding region was PCR- RESULTS

amplified from the er plants and sequenced. This DNA fragment was

then inserted into a binary T-DNA vector pMON530 (Monsanto,L | . 1 and as2 | def

USA), downstream of a 35S promoter. The constr868&::ASland . otus- €avesin as:and as mutants reveal detects
35S::AS2were introduced into thedr, as1-101andas2-101plants N the adaxial-abaxial polarity

by Agrobacteriummediated transformation. Ter85S::ASilLer, Previous characterizations of tael mutants showed that the
thirty-two 35S::ASZler, five 35S:ASlas2-101 and fifteen mutant pattern reflects a change in proximodistal and
35S::ASZasl-101 transgenic lines were obtained. Gene mediolateral patterning of the leaf, but not in the adaxial-
overexpression was verified by RT-PCR from 8%S:AS1Lerand  gpaxial axis (Byme et al., 2000). Our more recent results
the 35S:AS2er transgenic lines that were used for phenotypicqemonstrated thaasl and as2 mutants in the &r genetic
analysis in this work (data not shown), and primers used in the PC ckground displayed a novel leaf structure: in some rosette

experiment were described previously (Xu et al., 2002). - : .
355:AS1as2-101 and 35S::AS2as1-101 transgenic lines were leaves the petiole is attached to the abaxial surface of the leaf

verified by PCR using a forwar@5S primer (3-GCTCCTAC-  lamina, showing a lotus-leaf structure (Sun et al., 2002; Xu et
AAATGCCATCA-3)) and reverse primers '(BgaattcCATTACA-  al., 2002). This structure might suggest a defect in the adaxial-
AGTTACAAC-3' for theASland 5-GTTTTCTCATCACCAAGCG- abaxial axis in leaves. To understand better A&l and

3 for the AS). Phenotypes of the transgenic lines were consistenAS2 functions, we characterized this lotus-leaf structure
among progeny from each transformation. extensively. Sinceasl and as2 mutants have very similar
overall phenotypes, we focused our phenotypic
analyses mainly on thees2-101mutant, except where
otherwise noted. In comparison with wild-type plants
(Fig. 1A), all asl and as2 alleles that we have
obtained in the &r ecotype produced the lotus-leaf
structure (Fig. 1B,C, arrows), and this type of organs
usually appears among the first two rosette leaves. In
our growth conditions, 15-30% (depending on
individual alleles) of all first two rosette leavesasil
andas2seedlings, were lotus leaves.

Petioles of the &r plants have an asymmetric
adaxial-abaxial axis with a flat and a slightly wider
adaxial side (Fig. 1D). In theas2-101 mutant,
however, each petiole showed a radially symmetric
proximal portion, the length of which varied in a
continuous series, depending upon leaf positions and
leaf ages. Some leaves showed a radially symmetric
portion at the very proximal end (Fig. 1E), while in
others it was more distal (Fig. 1F). If the radially
symmetric tissue reached high enough to affect the
region where leaf lamina grew, the lotus-leaf was
formed (Fig. 1G,H). The higher the radial portion
ended, the smaller the whole leaf structure became. If
the radially symmetric portion extended extremely

Fig. 1. The lotus-leaf structure afs1-10landas2-101mutants in the &r distally, lamina development would be severely
genetic background. (A)dr; (B) as1-10land (C)as2-101seedlings. Note affected, resulting in either leaves with a very small
that first pairs of rosette leaves in #islandas2mutants often show the lamina (Fig. 11) or even needle-like organs without

lotus-leaf structure (arrows). c, cotyledon. (D-L) Each panel shows one of thegny |amina growth (Fig. 1J). We also analyzed
first pairs of rosette leaves, all of similar ages, and photos were taken from ahetioles of asl-1 and as2-1 plants, these are the
adaxial view. (D) A ler rosette leaf with an asymmetric petiole in the adaxial- previously identified alleles that élre in the mixed

abaxial axis. (E,Fas2-10Trosette leaves showing petioles with radially CollLer and ER genetic backgrounds, respectively.

symmetric portions that vary in length (arrowheads). Note that the petiole .
portions below arrowheads are radially symmetric. (8sB-101rosette Although lotus-leaves appearedisl-1at a very low

leaves with a varying degree of severity of the lotus-leaf structure. (J) A frequency (Xu et al., 2002), all first pairs of rosette
needle-like structure of as2-101seedling. (K) Aras2-1rosette leaf with the ~ leaves that we have analyzed contained a radially
radially symmetric portion in the petiole (arrowhead). (L)asi-1petiole. symmetric portion in the petiole (Fig. 1Kasl-1

Scale bars:1 mm (A-C); 0.2 mm (D-L). exhibited a less severe petiole phenotype, having
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Table 1. Effects ofER gene on frequency of the lotus-

leaves
as2mutant
phenotype* Total leavésLotus-leaves Frequency
as2-101x Lan 267 Lan-like plants 534 6 1.1%
88 Ler-like plants 176 34 19.3%

*Plants withas2phenotypes were identified among thebpulation from
a cross betweems2-101in the Ler genetic background and Lan with a
normalERgene.

