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Summary

Dorsoventral (adaxial/abaxial) polarity of the maize leaf is
established in the meristem and is maintained throughout
organ development to coordinate proper outgrowth and
patterning of the leaf.rolled leafl(rld1) and leafbladelessl
(Ibl1) are required for the specification of the adaxial/upper
leaf surface.rld1 encodes a class Ill homeodomain-leucine

However, rld1 expression in the vasculature oflbll is
normal, suggesting that the specification of adaxial/abaxial
polarity during vascular and primordia development is
governed by separate but overlapping pathways. We also
show that members of the maizeyabby gene family are
expressed on the adaxial side of incipient and developing

zipper (HD-ZIPIIl) protein whose adaxial expression
is spatially defined by miRNA166-directed transcript
cleavage on the abaxial side. The semi-dominarld1-
Original (RId1-O) mutation, which results from a single
nucleotide substitution in the miRNA166 complementary
site, leads to persistent expression of mutant transcripts on
the abaxial site. This causes the adaxialization or partial
reversal of leaf polarity. By contrast, recessive mutations in
Ibl1 cause the formation of abaxialized leaves. THbl1 and
Rld1-Omutations mutually suppress each other, indicating
that these two genes act in the same genetic pathway.
Adaxial and meristematic expression ofld1 is reduced in
Ibll mutants, indicating that Ibll acts upstream ofrld1
to specify adaxial fate during primordium development.

leaf primordia. This expression pattern is unlike that
observed in Arabidopsis where YABBY expression is
correlated with abaxial cell fate. The yabby expression
patterns in Ibl1 and Rld1-O mutants suggest that theyabby
genes act downstream in the same pathway Bl and rld1.
Moreover, our observations suggest that maizgabbygenes
may direct lateral organ outgrowth rather than determine
cell fate. We propose that a single genetic pathway
involving Ibl1, rld1 and theyabbygenes integrates positional
information within the SAM, and leads to adaxial/abaxial
patterning and mediolateral outgrowth of the leaf.

Key words: Maize, leaf, Dorsoventral, Adaxial, Abaxial, Meristem,
miRNA, leafbladeless]Rolled leaf] YABBY

Introduction expression becomes restricted to the vasculature and the

Leaves of higher plants exhibit a varying degree of asymmetrgdax'al side (McConnell et al., 2001; Otsuga et al.,, 2001;
along the adaxial/abaxial axis. This asymmetry is thought t6Mery et al., 2003; Juarez et al., 2004). In both maize and
reflect inherent positional differences in the developing orgafifabidopsis this polar expression pattern is set up by the
relative to the shoot apical meristem (SAM) from which jtadaxial expression of miRNA166 or miRNA165 (Juarez et al.,
arises (Wardlaw, 1949). Specification of adaxial cell fate may004; Kidner and Martienssen, 2004), which show extensive
indeed require a meristem-borne signal as separation §PMplementarity toHD-ZIPIII transcripts and direct their
incipient primordia from the SAM by incision results in the cleavage (Reinhart et al., 2002; Rhoades et al., 2002; Tang et
formation of radially symmetric abaxialized leaves (Sussex@l-» 2003). Single nucleotide substitutions that disruptltie
1951; Sussex, 1955; Snow and Snow, 1959; Hanawa, 1961MIRNA166 complementary site, as in the semi-dominant
Members of the class Ill homeodomain-leucine zipper (HDMutant Rid1-Original (RId1-O, lead to the persistent
ZIPII) family, which includes the maize ROLLED LEAF1 expression ofrldl transcripts on the abaxial side of leaf
(RLD1), and the Arabidopsis PHABULOSA (PHB), Pprimordia (Juarez et al., 2004). As a resHid1-O leaves
PHAVOLUTA (PHV) and REVOLUTA (REV) proteins, are become adaxialized or partially reverse leaf polarity (Nelson
required to establish adaxial identity in lateral organ primordi®t al., 2002). Similarly, mutations in the miRNA165/166
(McConnell et al., 2001; Emery et al., 2003; Juarez et algomplementary site d??HB, PHV andREVare dominant and
2004). These proteins contain a START lipid-sterol bindingcause adaxial/abaxial patterning defects (McConnell et al.,
like domain and may specify adaxial cell fate by conveying thd998; McConnell et al., 2001; Emery et al., 2003).
hypothetical meristem-borne signal (McConnell et al., 2001; Establishment of abaxial identity Arabidopsisequires the
Eshed et al., 2001; Kidner et al., 2002). KANADI and YABBYgenes, in addition to miRNA165 and
rldl and theArabidopsis HD-ZIPIIlgenes are expressed miRNA166.KANlandKAN2encode redundant transcriptional
in the central region of the SAM and throughout incipientregulators belonging to the GARP family (Eshed et al., 2001,
leaf primordia. Upon primordium emergencelD-ZIPIII Kerstetter et al., 2001KAN1is expressed throughout young
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organ primordia but becomes abaxially localized shortly aftelbll andRId1-Omutants suggest they act downstreantbtif

PHB transcripts become restricted to the adaxial domairand rld1, and may direct lateral organ outgrowth. These
Consistent with this expression pattern, lateral orgaksuof ~ observations suggest tHhtl, rld1 and theyabbygenes act in
kan2mutants are narrow or radial, and adaxialized.Y/ABBY the same genetic pathway leading to adaxial cell fate and
gene family comprises six members, including the vegetativelsnediolateral outgrowth during maize leaf development.
expressed~-ILAMENTOUS FLOWERFIL), YAB2and YAB3

(Sawa et al., 1999; Siegfried et al., 1999). YABBY proteins

contain a zinc finger and a helix-loop-helix domain (YABBY Materials and methods

domain), and may also function as transcriptional regulatorgenetic analysis

F”‘ .YABZ. and .YAB3 are nitially _expressed thro_ughput The RId1-O mutant was obtained from M. Freeling (University of
incipient primordia but become restricted to the abaxial side Qfyjifornia at Berkeley, Berkeley, CA) and likg1-ref andlbl1-rgdl

all developing organs. These expression patterns are alteredidftogressed three to six times into diverse inbred backgrounds. Both
the phbl-dandkanl kanZouble mutants, suggesting that thethe Ibl1-ref andIbl1-rgd1 alleles are linked to the endosperm marker
YABBYgenes act after adaxial/abaxial polarity is establishedhite endospernfyl), which is dosage-sensitive and thus allows the
(Siegfried et al., 1999; Eshed et al., 20Gl)andyab3have identification of heterozygous and homozygous mutant individuals
redundant functions but, in combinatidihyab3cause a partial based on seed color. Double mutants homozygousbfar and

adaxialization of the leaf (Siegfried et al., 1999; Kumaran efféterozygous foRId1-Owere generated in the B73 inbred line by
al., 2002). backcrossindpll-ref yl/++; Rld1-O/+or Ibl1-rgdl y1/++; Rld1-O/+

Specification of adaxial/abaxial polarity leads to theOIOUbIe heterozygous plants to heterozygblisref y1/++ andbl1-

. . .. e rgd1 y1/++ siblings, respectively. Several hundred whigéy{l/yl
differentiation of distinct cell types within the upper and lowerg,{ yark yellow-{+/+) progeny from these crosses were grown in the

domains of the developing primordium, and this is alSGie|q and greenhouse. As expected, dark yellow seed segregated ~1:1
reflected in the patterning of the vasculature. Xylem tissugr wild-type andRId1-O mutant plants, whereas the white seed
differentiates towards the adaxial side, whereas phloem formggregated fotbl1 single andibll RId1-O double mutants. Plant

on the abaxial side. Mutations in tH®-ZIPIIl genes anlanl  genotypes were confirmed using RFLP linkage analysis. Flanking
kan2 affect vascular patterning in both the leaf and the sterprobesnpi235 and umc85 and probeumc94were used to follow

of the plant (McConnel and Barton, 1998; Zhong and Yeinheritance ofbll andRId1-Q respectively.

