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Summary

Asymmetric development of plant lateral organs is initiated
by a partitioning of organ primordia into distinct domains
along their adaxial/abaxial axis. Two primary determinants
of abaxial cell fate are members of the KANADI and
YABBY gene families. Progressive loss of KANADI activity
in loss-of-function mutants results in progressive
transformation of abaxial cell types into adaxial ones and
a correlated loss of lamina formation. Novel, localized
planes of blade expansion occur in somkanadi loss-of-
function genotypes and these ectopic lamina outgrowths

are YABBY dependent. We propose that the initial
asymmetric leaf development is regulated primarily by
mutual antagonism between KANADI and PHB-like genes,
which is translated into polar YABBY expression.
Subsequently, polar YABBY expression contributes both to
abaxial cell fate and to abaxial/adaxial juxtaposition-
mediated lamina expansion.

Key words:Arabidopsis Leaves, Abaxial-adaxial polarity, Pattern
formation,YABBY KANADI

Introduction

Most leaves are laminar structures with two distinct surfac

etal., 1999; Siegfried et al., 1999; Eshed et al., 1999; Kerstetter

&t al.,, 2001; Eshed et al.,, 2001). Gain-of-function alleles of

that are specialized for their distinct functions. Leaves ar&®Me class Il HD-ZIP geneBKiB, PHV) result in adaxialized

produced from the flanks of the apical meristem, and thu

fadial leaves lacking lamina expansion (McConnell and

there exists a fundamental positional relationship betweeRarton, 1998; McConnell et al., 2001), and loss-of-function
leaves and the meristem from which they are produced. Trleles result in abaxialized radial cotyledons (Emery et al.,
adaxial side (ad — next to) of the leaf is derived from cell£003). Conversely, gain-of-function alleles of KANADI result
adjacent to the meristem, while the abaxial side (ab — awdy radial abaxialized organs (Eshed et al., 2001; Kerstetter et
from) is derived from cells in the leaf primordium at a distancél-» 2001). Thus, homogenization, either to all abaxial or all

from the meristem. In many species, includirgbidopsisthe

adaxial identities results in a loss of lamina development,

adaxial side differentiates to form the upper surface and fonsistent with the hypothesis of Waites and Hudson (Waites
Specia”zed for ||ght Capture, with the |Ower’ or abaxiaLand Hudson, 1995) that JuxtapOSItlon of these two domains is

specialized for respiration.

critical for lamina expansion.

The formation of the leaf lamina requires the establishment Previously, members of the YABBY gene family have been
of polarity and is proposed to be a result of interaction§roposed to promote abaxial cell fates. This hypothesis was
between juxtaposed abaxial and adaxial cells (Sussex, 193%sed on the observations that gain-of-function alleles of
Waites and Hudson, 1995). The initial establishment of adseveral membersFILAMENTOUS FLOWER(FIL) and
abaxial polarity may result from a signal emanating from the/ABBY3(YAB3 and CRABS CLAWCRQ, result in abaxial
apical meristem to induce or maintain adaxial identity, and itissues differentiating in adaxial positions, namely in the
the absence of signal, abaxial identity may be the default. Agotyledon, leaf and petal epidermises (Sawa et al., 1999;
communication between the abaxial and adaxial domains h&segfried et al., 1999; Eshed et al., 1999). Conversely, loss-of-
been proposed to be responsible for lamina growth, factofgnction alleles of CRG when in combination witkanl
promoting the identity of one or both domains are probablynutations result in adaxial tissues developing in abaxial
involved in directing the initial stages of lamina formation. Inpositions in the gynoecium (Eshed et al., 1999). During leaf
Arabidopsis adaxial fates are promoted by the expression oflevelopmentFIL and YAB3 are expressed in the abaxial
members of the class Ill HD-ZIP family of genes, such asegions ofArabidopsisleaves and their expression patterns

PHABULOSA(PHB), PHAVOLUTA(PHV) and REVOLUTA

parallel that of the progress of leaf differentiation (Siegfried et

(REV) (McConnell and Barton, 1998; McConnell et al., 2001;al., 1999; Sawa et al., 1999; Kumaran et al., 2002). We present
Emery et al., 2003). Abaxial fates are promoted by membereveral lines of evidence that YABBY gene activity is
of two gene families, the KANADIs and the YABBYs (Sawa associated with lamina expansion and propose that boundaries
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of YABBY gene expression marking the abaxial-adaxialBased on reporter gene construés\N4 appears to have a

boundary are intimately linked with the proposedmore limited expression pattern in the ovules (data not shown).

communication between the abaxial and adaxial domainEhe use of promoter-reporter gene fusions suggested that

during leaf development. KAN1-3 genes also share phloem-associated vascular bundle
expression (Emery et al., 2003).