TTotal numbers of the first-pair rosette leaves were analyzed.

neither lotus-leaves nor radially symmetric petioles. Howevel
margins of theasl-1 petioles curled upwards (Fig. 1L),
resembling the portion distal to the radially symmetric one ir
petioles inas1-101(Sun et al., 2002ps2-101(Fig. 1E,F) and
as2-1(Fig. 1K). These results indicate that tagl and as2
single mutants, regardless of genetic backgrounds, exhibite
defects in leaf adaxial-abaxial axis.

ER function is involved in the leaf polarity formation Fig. 2. Transverse sections showing the effects obg&mutation

Theaslandas2mutants were identified and first characterized®? petiole anatomy. (A)dr petiole. (B) Lotus-leaf petiole afs2

. 1Q1 (C) Non-lotus-leaf petiole agis2101 Note that three vascular
several decades ago (Redei, 1965). However, the lotus-| ndles were seen in the mutant. d, adaxial epidermis between two

phenotype was not reported from previous analyses @fsthe 4rrowheads; b, abaxial epidermis between two small arrows: pa,
andas2alleles (Redei, 1965; Serrano-Cartagena et al., 1999arenchyma; vs, vascular bundle. The small and dense epidermal

Byrne et al., 2000; Ori et al., 2000; Semiarti et al., 2001)cells between the arrowheads and small arrow are the petiole margin
Previously, we reported the observation of lotus-leaves impidermis in the &r plant. Scale bars: 0.1 mm.

newly isolatedaslalleles in the er background (Sun et al.,

2002). We also compareds?2 alleles in different genetic

backgrounds, and found that only those in teeldackground  with those in the &r plant: most cells in &r petioles were
produced lotus-leaves at relatively high frequencies (Xu et alirregularly shaped (Fig. 2A) while cells in the lotus-leaf petiole
2002). These results indicate that the lotus-leaf phenotype vgere arranged in an orderly fashion (Fig. 2B). In the
likely to be sensitive to the genetic backgroundr tarries  asymmetric portion of the non-lotus-leaf petioles of dis@-

a mutatedER gene. To determine whether the lotus-leaf101 mutant, epidermal cells on the adaxial side were also
morphology is associated with taemutation, we crosseas2-  aberrant as shown in Fig. 2C. In addition to the abaxial
101 (Ler) with a wild-type Landsberg&R (Lan) plant. Since epidermal cells, cells similar to the margin epidermis seemed
the er mutation causes distinctive morphologies from those ofo occupy the adaxial positions. The phenotypic analysis of the
theER(Lan), it is easy to score the &s2-101 eandas2-101 lotus-leaf petiole indicates that tA&2gene plays an important
ER plants for the lotus-leaf phenotype. Our data showed thable in the formation of leaf adaxial-abaxial polarity.

the as2-101 emlants had a much higher frequency of lotus- ) )

leaves than that in thes2-101 ERplants (Table 1), indicating Overexpression of ASI and ASZ results in

that ER function is indeed involved in the leaf polarity dramatically different plant morphologies

establishment. To further investigatdSlandAS2functions in the leaf polarity
. ] o ] formation, we fused\S1andAS2cDNAs to the ‘constitutive’
Aberrant adaxial cell identity in  as2 petioles CAMV 35S promoter and introduced the constructs into L