1999; Ratcliffe et al., 2000; Emery et al., 2003). Moreover

mMiRNA166 and thénd-ziplll genegld1 andphbare expressed Scanning electron microscopy

: s . ree to five independent mature adult leaves (leaf 9 or 10) were
in complementary domains in the vasculature, suggesting th§galyzed for wild type and each single and double mutant. Tissue

adaxial/abaxial patterning during vascqlar and Iatgaral OrgaQamples were collected approximately midway along the length of the
development may be governed by a similar mechanism (Juarggge near the midvein, in the middie of the leaf lamina and at the
et al., 2004). Analysis of thantirrhinum phantasticdphar)  |eaf margin. Samples were fixed overnight at 4°C in 0.1 M phosphate
mutant further indicated that the juxtaposition of adaxial anduffer (pH 7.0) containing 2.5% glutaraldehyde, dehydrated through
abaxial domains within the leaf directs mediolateral laminan ethanol series and critical point dried. Each sample was divided
outgrowth (Waites and Hudson, 1995). When this boundary igto two halves prior to mounting to allow analysis of both the adaxial
lost, as in the surgical experiments or as a result of mutatigid abaxial epidermal surfaces. Specimens were coated with gold and
of the adaxial or abaxial determinants, radial organs ara@halyzed on a Hitachi S-3500N SEM using an accelerating voltage of
produced. By contrast, formation of additional adaxial/abaxiat® V-

boundaries, as in weakly affect@than leaves that develop |solation of Zea mays yabby (zyb) genes

patches of abaxial cells on the adaxial leaf surface, induces thggenerate primers, YAB5 (TGCTAYGTSMAMTGCARCT-
formation of ectopic lamina outgrowths. WYTGC) and YAB3 (RTTYTTNGCWGCAGYRCTRAAKGC),
Specification of adaxial cell fate in maize also requiresvere designed based on sequence conservation in the amino-terminal

normal leafbladelessXIbll) activity. Recessive mutations in Zn-finger and carboxy-terminal YABBY domains efL, YAB2and

Ibl1 lead to the formation of radially symmetric abaxializedYAB3 These primers were used at a final concentrationyd 2nd
leaves and leaf-like lateral organs (Timmermans et al., 199%!1 annealing temperature of 57°C to amplify partial genomic
Like the weakphan leaves, less sevelbll leaves develop fragments of two maizgabbygenes. Both genomic fragments were
patches of abaxial cells on the adaxial leaf surface, which resiif€d 0 screen a vegetative apex cDNA library using standard
in bifurcation of the leaf or in the formation of fully protocols. Map positions for theybgenes were determined using two

. : . . . . . i i lati B L, 1 . Clustalw
differentiated lamina at the ectopic abaxial/adaxial boundarle%?i;%r;gggnéf 't?]gr;?]_fﬁ]%%lﬁ 2ﬂ3n$AéB$rd Oer:] aﬁ] s of 3“8% dgp‘;fsta

Here, we show thabll and RId1-0 mutually suppress each ang maize YABBY proteins were generated using MacVector6.5.1
other, and thalbll is required for normatld1 expression in  (Oxford Molecular Group), with a gap weight of 15.00 and a length
the SAM and on the adaxial side of leaf primordidl thus  weight of 0.30. Parsimony analyses were performed using PAUP4.0.
acts upstream afld1 during the specification of adaxial cell A consensus tree and bootstrap values were determined after 1000
fate in the primordium. Theldl expression pattern in the replicates.

vasculature was unaffected ibll mutants, suggesting that cJ\G/l

_adaXIaI/abaXIaI polarity in _Vens -may be establl_she enomic DNA and Southern blots were prepared and hybridized as
independently Oflbl.l f“UC“O”- We also cloned maize described (Timmermans et al., 1996). For RT-PCR, total RNA was
homologs of theArabidopsis FlLand YAB3genes, and show isqjated from the apices and young leaf primordia of two-week-old
that these maizeyabby genes, in contrast to those of seedlings using Trizol reagent (GibcoBRL). Approximately 1 ug of
Arabidopsis are expressed on the adaxial side of developingNasel-treated RNA was primed with oligo(dT) and converted to
leaf primordia. The expression patterns of @bygenes in  complementary DNA using M-MuLV reverse transcriptase (NEB).

olecular biology
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Fig. 1.1bl1 andRId1-Omutually
suppress each other. Relative to wild-
type B73 (A), weakbl1-ref (B) and
severdbll-rgdl (C) mutants have a
reduced stature and develop a variety
leaf phenotypes with the most severe
leaves being thread-like and abaxializ
RId1-O/+plants (D) have a normal
stature but their leaves are curled
upwards because of a partial inversiol
adaxial/abaxial polaritybl1-ref RId1-O
double mutant leaves (E,F) appear
normal or display very miltbl1- or
RId1-Glike phenotypes, but their
subtending internodes elongate
normally. Thelbl1-rgd1 Rld1-O
phenotypes (G) are also less severe t
either single mutant and frequently
resemble the weaker phenotypedf-
ref. Detached leaves (H) illustrate the
range of leaf phenotypes observed. (t
wild type; (H2)Ibl1-ref; (H3) RId1-O
(H4) Ibl1-ref RId1-Q note the reduced
rolling of the proximal leaf blade near the ligule/auricle when compared wifRltiieOleaf; (H5)Ibl1-rgd1 Rld1-Q note the morphological
similarity to thelbl1-refleaf. Scale bar: 7.5 inches (190.5 mm).

Subsequent PCR reactions were carried out using standard protocalsaxial leaf surface. This can result in bifurcation of the leaf

and the following gene specific primers: or in the formation of fully differentiated lamina at the ectopic
ubiquitin, CTGAAAGACAGAACATAATGAGCACAG and TAA- ghaxial/adaxial boundaries (Fig. 1B, Fig. 1H, part 2). More
GCTGCCGATGTGCCTGCGTCG; severely affectetbll1-ref leaves, resulting from a complete loss

2yb9 CTACAACCGCTTCATCAAGG and AGGTACCATCAG- ot 5 qayial identity, become radially symmetric and abaxialized.

TAGCAAGC,; . .
2yb14 CGACCTCACCGCACGGTCT and GAGCTCCCTCC- Such thread-like leaves incorporate fewer founder cells, and
TGAGTTTGC: consequently have defects in the development and elongation
rld1, GAGAGCTAAGAGCAACAAGG and GTTTCTTCAACTA-  Of the subtending internode (Timmermans et al., 1998). As a
GTGCATGC. result, Ibl1-ref plants have a reduced stature when compared
) S ) with wild type (Fig. 1A,B; Table 1). Theagged seedlingl
In-situ hybridization and histology allele oflbl1 (Ibl1-rgd1) causes a more severe phenotype. Most

Shoot apices of two-week-old mutant and wild-type sibling seedlingp|1-rgd1 mutant leaves are narrow or fully abaxialized, and
were fixed and embedded as previously described (Jackson, 199{heir associated internodes fail to elongate (Fig. 1C). By
Tissue sections were pre-treated and hy_brld_lzed_ as described E%ntrast SEM and histological analysis showed Rigi-O
Jackson et al. (Jackson et al., 1994). Digoxigenin-labeled probegos ot affect founder cell recruitment, even though the loss

comprising the 5region including the Zn-finger domain myb9and . . : . .
Zyb& Org nucleotigdes 619-16%4 of thdgl coding Zs,{aquence of miRNAL166 regulation irRld1-Oaffectsrld1 expression in

(AY501430), were prepared by in vitro transcription (Stratagene)th€ incipient leaf (Juarez et al., 200R)d1-Omutants have a
according to the manufacturer's protocalb- and rld1-specific no_rmal plant stature and their leaves fully encircle the stem
probes were used at concentrations of 15 ng/ul/kb and 0.5 ng/ul/dig. 1D, Table 1).

probe complexity, respectively. Tissue samples for plastic thin

sections were fixed overnight at 4°C in a 0.1 M phosphate buffer (pH

7.0) containing 4% glutaraldehyde, dehydrated through an ethandfable 1. The plant height defect ofbl1-ref and the ectopic
series, and embedded in JB-4 (Polysciences) according to thgjule phenotype ofRId1-Oare both suppressed in thébl1-
manufacturer’s protocol. Sections (1 um) were stained with Toluidine ref RId1-Odouble mutant

Blue and analyzed under bright field conditions.