. Since none of thekanl, kan2 or kan3 single mutants
Materials and methods exhibited a dramatic loss of polarity, we constructed the
Plant growth and genetics multiple mutant combinationsanl kanZandkanl kan2 kan3
All mutants were in the Landsbeegecta(Ler) background except All lateral organs had gross morphological defectkanl
kan3-landyab3-1(both in Wassilewskija) which were backcrossed kan2plants as described previously (Eshed et al., 2001); leaves
into Ler. Plants were grown under 18 hours cool white fluorescenfyere narrow, dark green and developed ectopic outgrowths on
'2'9(hé o ZdOO?' AI‘” Tgé%f)‘(t "nzei Tg"; be;;ﬁ;?é”ﬁeg p;eV:O“gz)%i) their abaxial side (Fig. 1D,G,H), a feature never found in wild-

shed et al., an2- >> shed et al., ; i h
s Emry G a1, 200915y (G el oot Y0 e21eS (i 1), I contest, e ocal lade outgrouths

8, yab3-2(Kumaran et al., 2002)phb-1d (McConnell and Barton, il d d in the triol tant d wh tarowth
1998); syd-2(Wagner and Meyerowitz, 2002). YJ158 was identifieg9'€atly reduced in the iriple mutant, and when outgrowtns
curred in the triple mutant they developed much later

in an enhancer trap screen as previously described (Eshed et al., 1988 - !
Plants mutant fokan?, kan2 fil andyab3were selected as follows: t€mporally (Fig. 1I,L). Whilekanl kan2 kan3eaves were
25 phenotypically wild-type plants from the &f kanl kan filyab3 ~ nearly radial at initiation, these leaves still displayed some
were self-fertilized and tested in thes. FFamilies in which  polarity, as trichomes were not present on the abaxial sides of
approximately 3/16 plants looked like eith@nl kan2or fil yab3(so the first leaves (Fig. 1L). lkanl kan2 kanBaves the mature
kan2andyab3are homozygous) were subjected to further analysisplade expanded in various planes giving rise to long narrow
The rare 1/16 phenotype was considered to be the quadruple mutgglayves with a fan-like blade at their distal end (Fig. 1M).
while the 3/16 plan.t that had trichomes on both sides of their first Ie%ctopic meristems were commonly formed at the base of the
were considered &8 yab3 kan2 kan’t abaxial side of th@hb-1dleaves, a feature that has not been
Isolation of Solanum tuberosum YABBY gene observed inkanl kan2plants. However, ectopic meristems

Total MRNA was extracted from vegetative shoot tips using theould OCCaSIor_laIIy be found at the abaxial baskaofl kan2
RNeasy kit (Qiagen). First strand cDNA was generated using reveré@n3leaves (Fig. 1J,K). The flowers k&nl kan2 kanlants
transcriptase and an oligo(dT) primer. Two degenerate primei¢ere similar tokanl kan2plants (not shown) (Eshed et al.,
targeting the zinc finger domain '(35TIACIGTIMGITGYGG- 2001).
ICAYTG 3') and the YABBY domain (5GCCCARTTYTTIGCIGC
3) were used to amplifgolanum tuberosupartial cDNA sequences. Polar anatomical and expression pattern features of
Products were cut from the gel and TA cloned using the TOPO Tkanl kan2 and kanl kan2 kan3 seedlings
clfo?ri]ng kit (Invitroget?t)._Phé/lc;gcg;e:icbanalysis ir(ljcltl;]digg ?h”f_‘”gationAnatomical differences along the abaxial/adaxial (ab/ad) axis
(0] € sequence obtaine o, uberosunman eA. allana : . h sl
YABBY gene amino acid sequences indic8tetuberosum YABBY1 %_Gt?bldOESlsleaveﬁ are gylttj_entt s(;mrtly aftelr leaf |n|t|a'|[_|on(.j
(GenBank accession no. AY495968) is orthologousItdYAB3 lia-type leaves have distinct dense columnar palisade
mesophyll cells on the adaxial side (Fig. 2A-C). The abaxial
Microscopy spongy mesophyll cells appear more cubic and intercelluar air
SEM, tissue clearing, GUS staining and in situ hybridization weregpaces gradually became more prevalent. The distinct layers of
carried out according to the methods of Eshed et al. (Eshed et ainesophyll are maintained by predominantly anticlinal cell
1999) and Emery et al. (Emery et al., 2008AN1, KAN2 KAN3  divisions (Fig. 2C). In contrast, leaf primordia kdnl kan2
FIL, PHV and PHB probes were generated by linearizing cDNA gndkanl kan2 kan3eedlings were nearly radial (Fig. 2E,H),
p'alsm'ds a“dsyrt‘ﬂl‘es,'z”;g D'?"abe'ed antisense R’E'A using T%RdN%d only later displayed signs of polar anatomical features
polymerase. RHistological analyses were carriead out as descrioe Ig 2F,|) Cells on the abaxial side &&nl kan2leaf
I(EEsgee? f; le- (Eggg)df;;gi’k;ﬁggzagnl kan2and Emery et al.  ojmardia maintained a densely cytoplasmic appearance for a
y v prolonged time, and periclinal divisions were common (Fig.
2F). As a consequenckanl kan2leaves were 10-20 cells
across, compared to only six cell layers in wild type. The