To identify abnormalities of adaxial-abaxial polarity as2 and the correspondingslor as2 mutant plants, respectively.
leaves at the cellular level, we analyzed cell patterns bWe analyzed the first pair of rosette leaves, and found that
transverse sectioning @fs2 petioles. In a kr rosette leaf, 35S::ASller and 35S::ASZ er transgenic plants displayed
adaxial and abaxial surfaces of a petiole can be recognized dyamatically different phenotypes, although the overall
the pattern of their epidermal cells (Fig. 2A). The adaxiaphenotypes ofslandas2mutants are very similar.dr and
epidermal cells of a mature petiole are usually large ands2-101plants carrying35S::AS2had narrow leaves with
irregularly shaped, whereas the abaxial epidermal cells ataminae curled upwards (Fig. 3A,B). In comparisoer; filants
relatively small. Between adaxial and abaxial epidermis, thereontaining 35S::AS1displayed a reduced plant stature with
are small and dense epidermal cells of the petiole margins. Thermally shaped leaves (Fig. 3C). We also analyzed lamina
adaxial and abaxial asymmetry of petioles was lost completelgpidermis that was located midway up the length of the lamina
in lotus-leaf petioles (Fig. 2B) and the radially symmetricand midway between the margin and the midvein efdnd
portion of non-lotus-leaf petioles (data not shown) inab2-  35S::ASiLer plants by SEM. FoB5S::ASZ er plants, we

101 mutant. The overall epidermal characters of the radiahnalyzed the central portion of the laminae, as the adaxial
petiole resembled those of abaxial epidermis in the wild typepidermis in this region could be viewed in a curled leaf. The
(for comparison, see Fig. 2A). Moreover, sub-epidermal cellser adaxial epidermis of leaves was characterized by an
in the lotus-leaf petioles seemed abnormal in shapes compareddulating surface composed of uniformly sized cells with a
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Fig. 3. Phenotypes of
35S::AS1and35S::AS2
transgenic plants.

(A) Seedling carrying
35S::AS2n the Ler
background. (B) A plant
containing35S::AS2n the
as2-10Imutant background.
(C) Plant carrying the
35S::AS1in the Ler
background showing dark
green leaves. (D-F) Adaxial
lamina epidermis of (D) &r,
(E) 35S::AS2Z erand (F)
35S::AS1Ler. Note that
since leaves d35S::AS2A er
seedlings are curled
upwards, only the central
portion of the adaxial
surface is visible.

(G-I) Abaxial lamina
epidermis of (G) kr, (H)
35S::AS2and (1)35S::AS1
First pairs of rosette leaves
were used for the SEM
images. t, three-branched
trichome. Scale bars: 1 mm
(A-C); 0.05 mm (D-I).

low density of stomata (Fig. 3D). In contrast, ther hbaxial — arrowhead), and were very similar to the epidermal cells on the
epidermis was characterized by a flat surface and a high densitgtaxial side of thes2 petiole (Fig. 4F), consistent with the
of stomata with jigsaw-puzzle-shaped cells (Fig. 3G). results from transverse sections (Fig. 2). Epidermal patterns in

On the adaxial side of laminae, epidermal patternsein L the asl mutant were very similar to those in the2 mutant
and the35S::AS1lLer transgenic plants were similar (Fig. (data not shown). In comparisor35S::AS2 er petioles
3D,F), although th&5S::ASllamina contained more stomata contained the uniformly shaped epidermal cells (white
(Fig. 3F). Abaxial epidermal cells inek (Fig. 3G) and the arrowhead) and elongated midvein-like cells (black arrowhead,
35S::AS1Ler transgenic plants (Fig. 3I) were also similar in Fig. 4G,H). This type of cell is usually positioned in the more
shape. In comparison, the identity of adaxial and abaxialistal region in the &r lamina. In the more proximal portion
epidermal cells on laminae of ti85S::AS2 er transgenic  of the petiole, epidermal cells were mosaic with a mixture of
plants was altered dramatically. Abaxial-like epidermal cellsadaxial- and abaxial-type cells (Fig. 4l). This abnormal
appeared on part of the adaxial side of laminae of the firgtroximodistal differentiation, however, was not seen in the
pair of rosette leaves (Fig. 3E), whereas the abaxial side w&8S::AS1L er plants (data not shown). These results indicate
almost entirely covered in cells with adaxial features (Fig. 3H)that theASlandAS2functions are also required for promotion
The other rosette leaves also displayed adaxial-abaxiaf cell fate along the proximodistal axis.
transformation, albeit weaker: only ectopic patches of adaxial Interestingly,35S::ASZ er transgenic plants also produced
and abaxial epidermal cells appeared on the abaxial and adaxigledle-like leaves amongst the first appearing rosette leaves,
sides, respectively (data not shown). These results furthsimilar to those iras2-101mutant in terms of whole organ
support the hypothesis that tA&2function is required for the structure and size (Fig. 1J; Fig. 5A,E). However, the epidermal
adaxial-abaxial polarity in leaves. cells of these structures are markedly different ina$2 101