Average
Average plant number of

Results Number height in inches leaves with

o Phenotype of plants (mm) ectopic ligule
RId1-O suppresses the aan|aI|zat|on of _I_bll.leaves ~ Wild type 20 85.0£0.8 (2159+20.32) 0
Ibl1 andrld1 are both required for the specification of adaxialRIld1-O 42 61.4+10.1 (1559.56+256.54)  7.8+1.6**
cell fate. To determine whether these genes act in the sar‘llgﬁ'fe; RO ég gg-x%?z-f* fgiiggfig%é? 24& o
genetic pathway, double mutants betwdeld and RId1-O retRidL 7£7.27 (1541.78+182.88)  2.4£2.
were analyzed. Plants homozygous for the recedisiveref The indicated number of field-grown plants were analyzed at the time of

allele display a variety of leaf phenotypes (Timmermans et alanthesis for both height and the number of leaves with an ectopic abaxial
1998). Mildly phenotypic leaves, resulting from a partial losdigule. -~
of adaxial cell fate, develop patches of abaxial tissue on the"P<0-0%; *P<0.005.
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The vegetative phenotypes of double mutants homozygot
for Ibl1-ref and heterozygous fétld1-Oare variable but much
less severe than those observedlbl-ref single mutant
siblings. Ibl1-ref RId1-O double mutant leaves frequently
appear wild type (Fig. 1E), although partial bifurcations anc
small ectopic lamina occasionally arise (Fig. 1F). The
internode elongation phenotype il is also alleviated in
Ibl1-ref RId1-O double mutants (Table 1). Consistent with

revealed thalbl1l-ref RId1-Oleaf primordia fully encircle the
shoot apex (data not shown). Double mutants bet®RédhrO
and the more severtbll-rgdl allele also display milder ]
phenotypes than thell1-rgd1 single mutant siblings. Double | ad /4" o
mutant plants are taller and their leaves resemble the less sevii, bt b -
leaves oflbll-ref (Fig. 1G, Fig. 1H, part 5). These results \‘s,#; N

indicate that even though founder cell recruitment is unaffecte ‘v’ )
in RId1-O altered rld1 expression in incipientRId1-O ',"‘i‘v": i
primordia can partially suppresses the leaf initiation ant \E:;"*'*-.. {
adaxial/abaxial polarity defects inl1. WA

Vi i}
4o 0eE |

D ﬁ-._','lf,'
Thm i
e

s

T

. Fig. 2.Rld1-Oalters adaxial/abaxial polarity in the leaf. The maize
Ibi1 suppresses the adaxialization of  RId1-O leaves leaf (A,B) comprises sheath (s) and blade (b) tissues separated by the
rld1 is normally expressed along the adaxial domain and iauricle (a) and adaxial ligule (lRId1-Oleaves (C) have narrow
the midvein region of the P1 leaf. In older leaf primordidl blades that roll upwards, and frequently develop an abaxial ligule
expression persists in the vasculature and on the adaxial sigérow) and clear sectors with fewer minor veins and no _
near the margins. However, disruption of the miRNA166Photosynthetic tissue (arrowhead). The ectopic abaxial ligule (D) is
complementary site iRIdl-OI,eads to accumulation ofd1 narrower, shorter and arises at a slightly different position along the
transcripts on the abaxial side of leaf primordia (Juarez et a roximodistal axis than the normal adaxial ligiéd1-Ocauses a

] . . - . artial inversion in adaxial/abaxial polarity and development of
2004). These changesrid1 expression give rise to a variety ctopic outgrowths on the abaxial leaf surface (E). Bulliform cells

of adaxial/abaxial polarity defects in both the epidermal angarrows) are displaced to the abaxial epidermis and schlerenchyma
ground tissues, and cause an upward curling oRlld&-O  cells (asterisk) develop on the adaxial rather than the abaxial side of
leaf blade (Fig. 1D, Fig. 1H, part 3). The maize leafintermediate veins. ad, adaxial; ab, abaxial.
comprises a proximal sheath and distal blade region separated
by the auricle and ligule (Fig. 2A,B). The ligule is an adaxial
epidermal fringe that extends the entire width of the leafFig. 1E. This suggests that the formation of thBée&l-O
Approximately half theRId1-O leaves develop patches of phenotypes requires normihll activity.
ectopic ligule on the abaxial side (Table 1). Such ectopic Regions of theRld1-O leaf blade surrounding the cleared
ligular fringes are usually shorter, arise at a slightly differensectors develop less severe phenotypes. These include the
position along the proximodistal axis, and do not extend thdifferentiation of schlerenchyma tissue on the adaxial side of
entire width of the leaf (Fig. 2C,D). Sectors of clear tissuéntermediate veins rather than the abaxial side, and the
often extend proximal and distal from these ectopic ligulesformation of small ectopic outgrowths on the abaxial leaf
Ground tissue of the wild-type leaf blade consists of evenlgurface (Fig. 2E). The orientation of minor veins is slightly
spaced longitudinal vascular bundles, which induce thaltered near such outgrowths, but development of the ground
differentiation of concentric rings of photosynthetic bundletissue appears otherwise normal. Therefore, the efféidaf
sheath and mesophyll cells (Langdale et al., 1988). The cle@ron adaxial/abaxial patterning and its genetic interaction with
sectors inRld1-Odevelop a reduced number of minor laterallbll are most evident in the epidermal layers. The adaxial
veins and transverse veins, and lack the associatepidermis of the wild-type leaf blade is characterized by the
photosynthetic cell types (Fig. 2C) (see also Nelson et alpresence of bulliform cells and macrohairs (Fig. 3A, part 1).
2002). Such sectors are associated with reduced later@ll other epidermal cell types, including stomata, microhairs
growth of the leaf blade in addition to the duplication of theand prickle hairs, are present on both the adaxial and abaxial
ligule, which suggests they coincide with adaxialized regiongpidermis (Fig. 3A, part 2). Bulliform cells, like other cells of
in the primordium. the epidermis, are arranged in continuous evenly spaced files
Formation of clear sectors is completely suppresséallin  that run parallel to the underlying vasculature. Macrohairs are
ref RId1-O double mutants, whereas the othBid1-O regularly distributed within these rows of bulliform cells. Blade
phenotypes are variably suppressed. Double mutant leaves $éissue adjacent or distal to the clear sectorsRid1-O
often flattened like wild type (Fig. 1E, Fig. 1H, part 5). But indifferentiates macrohairs and bulliform cells on the abaxial
plants where leaves remain curled upwards, Rid1-O rather than the adaxial epidermis (Fig. 3B, parts 1 and 2). This
phenotype is much less severe, particularly near the tip amtiggests that adaxial/abaxial polarity in the epidermis, like that
base of the leaf blade (Fig. 1F, Fig. 1H, part 4). The numbeaf the hypodermal schlerenchyma, is partially invertelai-
and width of ectopic ligules is also significantly reduced inO. Patterning of the adaxial and abaxial epidermal layers is
Ibl1-ref RId1-O(Table 1), and no ectopic ligules were observedunaffected near the midvein and margins. At the transition
on fully flattened double mutant leaves, like those shown ifrom inverted to normal polarity, both the upper and lower leaf
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Fig. 3.1bl1 suppresses the epidermal patterning defed&®dh-Q Scanning electron micrographs of the adaxial (A1-E1) and abaxial (A2-E2)
epidermal surfaces of adjacent mature adult leaves samples. (A3-E3) High magnification of selected images to illustrafedgreciic
patterning defects. Compared with wild-type leaves RJ,1-Oleaves (B) display normal polarity near the margins, but, in the center of the
lamina, bulliform cells and macrohairs develop on the abaxial surface. Note the presence of isolated macrohairs (arnosivtheR8edap
between macrohairs on the adaxial and abaxial epidermis. The regular spacing between bulliform cell files and betweenisndisropéac

in weakly phenotypitbl1-ref leaves (C), and bulliform cell files are frequently disrupted (arrow inlgi3)ref RId1-Oleaves with a mild

rolled phenotype (D) develop bulliform cells on both the adaxial and abaxial epidermis, and macrohairs on the abaxialiesiolenis
regions of the blade. As Ibl1-ref, bulliform cell files are discontinuous and irregularly spaced (arrow in D3). Epidermal patterthitigref
Rld1-Oleaves with a flattened morphology (E) is indistinguishable from that of wild type. ad, adaxial; ab, abaxial; mh, macrbbbifiorioc,
cell. All samples are oriented with the margin towards the right. Scale bars: in A1-E2, 1 mm; in A3-E3, 0.25 mm.

surfaces differentiate macrohairs in irregularly spaced isolateslippressed itbl1-ref Rld1-Odouble mutant leaves that have
patches and frequently independently of bulliform cells (Figa flattened morphology (Fig. 3E, parts 1-3). Thus, such
3B, part 3). The adaxial/abaxial polarity defectRid1-Othus flattened Ibl1-ref RId1-O double mutant leaves (Fig. 1E)
become progressively less severe towards the margins, midvelisplay none of th&ld1-Ophenotypes, indicating théil can

and tip of the leaf. Furthermore, duplication of the ligule anccompletely suppress tild1-Ophenotype.

macrohairs suggests that misexpressionrldf in RId1-O The degree of suppression of both fREI1-O and Ibll
partially adaxializes the primordium, which can lead tomutant phenotypes in the double mutant is variable and
abaxialization of the upper leaf surface. depends largely on thil1 allele and on the expressivity of the