Results S = .

_ ) ) excess cell divisions were not distributed equally, resulting in
Extensive redundancy relationships among localized outgrowths on the abaxial side (Fig. 2F). Unlike those
Arabidopsis KANADI genes of the double mutant, leaves of the triple mutant remained

Four closely related members of the GARP gene family, whichadial until much later in development and did not exhibit the
we refer to as the KANADI geneKAN1-4), are present in the ectopic abaxial periclinal divisions characteristickahl kan2
Arabidopsisgenome, all of which are capable of inducingleaves (Fig. 2I).

abaxial cell fate upon uniform expression (Eshed et al., To further characterize the polar naturekahl kan2 kan3
2001; Kerstetter et al.,, 2001) (Y.E. and J.L.B., unpublishedeaves, adaxial- and abaxial-specific gene expression in the
observations)KAN1is expressed in the abaxial regions of allmutant background was compared to that of the wild type. To
lateral organs (Kerstetter et al., 2001). We examined whethassess abaxial gene expression, we assé488expression
other KANADI genes are expressed in a similar manner ais kanl kan2 kanBaves using thgab3-2enhancer trap line,
KANL At the heart stage of embryogenekiAN1, KAN2and  which faithfully reproducesYAB3 expression in leaves
KAN3 displayed a similar expression pattern in the abaxiaglKumaran et al., 20023-glucuronidase (GUS) activity was
basal portion of emerging cotyledon primordia (Fig. 1A-C).undetectable in thkanl-2 kan2-1 kan3-1 yab3kHackground
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Fig. 1. KANADI loss-of-function morphological phenotypes. (A-C) All three KANADI gen€aN1(A), KAN2(B), andKAN3(C) are
expressed in the abaxial regions of developing embryos. Only one presumptive cotyledon is visible in the sectioKANBwimession.
Unlike the mild or lack of phenotypic alterations of the single mutearidandkan2 respectivelykan1-2 kan2-blants exhibit gross
morphological aberrations in all lateral organs. (¥ah1-2 kan2-Plant with narrow leaves which have outgrowths formed on their abaxial
side (D). (G,H) The abaxial outgrowths (arrows) are visible shortly after leaf primordia have expanded, appearing firsilas@trav
bottom third of the leaf, and later in a less organized pattern as the leaf elongates. (E) A wild-type plant. (F) In leddetypievo stipules (*)
are formed on the flanks of each leaf, obscuring the apical meristem from view. () Lel&e$-@fkan2-1 kan3-filants exhibit much less
lamina expansion than do those of the double mutant, being radial except at their distal tips. (L) Leaves of the triple mad&hiat
inception, but they still retain some polar characteristics, such as a lack of abaxial trichomes on the first two le#@& pib)1ld
homozygotes, axillary meristems (arrows) may form on the abaxial sitesbkan2 kangaves (J,K) and similar teanl1-2 kan2-andphb-
1d/+ leaves, stipules (arrows) develop all around the base of the leaves (L). (M) Disorganized blade tissue often formsl gipthefdisied
kan2 kan3eaves. ab, abaxial; ad, adaxial.