To examineASlandAS2functions in leaf polarity along the mutant and 35S::AS2Z.er transgenic plants (Fig. 5A,E).
proximodistal axis, we further analyzed adaxial epidermaEpidermal cells on most of thes2-101needle-like structure
identity in theasl, as2 and 35S::ASZL er leaves. Fig. 4A,B  were long and narrow (Fig. 5B), similar to those on the petiole
shows the adaxial epidermis in the proximal part ofea L margin in the ler plant (Fig. 4C). However, the epidermal cells
lamina. There were two distinctive cell types: elongated cellon 35S::AS2_er needle-like leaves looked more similar to the
of the midvein and the relatively uniform epidermal cells thatamina adaxial epidermal cells (Fig. 5F). In more distal regions
covered most of the lamina. The equivalent region ofag®  of the as2-101 needle-like leaves, the long and narrow
leaf epidermis (Fig. 4D,E) contained only one type of cell thaepidermal cells were partially developed into lamina abaxial
was long and narrow in shape. These cells resembled tigells (Fig. 5C, arrowheads), or even completely abaxialized
epidermal cells on the margin ofet petiole (Fig. 4C, (Fig. 5D). However, in the equivalent region3BS::AS2Z er
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needle-like leaves, the surface was undulating with densxhibited downward-pointing siliques (Fig. 6E) with very short
stomata, reflecting a trend to being expanded into lamina (Figedicels, very similar to those in thpmutant (Fig. 6F). Plants
5G), or with three-branch trichomes (Fig. 5H). This type ofoverexpressingAS1 did not show such an inflorescence
trichome is usually associated with the adaxial surface of thehenotype (Fig. 6C). RT-PCR results showed tKBIAT1
wild-type laminae in the early-appearing rosette leavesxpression was dramatically reduced in the inflorescence in the
Therefore, the needle-like structure3BS::ASZA er seedlings 35S::AS2A_er transgenic plants, but was not affected in plants
was an adaxialized organ. This needle-like structure was nttat carried35S::AS1Ler (Fig. 6G). This result suggests that
observed in any of the35S::ASller transgenic plants. although eitheASlor AS2is required for the down-regulation
Phenotypic analysis of the needle-like organs oaifamutant  of KNAT1in leaves (Byrne et al., 2000; Semiarti et al., 2001),
and 35S::AS2transgenic plants supports the hypothesis thathe amount or location of AS2 may be more crucial for the

AS2function is required for adaxial cell differentiation. down-regulation in inflorescence.
Ectopic expression of ASZ2 suppresses KNATI in AS1 and AS2 can interact physically
floral inflorescence The Arabidopsis asland as2 mutants display very similar

AS1and AS2 down-regulateKNATL an Arabidopsisclass |  phenotypes, which led to the hypotheses that the AS1 and AS2
KNOTTEDlike gene, in leaves (Byrne et al., 2000; Semiartifunction in the same regulatory pathway (Serrano-Cartagena et
et al.,, 2001). To determine whether th81or AS2gene is al., 1999) or that they may interact with each other (Byrne et
sufficient for this down-regulation, we analyzed inflorescencel., 2002; Xu et al., 2002). To gain more direct evidence that
phenotypes andKNAT1 expressions in inflorescence of ASlandAS2function together in the leaf polarity formation,
35S::ASller and 35S:ASZ er transgenic plants. The we constructed35S::AS1as2-101 and 35S::AS2as1-101
Arabidopsis brevipedicellugbp) mutant carries aknatl transgenic plants. Phenotypes including leaf shapes (Fig.
mutation, which causes altered inflorescence architecture, wiitA,B) and epidermal patterns (data not shown) of
reduced internode and pedicel lengths, bending at the nod&§S::AS1/as2-10land 35S::AS2/as1-10Jplants resembled
and downward-oriented flowers and siliques (Douglas et althose of theas2 and asl single mutants, respectively. The
2002; Venglat et al., 2002). ThereforeKiNAT1expression is curled rosette leaves (Fig. 3A) and the downward-pointing
suppressed in the transgenic plants, we expected tipsike  flowers (Fig. 7C) in th&5S::AS2ler plants were not seen in
phenotypes. In comparison to therl(Fig. 6A),as1(Fig. 6B)  35S::AS2/asl-10Dplants (Fig. 7A,D). Again, the increased
andas2 (Fig. 6D) plants, the85S::ASZ er transgenic plants stomata on the adaxial side in tBBS::AS1l er leaves (Fig.

Fig. 4. SEM of epidermal cells ofér,
as2-101and35S::ASZ er leaves.