Mild phenotypiclbll-ref leaves develop bulliform cells and Ibl1 mutation during primordium development. To test whether
macrohairs only in the adaxial epidermis, but their arrangemettie double mutant phenotype also dependRldi-Odosage,
is disorganized (Fig. 3C, part 1). The bulliform cell files areF2 populations segregating bditl-ref/Ibl1-ref RId1-O/RId1-
discontinuous and irregularly spaced, and macrohairs are le€s and Ibll-ref/lbll-ref RId1-O/+ double mutants were
evenly spaced within these cell files. The abaxial surface @halyzed. Double mutants with more seveRid1-O
mild Ibl1-ref leaves resembles that of wild type (Fig. 3C, partphenotypes did segregate in these families. However, the
2), with the exception that margin-associated hairs develop aktreme phenotypic variation observed in these populations
positions underneath adaxial ectopic laminar outgrowths (dataade it difficult to conclusively establish whethbetl and
not shown). The adaxial epidermal patterning defects armld1-Ointeract in a dose-dependent manner.
exacerbated in more sevdi®#l mutant leaves, whereas the ) o
fully abaxialized, threadlikdbll leaves lack both bulliform /b/1 acts upstream of rld1 in the specification of
cells and macrohairs (Timmermans et al., 1998). The polarit§daxial cell fate
of Ibl1l-ref RId1-Odouble mutant leaves that display a mild The mutual suppressive interaction betwd#h and Rld1-O
upward curling (Fig. 1F) remains partially inverted; howeversuggests that these genes act in the same genetic pathway. To
the domain of the lamina that is affected is much narroweestablish the genetic order in which they act, we analyzed the
Such leaves also display a novel phenotype in thaildl expression pattern ilbl1-rgdl apices.rld1 is normally
discontinuous patches of bulliform cells without macrohairexpressed in the presumptive central zone of the SAM and in
develop on the adaxial surface (Fig. 3D, part 1). The pattern afstripe of cells that includes the incipient leaf (Fig. 4A). In the
bulliform cells and macrohairs on the abaxial epidermis is alsB1 primordium,rld1 is expressed throughout the adaxial
irregular and macrohairs occasionally develop outside théomain but becomes gradually restricted to the adaxial side of
bulliform cell files (Fig. 3D, parts 2 and 3). The effect®tfl-  the margins during primordium development (Fig. 4B). Loss
O on the polarity of the leaf, aridl1 on the spatial distribution of adaxial cell fate ifbl1 is associated with reduced or loss of
of bulliform cells and macrohairs, are both completelyrld1l expression on the adaxial side of the leaf (Fig. 4C,D). The
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xylem cells when distinct phloem and xylem poles become
apparent (Fig. 4A,B). Interestingly, expression ridl in
vascular bundles of the stem and leaf is maintaindallir{Fig.
4C,D). Even in radially symmetric abaxialized leaves of severe
Ibl1l mutants,rld1l expression persists in the pro-xylem cells
(data not shown). This suggests thét is specifically required
for adaxial/abaxial axis specification during lateral organ
development, and thatd1l acts downstream dbll in this
process, but independently lbf1 during vascular patterning.

The reduced expression idl1 in Ibl1 was verified by RT-
PCR analysis. In wild typeldl1 transcripts can be detected in
the apex, including the SAM and approximately four young
leaf primordia, as well as in older leaf primordia (Fig. 4HEL
transcript levels are only moderately reducedbid apices,
consistent with the residual expression Wl in the
vasculature of the stem and young leaf primordia. In dbder
primordia, the levels ofld1 transcripts are strongly reduced.
By contrastyld1 expression is increased in both the apex and
older leaf primordia oRId1-Q In the Ibll RId1-O double
mutant, rld1 transcripts accumulate to a level intermediate
E Ibl1-rgd1 between that of either single mutant, suggesting that the mutual

Wi SNiwgdi M40, B0 suppressive interaction betwekshl and RId1-Omay in part
A LP A LP A LP A LP . . .
result from their opposing effect oldl expression.

rid1 wwamen S
yabby genes are expressed in the adaxial domain of

Ibl1 and miRNA166 thus lead to the adaxial specific expression
Fig. 4.1bl1 acts upstream afd1. In situ hybridization shows that of rld1 in the leaf. InArabidopsis downregulation ofHD-
rld1 expression in wild type (A,B) occurs in the SAM and ZIPIll genes allows expression of theANADI and YABBY
vasculature, and on the adaxial side of leaf primordikllnapices genes, which specify abaxial identity (Sawa et al., 1999;
(C,D), rld1 expression persists in the vasculature but is variably ~  Siegfried et al., 1999; Eshed et al., 2001; Kerstetter et al.,
reduced in the SAM and on the adaxial side of developing primordiap001). To further characterize how adaxial/abaxial polarity is
Arrows in A and B mark selected regions expressitily arrows in established during maize leaf development, homologs of the
C and D mark the absencerlafl transcripts in the corresponding Arabidopsis YABBYjenes were isolated and their expression

positions. (A,C) Longitudinal sections; (B,D) transverse sections. . .
RT-PCR analysis (E) on vegetative apices and young leaf primordiapatterns analyzed. Partial genomic fragments fromytltby

from wild type,Ibl1-rgd1, RId1-Oand thebl1 Rid1-Odouble mutant homologs were amplified using degenerate primers designed
indicates thatld1 transcript levels are reducedlii1-rgd1 but to conserved motifs in the Zn-finger and YABBY domains of

increased iRId1-Q In the double mutantld1 transcripts the vegetatively express&@BBYgenes-IL, YAB2and YAB3
accumulate to a level intermediate between that of either single  (Sawa et al., 1999; Siegfried et al., 1999). These fragments
mutant.Ubiquitin (ubi) transcripts were amplified as a control. A, subsequently allowed the isolation of four full-lengta mays
apices comprising the meristem and approximately four young leaf yabby(zyl) cDNA clones from a vegetative shoot apex cDNA
primordia; LP, P5-P8 leaf primordia. library. zyb9andzyb10share 85% nucleotide sequence identity
and map to homeologous regions on chromosome arms 5S and
1L, respectively. Two additionaybgeneszybl4andzybl5
level of rld1 expression inlbll varies and is negatively share 71% nucleotide identity, and map to chromosome arms
correlated with the severity of thiell mutant. In sever#l1- 10L and 5L. None of these genes correspondblio which
rgd1 mutantsyldl expression at the tip of the SAM and at themaps to chromosome arm 6S.
site of leaf initiation is also lost or reduced, and this coincides Phylogenetic analysis of th&rabidopsisYABBY proteins
with changes in meristem morphology and maintenance (Fidndicates thaFIL and YAB3represent a relatively recent gene
4C). These results indicate tHhbtl acts upstream aidl to  duplication in the family. TheYAB2 and YABS genes are,
specify adaxial cell fate in developing leaf primordia. Howeverjn turn, more closely related t&IL and YAB3 than to
Ibl1 may only indirectly affectldl expression in the SAM. CRABSCLAWCRQ or INNER NO OUTERINO) (Siegfried
Analysis of the Antirrhinum phan and Arabidopsis gain- et al., 1999) (Fig. 5). In addition to the Zn-finger and YABBY
of-function KANADI and YABBY mutants indicates that domains, FIL and YAB3 display sequence similarity in the C-
abaxialization of the leaf is associated with loss of meristerterminal region. ZYB9/10 and ZYB14/15 are also highly
function (Waites and Hudson, 1995; Siegfried et al., 1999%onserved in the Zn-finger and YABBY domains, and in the
Eshed et al., 2001). region downstream of the YABBY domain, but the regions
hd-ziplll genes also play a role in the adaxial/abaxiabetween the Zn-finger and the YABBY domains are more
patterning of vascular bundles (Zhong and Ye, 1999; Ratcliffdiverged. Sequence comparisons between the maize and
et al., 2000; Juarez et al., 2004911 is expressed in immature ArabidopsiSYABBY proteins suggest that all four maize genes
vascular strands and becomes localized to the adaxial prare most closely related AL andYAB3 although the precise
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A B zp9 AEQLCYVHCVYFCDTVLVVSIVPT SSLFKTVTVRCGHCSSLLTVD--MRGLLFP
zyp10 S EQLCYVHCHFCD TV LV VSVPTSSLFKTVTVRCGHCSSLLTVN--MRGLLFP
zyp14 Q EQ I CYVHCSYCDTILAVGVPCSSLFQTVTVRCGHCANLLYVN--LRALLLFP
zyp15 T EQLCYVHCNCCDTI LAV GVPCSSLFKTVTVRCGHCANLLSVN--LRGLLLP
FiL SDHLCYVQCNFCQTI LAV NVPYTSLFKTVTVRCGCCTNLLSVN--MRSYVLFP
zyb9 YAB3. TDQLCYVHCSFCDTVLAVSVPPSSLFKTVTVRCGHCSNLLSVTVSMRALLLP
Y42 S ERVCYVHCSFCTTILAVSVPYASLFTLVTVRCGHCTNLLSLNS:--16GVSLHQ
YAB5 T EQLCY I PCNFCNIILAVNVPCSSLFDIVTVRCGHCTNLWSVN - MAAALQS
CRC AEHLYYVRCS I CNTILAVGIPLKRMLDTVTVKCGHCGNLSFLT - TTPPILQG
zyb10 INO PGQICHVYVQCGIFCTITI LLVSIVPFTSLSMVVTVRCGHCTSLLSVNL-MKASEFIP
zyb14 C z9 PRV NPAV NRPPEKRQRVPSAYNRFIKDEIQRIKAGNPNIS
zp10 P RANSA I NRPPEKRQRVPSAYNRFIKDEIQRIKAGNPDIS
zyp14 P RSAASANK--KKRQRVPSAYNRFIKDEIQRIKASNPDIT
zypi5 P KTAPSVNRPPEKRQRVPSAYNRFIKDEIQRIKAGNPDIT
zyb15 FIL PKAPP-VNRPPEKRQRVPSAYNRFIKEEIQRIKAGNPDIS
vAB3. PRPPPA - NRPPEKRQRVPSAYNRFIKEEIQRIKAGNPDIS
YABZ PRMPPI - - RPPEKRQRVPSAYNRFIKEEIQRIKACNPEIS
YABS | TEQRIVN-PPEKRQRVPSAYNQFIKEEIQRIKANNPDIS
=18 CRC PSPPFVV-KPPEKKQRLPSAYNRFMRDEIQRIKSANPEIFP
NO SRV YQVVNKPPEKRQRAPSAYNCEFIKEEIRRLKAQNPSMA
YAB3 z9 HREAFSAAAKNWAHFPHIHFGLMPDHQGLKTTSLLPQDHDQ
zyp10 HR EA FSAAAKNWAHFPHIHFGLMPDHQGPKKTSLLPQDHDQ
zp14 HR EAFSAAAKNWAHFPHIHFGLMPD-QGLKKHPMQTQEGA
zp15 HR EAFSAAAKNWAHFPHIHFGLMPD-QGLKKTFKTHQDGA
FiL HREAFSAAAKNWAHFPHIHFGLYPDNQPVKKTNMPQQEGE
YAB3. HR EAFSAAAKNWAHFPHIHFGLMADHPPTKKANVYRQQEGE
YAB2 HREAFSTAAKNWAHFPHIHFGLKLDG--NKKGKQLDQSVA
YABS HREAFSTAAKNWAHFPHIHFGLMLES NKQAK I A
CRC HREAFSAAAKNWAKY I PNSPTSI TSG - - - « = « « = - « = - - =
NO HKEAFSLAAKNWAHFPPAHNEKRAASDQCFCEEDNNAILPGC
ING zyp9 RKD- - - GLLKEGLVYAAAAAAAAHAAANMGI APY
b0 R SD - GGGLLKEGLVYA-- - - - - - - - AAANMGVAPY
Zp14 ECM - - - - LFKDGLYAAAAAAT AASSMGI SPEF
Zybl5 E D M - LLKDDLYAAAAAA - AAANMGI TPEF
CRC FIL D NM - VM KEGFYAP - - - - - - - AAANYV GV TPY
YAB3 D G M - MGREGFYG - - - - - - - - SAANV GV AHN
YABZ G Q K - - - - - - SNGY. Y
0.05 changes YABS
CRC - - - GHNMI HGL GFGEKEK
IO NVFEDHEESNNGFRERKAQRHS- - --1WGKSPEFE

Fig. 5. The maizeyabbygeneszyb9 10, 14 and15, are homologs dfIL andYAB3 (A) Phylogenetic analysis of thgabidopsisand maize
YABBY proteins demonstrates that the mayadbygenes form a separate clade that is most closely relakéd smd YAB3 Bootstrap values
based on 1000 repetitions are indicated. Amino acid sequence alignments of the Zn-finger domains (B), and of the YABBMiaiadl C-ter
domains (C), used in the phylogenetic analysis of the maizArahitdopsisYABBY proteins highlight the high level of sequence conservation
in these domains of all YABBY proteins. Identical amino acids are shaded dark gray; similar amino acids are shadedGighBaray.
Accession numbers areybh9 AY313903;zyb1Q AY313904;zyb14 AY313901;zyb15 AY313902.

orthologous relationships between these family members aurprisingly, expression of botfabbygenes is limited to the
still unclear (Fig. 5). The divergence between ZYB9/10 anchdaxial three tiers of cells (Fig. 6B,D). This suggestszyia®
ZYB14/15 is comparable to the divergence between FIL andndzybl4may function in adaxial/abaxial patterning, but, if
YAB3, but the maize proteins form a separate clade from Fliso, their function appears to have diverged between maize and
and YAB3. Arabidopsis despite the high sequence conservation.

We examined the expression patternszyh9 and zyb14 Both yabby genes remain preferentially expressed on the
which are the most distantly related family members identifiedadaxial side of P1 leaf primordia, although expressiaryb®
in wild-type vegetative apices. The vegetatively expressedomprises a slightly broader domain than tharydf14(Fig.
YABBY genes from Arabidopsis all have comparable 7B,D). In older leaf primordia, botyabbygenes are expressed
expression patterns. They are expressed throughout tirea more restrictive pattern (Fig. 7A-D). Expression near the
incipient primordium, but, as the leaf emerges, expressiomargins persists throughout the adaxial domain, but, in the
becomes restricted to the abaxial side (Sawa et al., 1998mainder of the leaf, expression becomes limited to just the
Siegfried et al., 1999). Bottyb9andzybl4(hence referred to central layer of the ground tissue. This expression pattern could
asyabbygenes) are also expressed in the incipient primordiursuggest thatyb9andzybl4become localized to the boundary
(Fig. 6). However, their domain of expression appeared smalldetween the adaxial and abaxial domains of developing leaves.
than the normal incipient primordium defined by the loss oHowever, because cells near the margins and in the internal
knotted1(knl) expression (Fig. 6A). In order to determine thelayer of the ground tissue, which gives rise to new vascular
precisezyb9andzybl4expression domains within the incipient bundles, differentiate relatively late during primordium
primordium, adjacent longitudinal sections were hybridizeddevelopment, this expression pattern could also suggest that
with knl and either yabby gene. knl expression is yabby expression is limited to less determined cells of the
downregulated in at least six tiers of cells (Fig. 6C,E)primordium. In additionzyb9expression also persists in the

Fig. 6. Maizeyabbygenes are expressed on the adaxial sideA 2t
of incipient leaf primordia. (A) In situ hybridization with a
knotted1(knl) specific probe shows expression in the
meristematic cells of the SAM. (B-E) Hybridization of
adjacent longitudinal sections with1(B) andzyb14(C),
orkn1(D) andzyb9(E), shows that incipient leaf primordia
defined by lack oknlexpression comprise around six tiers
of cells (indicated by arrowheads), and thai9andzyb14
expression is limited to the adaxial side.
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B o affecting adaxial/abaxial organ polarity and remains correlated
' : with abaxial cell fate (Siegfried et al., 1999; Eshed et al., 2001).
To determine whetheztyb9andzybl4act in the same genetic
pathway aslbll and rldl, we examined their expression
patterns irbl1-rgd1andRId1-Q Ibl1-rgd1 mutants often form
narrow, asymmetric leaf primordia that fail to recruit founder

7&?‘1 ]