(A) Adaxial surface of the proximal
part of a ler lamina. (B) The boxed
region of A showing a close-up of two
types of epidermal cells. (C) Adaxial
epidermal cells on adr petiole.
Arrowhead, margin cells; arrow,
adaxial cells. (D) The proximal part of
the adaxial surface of a$2-101
lamina. (E) The boxed region of D
showing a close-up of the long and
narrow epidermal cells. (F) Adaxial
epidermal cells on aas2-101petiole,
showing that all epidermal cells on the
petiole are long and narrow. Note that
these cells show a very similar pattern
to those found on the proximal part of
theas2-101eaf lamina in D, and are
also similar to petiole margin epidermal
cells of Ler. (G) Epidermal cells of an
adaxial35S::AS2etiole. (H) The
boxed region of G showing the
uniformly shaped adaxial epidermis
(white arrowhead) and the thick
midvein-like epidermis (black
arrowhead). (I) Abaxial side of a
35S::AS2etiole with mosaic adaxial
and abaxial patches. Scale bars: 0.2 m
(A,D); 0.1 mm (B,C,E-G,l); 0.05 mm
(H).
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3F) were not observed in th#hS::AS1as2-101transgenic reporter genes, allowing cells to grow on media lacking

plants (data not shown). These results indicate thalA8ie tryptophan, leucine, histidine and adenine (Fig. 8B). These

function in the regulation of leaf polarity formation needs theresults demonstrate that AS1 and AS2 bind each other in yeast

presence of theAS2 function, and vice versa. Flower cells. To further confirm the physical interaction between AS1

phenotypes 085S::AS1/as2-10and35S::AS2/as1-10flants and AS2 proteins, we performed ELISA experiments using

differed from those of the correspondiag?-10landas1-101  purified His-AS1 and GST-AS2 (Fig. 8C). Our results showed

mutants. Brieflyas2-101(Xu et al., 2002) an85S::AS1/as2- that the increased absorbance could be recorded only in the

101 (data not shown) had similar flower shapes, but fertility inpresence of both AS1 and AS2 proteins (Fig. 8D), indicating

35S::AS1/as2-10flowers was reduced. Phenotypessi-101 these two proteins can indeed associate physically.

(Sun et al.,, 2002) an®5S::AS2/as1-10%lowers differed

markedly. Flowers in th&5S::AS2/as1-10plants were all

sterile with shortened sepals, petals and stamens. The aberrRR¢CUSSION

flower phenotypes iB5S::AS1/as2-10and35S::AS2/as1-101 ) ) ) )

transgenic plants indicate that AS1 and AS2 have separafeS1 and ASZ2 in leaf adaxial-abaxial polarity

functions in flower development in addition to their regulationsThe aslandas2mutants in the er genetic background show

in the leaf polarity formation. a higher frequency of lotus-leaf structure. In the most severe
To test the possible physical interaction between AS1 anchse, a needle-like organ forms in place of some rosette leaves.

AS2 proteins, we first carried out a yeast two-hybrid assaylhis structure is very similar to that in tiplan mutant in

Yeast cells that coexpressed the AS1 bait and the AS2 préntirrhinum (Waites and Hudson, 1995). ghanallele, phan-

fusion proteins, and the AS2 bait and the AS1 prey fusio®07, grown at 17°C produced almost exclusively needle-like

proteins both showed cleBrgalactosidase activity (Fig. 8A). leaves. Epidermal cells on these radialized leaves iptiaa

However, cells coexpressing AS1 or AS2 together with anutant are long and narrow, resembling those on the wild-type

vector-only control wergd-galactosidase negative. A parallel abaxial epidermis of leaves (Waites and Hudson, 1995).

yeast two-hybrid experiment showed that coexpression of ASEpidermal cells on needle-like leaves of thgl and as2

and AS2 also promoted the expressionHd®3 and ADE2  mutants are similar to those of thhan mutants, suggesting

Fig. 5. SEM of needle-like leaves as2-101and35S::ASZLer plants. (A) A firstas2-101rosette leaf with needle-like structure. (B-D) The
bottom, middle and top boxed areas of A, respectively. (B) The epidermal cells of the proximal region of this structuhmseimiche

petiole abaxial cells inér plants, and are also similar to thoseb&n-607needle-like leaves (Waites and Hudson, 1995). (C) In the more
distal portion, cells differentiate into abaxial epidermis (white arrowhead) with some intermediate cells between thegjpzhabsixial
epidermal cells and the petiole abaxial cells in te(hlack arrowhead). (D) At the tip of the needle-like organ, all cells are abaxilized. (E) A
first appearin@5S::ASZ/Ler leaf with needle-like structure. (F-H) The bottom, middle and top boxed areas of E, respectively. Note that the
epidermal pattern of this structure is similar to that of the needle-like leavespinitHalmutant (McConnell and Barton, 1998cale bars:

0.2 mm (A,E); 0.1 mm (B,C,F,G); 0.05 mm (D,H).
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Fig. 7.Phenotypes 085S::AS1/asand35S::AS2/astransgenic
plants. (A)35S::AS1/as2-104eedling that is similar to tres2
mutant. (B)35S::AS2/as1-104eedling that resembles tagl
mutant. Note, the curled leaves3BS::AS2Ler were not seen in the
35S::AS2/as1-10flants. (C)35S::AS2 er inflorescence with a
downward-pointing flower. (D35S::AS2/as1-10ihflorescence.
Flowers are not downward-pointing. Scale bars: 1 mm.

ACTIN

KNATI
34 cycles phb-1dalso has needle-like structures, which were thought to
be adaxialized organs (McConnell and Barton, 1998;
McConnell et al., 2001). The epidermal pattern of needle-like
leaves iR35S::AS2er transgenic plants is very similar to that
of needle-like organs iphb-1d indicating the needle-like

leaves in 35S::ASZLer transgenic plants may also be

KNATI
36 cycles

Fig. 6. Overexpression oAS2suppresseKNAT Lexpression. adaxialized organs. Needle-like leaves cannot develop further
(A-F) Same-stage inflorescences. (&rL(B) as1-101 (C) to form laminae, regardless of their adaxialized or abaxialized
35S::ASlLer, (D) as2-101 (E) 35S::AS2Ler, (F) bp. Note that nature. This is consistent with the proposal of Sussex that
35S::AS2ransgenic plants arfsh mutant plants exhibit similar proper establishment of adaxial-abaxial polarity is required for

altered inflorescence architecture, with downward-pointing siliques. |3mina development (Sussex, 1954; Sussex, 1955).
(G) RT-PCR. RNA was extracted from the primary inflorescence, and | e restingly, the lotus-leaf ias1andas2mutants is also
the amplified DNA fragments were separated by electrophoresis onvery similar to the trumpet-shaped leaves in fe-1d

gg;gaggfﬁ %erL?ﬁ?A\fE)Lfahzed by staining with ethidium bromide. mutant (McConnell and Barton, 1998). However, the inside
and outside cell identities in lotus-leaves and trumpet-shaped
leaves is reversed (data not shown) (McConnell and Barton,
that the needle-like leaves @slandas?are also abaxialized 1998). Cells with adaxial identity are on the inside surface of
organs. Although petioles in the less sexskandas2leaves the asl/as2lotus-leaf, while such cells are on the outside
can grow asymmetrically, cell specialization at the adaxiasurface of thegphb-1dtrumpet-shaped leaf. The analysis of
surface is aberrant. All these results plus the factAlg&is  leaf phenotypes iB5S::AS2Ler transgenic plants, especially
preferentially expressed adaxially in cotyledons in theneedle-like structures in theas2 mutants and the
embryonic stages (lwakawa et al., 2002) strongly suggest thabS::AS2Ler transgenic plants further supports the
AS2is an adaxial-promoting factor in leaves. hypothesis that the primary function AB2is related to the
Of the three axes of leaves, establishment of adaxial-abaxipfomotion of the adaxial cell differentiation. Since AS1
polarity is the primary and most essential process for leadssociates with AS2, and thsl mutant also showed lotus-
development. It was previously proposed that the establishmeletaves and needle-like leaves (Sun et al.,, 2002) (data not
of adaxial-abaxial polarity is a requirement for proper laminahown), it is possible thagiS1lalso functions as an adaxial
growth (Sussex, 1954; Sussex, 195831 and as2 mutant  promoting factor in leaf polarity formation. Our recent results
plants andB5S::ASZL er transgenic plants all have needle-like using RT-PCR showed that expression of BB gene was
leaves, however, the features of these organs are totalynhanced in th85S::AS1Ler and 35S::AS2 er transgenic
different. The needle-like structure @slandas2is due to plants, and expression of tHelLAMENTOUS FLOWER
a reduction in adaxial differentiation, whereas that in th€FIL), a member in th& ABBYfamily, was promoted in the
35S::AS2Z er transgenic plants shows only the adaxialasl-10landas2-101mutant plants (L.X., H. Li and H.H.,
epidermis. Moreover, thérabidopsissemidominant mutant unpublished). These results suggest that ABd and AS2
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Fig. 8.AS1 and AS2 interaction in
yeast and in ELISA. (A,B) Yeast
two-hybrid analyses by co-
expression of AS1 and AS2,
showing that the interaction of AS1
and AS2 turns on the reporter genes
lacZ (A) andHIS3andADE2
activities (B). (C) Recombinant
purified proteins His-AS1 and GST-
AS2 were analyzed by SDS-PAGE
and stained by Coomassie Blue R-
c & . D 250. Note, sizes of the recombinant
E . . 60 His-AS1 and GST-AS2 proteins
2 2 50 agreed with their predicted
40 molecular masses. M, molecular
mass marker (in kDa); GST,
glutathioneStransferase control,
- GST-AS2, GST tag and AS2 fusion
d— protein; His-AS1, His tag and AS1
- e = fusion protein. (D) ELISA was
e CATAD (i) performed showing protein-protein
0 30 .40 60 8 interaction between the His-AS1
a8 M. His-AS1 (ng/k) and GST-AS2.
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67 —