. % It cells from the entire circumference of the SAM. In normal
4 hds % margins ofIbl1-rgd1 primordia, expression of botlabby
g : genes remains localized to the adaxial side, but the expression
C level is frequently reduced (Fig. 8A-C, data not shown). Also
expression in the internal layer of the ground tissue is reduced
3"" ; in Ibl1-rgd1, and nazyb9or zybl4expression was observed in

cells at the mutant margins. The expression patterns of both
yabbygenes appeared unaffectedRid1-O introgressed into

the B73 inbred line (data not shown). Expressioryt@and
zybl4awas therefore also analyzedRid1-Ointrogressed into
A158.RId1-Odefects are enhanced in this inbred background,
relative to B73, and include the formation of multiple ectopic
blade outgrowths on immature leaf primordia. Nonetheless, the
Fig. 7.Maizeyabbygenes are expressed on the adaxial side of leaf zyb9andzybl4expression patterns RId1-Oresembled that
primordia. (A-D) In situ hybridization afyb14(A,C) andzyb9(B,D)  in wild type (Fig. 8A,E). Both genes are initially expressed
shows that both genes are expressed on the adaxial side of incipienfhroyghout the adaxial domain and their expression persists in
(arrows in A,B) and young leaf primordia. During primordium the central ground tissue layer and on the adaxial side near the
development expression nfb9andzybl4becomes restricted to the margins in oldeRId1-Oprimordia. The minor affect dRld1-

margins and to the central layer of the ground tissue. Expression of daxial/abaxial polarity duri v leaf d |
zyb9also persists in the vasculature (D). The black lines outline the O on adaxial/abaxial polarity during early leaf development

margins of some primordia. (A,B) Longitudinal sections; and near the margins may be consistent with the wild-type
(C,D) transverse sections. yabbyexpression patterns. However, the lackydf9andzyb14

expression on the abaxial side in older partially adaxialized
RId1-Oprimordia suggest that thegabbygenes may not be
vasculature, indicating thayb9andzybl4have some distinct required for adaxial cell fate, even though loss of adaxial

functions during leaf development. identity inlbll is correlated with reduced expression.
Weak|bl1 leaf primordia develop ectopic blade outgrowths
yabby genes act downstream of /bl and rld1 surrounding abaxialized sectors on the adaxial leaf surface

In Arabidopsis YABBY expression is altered in mutants (Timmermans et al., 1998). Expression of bgdbbygenes is

%5
Fig. 8. Theyabbygenes act A
downstream ofbl1 andrld1.
Relative to wild type (A)zyb14 .
expression is reduced lipl1- f #
rgd1 (B,C). In the narrovibl1 b
leaf primordiazybl14is absent Rl %
from mutant margins (arrows i
C), but remains localized to tk /}
adaxial side of normal margin £
Expression ofyb14is induced i
uniformly in ectopic lamina on
the adaxial surface dil1 leaf
primordia (arrow in D)zyb14is
expressed more abundantly ir
RId1-O(E), but the pattern of H
expression in youngld1-O
primordia resembles that

WT Rid1-O Ibl1-rgd1 I WT Rid1-O Ibl1-rgd1

A LP A LP A LP A LP A LP A LP
observed in wild type. Ectopic zyb14 — zyb9 W& - -

outgrowths arise on the abaxi

surface oRId1-Oleaf . bi

primordia at the boundary of ubi e

sectors expressirmyb14(F) or

zyb9(G), and sectors that laglabbyexpression (e.g. asterisk in F). These abaxial ectopic outgrowths also induzgldgigmdzyb9
expression (arrows in F and G, respectively). RT-PCR analysis on vegetative apices and young leaf primordia fromiblilerggdeand
RId1-Oin the A158 inbred indicates that the relative expression levelgdf(H) andzyb9(l) are reduced itbl1-rgd1 apices, and slightly

increased ifRld1-Q ubi transcripts were amplified as a control. A, apices comprising the meristem and approximately four young leaf
primordia; LP, P5-P8 leaf primordia.
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induced in these ectopic outgrowths, although expressio@ leaf primordia initially establish normal polarity despite
appears uniform, rather than limited to the adaxial side (Fignisexpression oRId1 on the abaxial side of incipient and
8D). In RId1-Q, expression ofzyb9andzybl4persists longer P1 leaf primordia. Adaxial/abaxial polarity may result
in the internal layer of the ground tissue but expression is nétom remaining differential hd-ziplll expression due to
uniform (Fig. 8E-G). Interestingly, ectopic outgrowths developaccumulation of normatldl, phb and potential othehd-
on the abaxial surface 8ld1-Oleaf primordia at the apparent ziplll transcripts on the adaxial side early Rid1-O leaf
boundary betweenyabbyexpressing and non-expressing development. The progressive expansion of the miRNA166
sectors (Fig. 8F,G). Like the adaxial ectopic outgrowthexpression domain gradually restricts normal addedatiplll
observed inbl1, these abaxial ectopic outgrowths express botlexpression to the leaf margins, which may consequently
yabby genes. These results together with the marginamaintain normal adaxial/abaxial polarity (Juarez et al., 2004).
expression during normal primordium development sugged®y contrast, uniformRId1 expression persists in the central
thatzyb9andzybl4expression may be associated with bladeregion of P2-P3RId1-O primordia. Formation of the clear
outgrowth. sectors may be induced by this uniform strong expression of
The in situ hybridization signals for boylabbygenes were RId1, as it is associated with duplication of the ligule and loss
more intense in incipient and youngld1-O primordia, of minor lateral veins, which normally arise during those stages
suggesting their expression levels may be increased (Fig. 8E). primordium development (Sharman, 1942; Nelson and
By contrast, the in situ hybridization signals were consistentlpengler, 1997; Sylvester et al., 1990). Normal development of
less intense inbl1l-rgdl (Fig. 8B,C). To confirm that these vascular and photosynthetic cell types outside the clear sectors
differences in signal intensity reflect altered levelgydif9and  suggests that the observed gradual reductioRldd mutant
zybl4expression, their transcript levels in wild typi@1-rgd1l  transcripts in oldeRId1-Oprimordia is not sufficient to affect
andRId1-Oin the A158 inbred background were compared bypolarity in the ground tissue. However, the differentiation of
RT-PCR. Consistent with the in situ hybridization daihh14 epidermal cell types and schlerenchyma tissue remains
is expressed in wild-type apices comprising the SAM and fouaffected, suggesting that these tissues requirdledsactivity
to five young leaf primordia (Fig. 8H). No transcripts werethan the internal layers of the leaf to become adaxialized.
detected in older leaf primordia. The levekgbl4transcripts Consistent with the possibility that the vari&®ld1-O
is strongly reduced inbl1l-rgd1l apices. By contrast, more phenotypes require different levels Bid1 expression, the
zybl4transcripts accumulate RId1-Oapices and expression frequency and size of clear sectors is enhanced in homozygous
of zyb14persists in older leaf primordia. Expressiorzghh9is  RId1-O mutants. Moreover, formation of clear sectors is
also limited to the apex in wild typ#hll-rgdl and RId1-O  completely suppressedliinil RId1-Odouble mutants, whereas
(Fig. 8l).zyb%transcripts are less abundant tagh14 and are  Ibl1 only partially suppresses the schlerenchyma and epidermal
only moderately reduced Ihl1-rgdland upregulated iRld1-  phenotypeslbll acts upstream ofdl in the pathway leading
O. These results suggest tlzgb9andzybl4act downstream to adaxial identity and is required for the accumulatioridf
of Ibl1 andrld1. The mutually suppressive interaction betweentranscripts in developing leaf primordia. Therefoltdl is
Ibl1 and RId1-O should therefore be evident in tlyabby likely to suppress th&®ld1-O phenotypes by reducingld1
transcript levels. Unfortunately, in the B73 inbred backgroundmutant transcript levels in the developing leaf. The severity of
which was used to generate thél RId1-Odouble mutants, RId1-Ophenotypes is also suppressed in hyperploid plants that
bothIbll andRId1-Odisplay relatively mild phenotypes. As a carry an additional normal copy dfi1 (Nelson et al., 2002),
result no significant differences yabbytranscript levels were supporting the possibility that phenotypic severity depends on
observed in the single and double mutants by RT-PCR (dathe relative levels oRId1 and other adaxial determinants.
not shown). Nonetheless, the in situ hybridization and RT-PCRlutations that disrupt the miRNA165/166 complementary site
results in A158 suggest thagh9andzybl4act downstream of in the Arabidopsis HD-ZIPIllgenes also cause a range of
Ibl1 andrld1, and may direct mediolateral outgrowth. phenotypes. Such dominant allelesRifiB and PHV cause
formation of radially symmetric adaxialized leaves, whereas
similar mutations inREV mainly affect vascular patterning

Discussion . . ) ) (McConnell et al., 2001; Emery et al., 2003). Whether these
RId1 causes a variety of adaxial/abaxial polarity phenotypic differences reflect differences in the relative
defects expression levels of thestb-ZIPIIl genes during primordium

Disruption of the miRNA166 complementary siteRid1-O  and vascular development remains to be determined.