T
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are genetically upstream to tlRHB and FIL genes in the the normal adaxial-abaxial polarity in leaves. Second, the

regulation of leaf polarity. length of the radially symmetric portion asl er(data not
o ] shown) andas2 erwas highly variable: from fully expanded
ER function in the AS1-ASZ2 pathway for leaf polarity leaves to needle-like leaves. Nevertheless?2 ER showed

We previously demonstrated that lotus-leaves appeared atvary few lotus-leaves and less variable portions of radially
much higher frequency iasl and as2 mutants in the &r  symmetric petioles, anas1 ERdid not contained any radially
background than that in any other genetic backgroundsymmetric position. These observations suggest thaElhe
analyzed (Sun et al., 2002; Xu et al., 2002). Although genomédanction may reduce the sensitivity of plant cells to yet
from differentArabidopsisecotypes contain polymorphisms, a unknown internal or environmental signals for leaf
major difference betweenek and otherArabidopsisstrains is  development.
that Ler carries a mutated form of tlER gene. This mutation
confers plants with a compact inflorescence, blunt fruits, anunction of the AS1-AS2 complex
short petioles (Torii et al., 1996). In this work, we provideArabidopsis asland as2 mutants have very similar leaf
direct evidence that the higher frequency of lotus-leavas2n morphology (Redei, 1965; Serrano-Cartagena et al., 1999;
mutant was caused by tlee mutation. Therefore, both AS1 Sun et al., 2000). Both mutants also show misexpression of
and AS2 (possibly the AS1-AS2complex), as well as ERhe class KNOXgenes (Byrne et al., 2000; Ori et al., 2000;
contribute to the leaf polarity formation. TE®R gene encodes Semiarti et al., 2001; Byrne et al., 2002) and suppression of
a receptor protein kinase with extracellular leucine-rich repeatbie LATERAL ORGAN BOUNDARIHEEOB) gene (Shuai et
(Torii et al., 1996). It is widely expected that ER regulatesal., 2002). All these suggest that these two genes function in
signaling in plant development. the same regulatory pathway. In this work, we provided direct
The Arabidopsis bpnutant carries mutata€NAT1landER  genetic evidence showing a requirement of Alsd and AS2
genes. It was proposed thAaR functions redundantly with functions together in the leaf developme3iS::AS1/asand
KNAT1to regulate plant architecture and stem differentiatior85S::AS2/asiransgenic plants demonstrated only aisé-or
(Douglas et al., 2002; Venglat et al., 2002). AlthoA@1-AS2 as2iike leaf phenotypes, which are markedly different from
and ER also seem to be redundant in the promotion of théhose in the correspondir@pS::ASlller and 35S::AS2Ler
adaxial cell fate, similar to th€NAT1andER pair in thebp  plants. To explore the underlying molecular mechanisms of
mutant, we hypothesize thaS1-AS2and ER may play AS1 and AS2 actions in leaf development, we previously
different roles in the establishment of leaf polarity. First, weexamined AS1 expression in theas2 mutant and AS2
have observed thas2mutations in genetic backgrounds otherexpression in thasl mutant to determine if these two genes
than Ler also showed lotus-leaves, although at much loweare regulated by each other. There were no obvious changes
frequencies (Xu et al., 2002). In addition, petioles of the firsin eitherAS1lor AS2transcripts when one gene was expressed
pair of rosette leaves in &ls2 alleles, regardless of genetic in the other mutant background (Xu et al., 2002), suggesting
backgrounds, contain a radially symmetric portion. Althoughhat the direct transcriptional regulation of one by the other is
petioles ofasl-1plants in the mixed Colkr background did not likely.
not show even the radially symmetric portion, petioleas- In this work, we tested the possibility of protein-protein
1and plants with the othaslandas2alleles all reflect a same interactions between AS1 and AS2. We showed that AS1 and
defect. These observations indicate that #%&l and AS2 AS2 can indeed associate together both in vitro and in yeast
functions, but not th&R function, are primarily necessary for cells. These results suggest that AS1 and AS2 may form a
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complex to regulate their downstream genes during le¢
development.