leads to misexpression Bd1 transcripts on the abaxial side In addition to the expected adaxialization of the lower leaf
of developing leaf primordia (Juarez et al., 2004). This causesirface, the upper blade surfaceRifi1-O leaves becomes

a variety of adaxial/abaxial polarity defects in both thepartially abaxialized such that adaxial/abaxial polarity is
epidermal and ground tissues, which become progressively leisserted. None of the gain-of-function allelesRHiB, PHV or
severe towards the midvein, margins and tip of the leaf. ThBREV cause an inversion in polarity, but weak recessive alleles
complex pattern of phenotypes observed in heterozyglulls  of ARGONAUTE which is required for the miRNA-mediated

O mutants may, in part, arise from the temporal variation irtleavage ofHD-ZIPIIl transcripts, can invert leaf polarity
RId1 mutant transcript levels combined with the spatial andKidner and Martienssen, 2004). Variation in the relative levels
temporal variation in the expression of other adaxiabfrld1 and other adaxial determinants during leaf development
determinants, includingphb and normalrld1l. Founder cell could also underlie this aspect of tRé&d1-O phenotype. In
recruitment, early vascular development and formation of thBrosophila variation in the relative levels of the ventral
midrib region, which differentiates in response to signals frondeterminants, Dorsal and Twist, results in inverted dorsoventral
the midvein, are unaffected Rid1-O This indicates thald1-  polarity in the embryo (Stathopoulos and Levine, 2002). High
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nuclear concentrations of both Dorsal and Twist, induceddl but possibly upstream of othéd-ziplll genes as well.
ventral mesoderm, whereas high levels of Dorsal together witkleristematic expression ofld1l is also reduced inbll.
low levels of Twist leads to formation of more dorsal cell typesHowever, this could result from reduced adaxial identity in
However, Dorsal also induces ventral identity in the absencadjacent leaf primordia rather than from a direct effedblaf

of Twist. By analogy, balanced levelsrtif1l and other adaxial on hd-ziplll expression in the SAM. The level and pattern of
determinants may induce adaxial identity. However, theldl expression in the vasculaturellolfl is not affected, which
gradual downregulation of such adaxial determinants duringrakes it unlikely thatbll controls hd-ziplll expression by
primordium development progressively changes their rationodulating the miRNA166 expression domain. Transcription
relative to Rld1. This may temporarily cause induction of of the hd-ziplll genes may depend dill function directly.
abaxial cell fate but, upon further reduction of adaxialAlternatively, if hd-ziplll expression is autoregulated in a
determinants, again lead to specification of adaxial identityfigand-dependent mannd)1 may affect the accumulation of
Alternatively, as signaling between the adaxial and abaxidid-ziplll transcripts indirectly by regulating the production or
domains is important to coordinate outgrowth and patterningerception of this ligand. The radially symmetric abaxialized
of the leaf, switching of cell identity in the adaxial layer mayleaves that arise following surgical separation from the SAM
be a consequence of the adaxialization of the lower leaf surfaeee shorter than normal and develop siphonostelic (with

(see also Nelson et al., 2002). phloem and xylem cells surrounding a central pith) or
B ] . protostelic (with phloem surrounding xylem) vascular bundles
Ibi1 specifies adaxial fate during lateral organ (Sussex, 1951; Sussex, 1955). Depending on expreskility,
development via rld1 leaves display comparable growth and patterning defects
Ibl1 is required for the specification of adaxial cell fate in(Timmermans et al., 1998) (M.T.J. and M.C.P.T., unpublished).
lateral organs (Timmermans et al., 1998). Loskldf activity Specification of adaxial/abaxial polarity during vascular and

affects lateral founder cell recruitment in addition tolateral organ development involves a partially conserved
adaxial/abaxial patterning, and both these defects ammechanismridl and phb expression on the adaxial side of
suppressed in the double mutant wRtd1-Q Expression of lateral organs, and in the adaxial pro-xylem cells, are both
zyb9andzybl4is increased on the adaxial side of incipient anddefined by the pattern of mMiRNA166 accumulation (Juarez et
youngRId1-Oprimordia, which could counteract the reducedal., 2004). InArabidopsis KANADIgenes are expressed on the
expression of thesabbygenes irbl1. But, why are thgabby abaxial side of developing organs, and vascular expression is
expression levels increased RId1-0? miRNA166 only limited to the abaxial and peripheral phloem cells (Kerstetter
accumulates on the abaxial side in the incipient and P1 leat al., 2001; Emery et al., 2003). Mutational analysis has
(Juarez et al.,, 2004). Therefore, increases in adgmisby further shown that th&ANADI and HD-ZIPIll genes act
expression levels must arise independently of the loss aftagonistically during both vascular and lateral organ
mMiRNA166 action inRId1-Q In situ hybridization intensities development (Emery et al., 2003). The miRNA-directed
suggest thatld1l expression is similarly upregulated on the cleavage oHD-ZIPIII transcripts is conserved throughout all
adaxial side inRId1-O prior to the accumulation of lineages of land plants and precedes the origin of angiosperm
mMiRNA166. Similarly, disruption of the mIRNA165/166 leaves (Floyd and Bowman, 2004). Therefore, Mi&R166
complementary site ifPHB causes overexpression BHB  HD-ZIPIIl and, possibly, th& ANADI genes may have had an
transcripts on the adaxial side in addition to ectopic expressianitial role in the specification of adaxial/abaxial polarity in the
of mutant transcripts on the abaxial side (McConnell et alyascular tissue of non-leafy plants, only later acquiring an
2001). This increase in adaxial expression also precedes thdditional function in the patterning of lateral organs (Eshed et
accumulation of miRNA165 in that domain (Kidner andal., 2001; Kidner et al., 2002; Emery et al., 2003). Bectnlke
Martienssen, 2004). The adaxial domain of the leaf promotesffectshd-ziplll expression only on the adaxial side of lateral
meristem function (McConnell and Barton, 1998; Kidner et al.prgans and not in the vasculature, its role in adaxial/abaxial
2002). Conversely, specification of adaxial cell fate requires patterning could coincide with and possibly contribute to the
signal from the meristem (Sussex, 1951; Sussex, 1955). Owimtgrivation of leaves from branching shoots (Gifford and Foster,
to such reciprocal communication between the SAM and th&989).

leaf, the production, perception or activity of the meristem- )

borne signal may be altered in the adaxialRétl-Oandphb- ~ Maize yabby genes may direct lateral outgrowth

1d mutants. HD-ZIPIIl proteins contain a highly conservedrather than specify adaxial cell fate

START lipid-sterol binding domain, and potentially becomeLoss- and gain-of-function mutations reveal a rolefaBBY
activated in response to the meristem-derived signal. As genes in the specification of abaxial cell fateAnabidopsis
result, genes acting downstream of lideziplll genes, such as (Sawa et al., 1999; Siegfried et al., 1999; Kumaran et al., 2002).
zyb9and zyb14 may become upregulated. Moreoverhd-  Consistent with this role{ABBYgene expression is correlated

ziplll genes are positively autoregulated, adakxidiziplll  with the abaxial domain in wild-type and mutant leaf primordia
expression can be increased independent of the loss (@iegfried et al., 1999; Eshed et al., 2001). The tomato
miRNA166 directed transcript cleavage. FIL/YAB3 homolog,LeYAB B is similarly expressed on the