This regulatory model is similar to that with products of
floral organ identity geneBAPETALA3(AP3) andPISTILATA
(PI) in Arabidopsis.AP3 and Pl can associate to form a
complex, and mutation in eithekP3 or PI results in very
similar floral phenotypes (Jack et al.,, 1992; Goto anc
Meyerowitz, 1994).

Although asl and as2 have comparable defects in leaf
development, transgenic plants carryiB§S::ASILer and
35S::AS2 er exhibited dramatically different phenotypes, not ab
only morphologically but also at the molecular level, such a
the suppression d{NAT1expression. One possibility is that
the AS1 and AS2 proteins are not present at similar levels |
wild-type plants. The AS1 protein may be more abundant tha
AS2, such that the increase of AS2 dosage results in tf
formation of more functional AS1-AS2 complexes. Another

possibility is that the different phenotypes are caused by the,g_ 9.A genetic model foAS1, AS2andERactions in

endogenous gene expression patteAS1 is expressed establishment of the leaf adaxial-abaxial polarity. Ip, leaf primodium;
throughout the leaf, a pattern similar to that of36&driven  ad, adaxial side; and ab, abaxial side.

gene expression in leaves. The same expression pattern of
the AS1gene may not generate altered phenotyp&R is _ o _
expressed only adaxially as reported in the embryonibowe}’er the exact involvement BR action in this pathway
cotyledons (Iwakawa et al., 2002), and therefore ectapiz  'émain to be elucidated. ,
expression under the control of tBBSpromoter may cause e noted that the strongest phenotypes inasteand as2
dramatic phenotypic changes. mutant .plants anq th@5S::ASZ er transgenic plgnts all

It is known that bothAS1and AS2 are needed to down- @ppear in the earliest rosette leaves (the first pair of rosette
regulate class 1KNOX genes, because loss-of-function !eaves): Itis possible that there mig_ht b_e so_me_other _rggulators
mutations inAS1andAS2result in the ectopic expression of IN Arabidopsisto promote leaf adaxial identity in addition to
KNOX genes in leaves (Byrne et al., 2000; Semiarti e{\Sl/AS? and P_HB/PHV. Thesg participants may have partially
al., 2001). Based on the analyses 3BS:ASiLer and Overlapping action domains withSIAS2and PHB/PHV but
35S:ASZLer transgenic plants, only theAS2 ectopic play major roles in promoting leaf adaxial identity only in the
overexpression  suppressetkNAT1 expression in the late appearing leaves. Identification and characterization of
inflorescence and generatebpdike phenotypes. This NeW genes an(_j elupldatlon (_)f the regqlatory netwo_rk for all
phenomenon can also be accounted for by the less abund&gSe genes will refine our views of axis formation in plants,
AS2 dosage and (or) the strict AS2 distribution in wiId-typea”d therefore provide new insights into the leaf development.
inflorescence failing to form enough complexes to suppress
KNAT], although the AS1 appears in the same-stagg
inflorescence (Byrne et al., 2000).

@ = —— KNaT!

4—41 ER

Promote adaxial
identity in leaves

The authors would like to thank the Ohio State University
abidopsisStock Center for providingsl1-1 as2-1 bp and Lan
seeds, J. Mao and Y. Dou for SEM, X. Gao for thin sectioning, and
. W. Shen, X. Chen and H. Ma for helpful discussions and comments
A pr0p0§ed genetic model for  ASI1, ASZand ER on the manuscript. This work was F;upported by grants from the
actions in leaves Chinese Administration of Science and Technology (863 and 973),
Based on the AS1 and AS2 expression patterns (Byrne et ahe Chinese National Scientific Foundation and the Shanghai
2000; Iwakawa et al., 2002) and the results in this work, wécientific Committee, to H.H.

propose a model ofAS1 AS2 and ER actions in the

establishment of leaf polarity (Fig. 9). AS1 and AS2 can bind
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