Ibl1 specifies adaxial identity by regulating the accumulatiorabaxial side of leaf primordia, and may function in the
of rld1 transcripts on the adaxial side of developing leafspecification of abaxial cell identity in this compound-leaved
primordia.rld1 and phb have similar expression patterns andspecies (Kim et al., 20032yb9andzybl4are expressed in a
probably act redundantly, as theD-ZIPIll genes do in polar pattern, but, unlikArabidopsisand tomato, these maize
Arabidopsis(Emery et al., 2003). Loss of adaxial identity in yabbygenes are expressed on the adaxial side of incipient and
Ibl1l mutants thus suggests thiltl not only acts upstream of young leaf primordia. Becauskll and phb are expressed in
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a pattern analogous to tAeabidopsis HD-ZIPIllgenes on the for lateral outgrowth in that context, or perhaps outgrowth of
adaxial side of developing leaves, the regulation and/ocectopic blade tissues is initially restricted to their base.
function of theyabby genes must have diverged between The maize and\rabidopsis yabbyenes may thus share a
Arabidopsisand maize. TheArabidopsis HD-ZIPIll genes role in mediolateral outgrowth. Howevétrabidopsis YABBY
suppres¥’ABBYexpression on the adaxial side of P2 and oldegenes also play a role in abaxial cell fate determination (Sawa
leaf primordia (Eshed et al., 2001). By contrast, expression @t al., 1999; Seigfried et al., 1999; Kumaran et al., 2002).
zyb9and zybl4mirrors that of thend-ziplll genes, and their Although the distinct phenotypes kénl kan2and fil yab3
increased expressionRid1-Oindicates that botliabbygenes mutants and their epistatic interactions suggest that the
are positively regulated byld1l. Maize yabby expression KANADIandYABBYgenes act in separate pathways with both
persists outside thend-ziplll expression domain at the distinct and overlapping targets (Eshed et al., 2001).
presumptive adaxial/abaxial boundary, and misexpression ®fediolateral growth of the maize leaf is initiated within the
Rld1lis not sufficient to induceyb9andzybl4expression on context of positional information inherent in the meristem,
the abaxial side durindrld1-O primordium development. whereas lateral blade outgrowth Awmabidopsisoccurs after
These observations suggest that other factors in addition to teenergence of the primordium from the SAM. Owing to these
hd-ziplll genes controyabbygene expression. distinct growth habits, maize aAdabidopsis yabbgenes may
YABBY function may also have diverged betweenbe under different evolutionary constraint$ABBYgenes in
Arabidopsisand maize despite the high amino acid sequencArabidopsismay have a specific role in the maintenance of the
conservation. Specification of adaxial/abaxial polarity leads taeristematic positional information in the isolated primordium
mediolateral outgrowth and patterning of the leaf and both dhat is not required in maize. In the absence of such a
these processes are affectediliyab3 (Siegfried et al., 1999; requirement, selection to maintain a specific polar expression
Kumaran et al., 2002). The role of the mayabdbygenes in  pattern could be weakened. Most monocots elaborate
leaf development is less clear. Transposon insertion alleles dbrsoventral blade tissue, like maize does, from the lower leaf
zyb9and zybl4display no phenotypes, probably because okzone by lateral founder cell recruitment. However, several
functional redundancy (M.T.J. and M.C.P.T., unpublished)monocot species that develop unifacial leaves or that develop
yabbygenes may specify adaxial identity, as reduced adaxidllade tissue from the upper leaf zone after primordium
cell fate inlbll is correlated with decreasegb9andzybl4 emergence, likeArabidopsis does, are nested within the
expression. However, adaxializationRid1-Oleaf primordia  monocot clade (Kaplan, 1973; Bharathan, 1996). Comparative
is not correlated witlyabby expression on the abaxial side. analysis ofyabbyexpression patterns in such diverse monocots
Also, their apparent uniform expression in thé&l ectopic  may help to elucidate whethgabbygenes are indeed under
outgrowths is inconsistent with a role foyb9and zyb14in different evolutionary constraints depending on the leaf growth
adaxial cell fate determination. The expression patterns dfabit.
these maizgabbygenes suggest that they may function during ) ) ) o )
mediolateral outgrowth. Thebll defect in founder cell Adaxial/abaxial axis specification in the maize leaf
recruitment is correlated with reduceryb9 and zybl4 Ibl1, rld1, and themirl66 and yabbygenes act in the same
expression, and suppression of this defedbih RId1-Ois  genetic pathway leading to adaxial cell fate and mediolateral
associated with increasgbby expression in the incipient outgrowth of the leaf (Fig. 9)ld1 in combination with other
primordium. Also, ectopic outgrowths ilbll and RId1-O regulatory factors leads to adaxial expression of yifghy
express bothyabby genes, irrespective of whether suchgeneszyb9and zybl14 Polarized expression of thegabby
outgrowths arise on the adaxial or abaxial side of the leaf. genes may mediate lateral founder cell recruitment and thus,
Ectopic lamina on weakly phenotypiil leaves arise at the directly or indirectly, control the downregulation &hox
boundary of abaxialized sectors on the adaxial leaf surfaaggenes.rldl also specifies adaxial cell fate but probably
(Timmermans et al., 1998). RId1-Q no ectopic outgrowths independently of thgabbygenes. Adaxial-specific expression
develop at the boundaries of regions with inverted polarityof rld1 in the developing leaf depends bl and miRNA166.
suggesting that juxtaposition of adaxial and abaxial cells in just
the epidermis and subepidermal schlerenchyma is insufficiel
to induce lateral outgrowth. Interestingly, ectopic outgrowths meristem

in RId1-Oarise on the abaxial side at positions where blad signal adaxial

tissue expressingyb9and zybl4in the central layer of the " *

ground tissue is juxtaposed next to blade tissue that no long '

expresses thegabbygenes. The polar expression of ytabby Ibll —- rid1

genes in the incipient primordium and at the margins of olde /\

leaf primordia may similarly be required for founder cell _ yabby » outgrowth
recruitment and continued mediolateral blade outgrowth MIiRNA166

Lateral outgrowth  during Arabidopsis primordium
development is also correlated with poldABBY gene
_exprgssmn:FIL a.md YABS3 are umformly expressed n the_ affect on the accumulation dfi1 transcripts, and together lead to
incipient primordium but become restricted to the abaX|_aI S"?' e adaxial specific expressionrtafl. RLD1 specifies adaxial cell
at the time blade outgrowth occurs (Sawa et al., 1999; Siegfriggie possibly upon activation by the proposed meristem-derived
et al., 1999). Howeverlbll ectopic lamina initially show signal. RLD1 also inducesbbygene expression in the adaxial
uniform expression afyb9andzyb14 Perhaps, juxtaposition domain, and the juxtaposition whbbyexpressing and non-

of yabbyexpressing and non-expressing cells is not essentiakpressing cells mediates mediolateral outgrowth.

Fig. 9. Genetic pathway leading to adaxial cell fate and mediolateral
growth of the maize lealbll and miRNA166 have an opposing
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Ibl1l positively affects the accumulation ofdl transcripts, N. (2003). Reduced leaf complexity in tomatdy mutants suggests a role
whereas mMIRNA166 directs their cleavage. miRNA166 for PHANandKNOXgenes in generating compound lea@evelopment

initially accu i i incini 130, 4405-4415.
y mulates immediately below the incipient leaf butKumaran’ K Bowman, 3. L. and Sundaresan, V.(2002). YABEY

gfadua")/ Spreads, via the abaxial side thfoughQ‘Jt 'Fhe polarity genes mediate the repression KIIOX homeobox genes in
develop!ng primordium (Juare_z et aI.,.2004). The specification Arabidopsis Plant Cell 14, 2761-2770.
of adaxial cell fate also requires a signal from the meristerhangdale, J. A., Rothermel, B. A. and Nelson, T1988). Cellular pattern of
(SUSSEX, 1951; Sussex, 1955)_ This signal could act via RLD?1Pphotosynthetic gene expression in developing maize le@erges Devl,
6.m.d other HD-Z.IP”I famll.y members, as thEy contain a S-I-'A‘R-I-Mc(:onnell, J. R. and Barton, M. K. (1998). Leaf polarity and meristem
I|p|d-§terol binding (_jomam. _If S0, RI__Dl and_oth_er HD-ZIPI_II formation inArabidopsis Development.25, 2935-2942.
proteins may specify adaxial/abaxial polarity in developingvicConnell, J. R., Emery, J., Eshed, Y., Bao, N., Bowman, J. and Barton,
leaves by incorporating positional information established by M-d_KI- (2001). Role r?fPF;lABUL‘?iA?SS $1H3AVOLUTAin determining

H : e H H Ha raailal patternlng in shootdlature - .
tW.O op_p05|-ng S|gnaI§ Fh.at ongmate outside the InCIpIenF\lelson,T. and Dengler, N(1997). Leaf vascular pattern formatiétant Cell
primordium: the adaxializing signal from the SAM and the "g ;1151.1135.
mMiRNA166 signal from a potential signaling center below theneison, J. M., Lane, B. and Freeling, M(2002). Expression of a mutant
incipient leaf. Finally our results present the possibility that maize gene in the ventral leaf epidermis is sufficient to signal a switch of

Ibl1 specifies adaxial cell fate in developing leaf primordia by tthe 'ealgs dDoréoven”a' gXiEI’DeYe'OPrK‘AEFBM% 4581'é58,\|9- § Clark S, E
. H . . _suga, ., beGuzman, b., Prigge, . J., Drews, G. N. an ark, o. k.
aIterlng the producnon or perception of the proposed mer'Sterﬁ) (2001).REVOLUTAregulates meristem initiation at lateral positioR&nt

borne S|gnal. J. 25, 223-236.
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