(Fig. 3B), while in an otherwise wild-type background, GUSin these plants. WhilEHB was localized to the adaxial regions
activity was detected in the abaxial regions of developing@f wild-type leaves (Fig. 3D), neHB expression was detected
yab3-2leaves (Fig. 3A). Thus, loss of lamina expansion isn AS1>>KANZ2leaves, and a low level ®HB expression was
correlated with loss of YABBY gene expression in the triplestill present in the apical meristem (Fig. 3G). In contriait,
mutant. expression was detected throughout yoli&i >>KAN2 leaf
Various members of the class Ill HD-zip transcriptionprimordia (Fig. 3I). However, unlike wild-type leaves in which
factors are expressed in regions of the apical meristem and RiL expression is maintained in the marginal abaxial regions
the adaxial regions of lateral organs (McConnell et al., 2001(Fig. 3H), FIL expression irAS1>>KAN2was transient, only
Otsuga et al., 2001; Eshed et al., 2001; Emery et al., 2003). Hoeing detected in one leaf per apex (Fig. 31). Thus, even though
example, in wild typePHB mRNA was localized to the SAM AS1>>KAN2 leaves were abaxializedIL expression was
and was restricted to the adaxial domain as developingphemeral. We conclude that KANADI can induce uniform
primordia separated from the meristem (Fig. 3F) (McConnelFIL expression in organ primordia, but that lack of
et al., 2001). Later expression was confined to the provascularaintenance ofIL expression correlates with the limited
and vascular tissues of leaves and stems. In cortdBtwas  extent of lamina formation.
expressed througholinl kan2 kan&af primordia, although ) )
there was still a gradient with expression highest towards thEhe abaxial leaf outgrowths have symmetric blade
adaxial side (Fig. 3C,D). In summary, loss of KANADI activity characteristics
results in an adaxialization of leaves at the morphologicalJnlike kanl kanZfloral organs, which can largely be viewed

anatomical and molecular levels. as adaxialized, the blade outgrowths on the abaxial side of
) _ leaves represent a novel phenotype. To address their nature,
Effects of uniform KANADI expression anatomical, morphological and molecular characterizations

When KANADI was expressed uniformly throughout leafwere carried out. The outgrowths appeared first in a row on the
primordia, such as ilAS1>>KAN2 plants, the leaves that lower third of the leaf, with additional outgrowths continuing
developed were radialized and abaxialized (Fig. 3E) (Eshed &t initiate and expand for as long as the leaf differentiates (Fig.
al., 2001). To further test the relationships between KANADILG-H, Fig. 4A). The epidermis of these outgrowths in mature
and YABBY or PHB, we examined their expression patternseaves had a high density of stomata interspersed amongst long
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Fig. 2. KANADI loss-of-function anatomical phenotypes. (A,B) Longitudinal and transverse sections of 12-day-old wild-type seedlings
demonstrate that young leaf primordia exhibit polarity along the ab/ad axis immediately after their separation from thieadhoetiatem.
Polarity is evident both by their crescent shape and the appearance of vacuolated cells (arrows) on the abaxial si@ finst (B).
differentiating leaves, asymmetric anatomy along the ab/ad axis is evident in the shape of the adaxial palisade messpiylabersal
spongy mesophyll. Anticlinal cell divisions characterize the L1 and L2 cell layers both adaxially and abaxially (insert{I2Epr)

contrast, leaf primordia &fan1-2 kan2-112-day-old seedlings appear radial (arrows), with all cells maintaining their densely cytoplasmic
appearance for a prolonged period. (F) Many more cell layers are found in differentiating leaves, resulting from abndimabtjpesions at
the abaxial side (insert; arrows). (G-1) Leaf primordi&arfil-2 kan2-1 kan3-deedlings (G,H) are also radial at inception (arrows), but do
exhibit some asymmetric growth later in development such that the leaves are also thicker than those of wild type ($v€Fbe seations of
the leaves in C, F, and | are from the proximal region of expanding leaves of 12-day-old seedlings. *, stipules; abdahdaidaglalp, leaf
primordia; m, meristem; pm, palisade mesophyll; sm, spongy mesophyll. Scale hars: 50

rectangular cells similar to those found typically at leafshown), possibly the result of the prolonged period of cell
margins. In wild-type seedlings, the unique leaf marginal cellglivision in these leaves. While mesophyll cell anatomy was
exhibited specific GUS staining in the enhancer trap markeambiguous, the vascular organization provided a clue to the
line YJ158 (Fig. 4B). The outgrowths &Bnl kan2young identity of the blade outgrowths. Several vascular strands
leaves showed GUS expression of this marker throughout theionnected each outgrowth to the main leaf bundles (Fig. 4E).
circumference (Fig. 4C), suggesting acquisition of radial blad&hese strands formed enlarged, centrally located bundles
identity. composed of central xylem tissue surrounded by multiple
In Arabidopsisleaves, ab/ad polarity is also evident by theclusters of phloem tissue (Fig. 4F,H). On the periphery of the
arrangement of the different tissues in the vascular bundleslder outgrowths, secondary vascular bundles developed with
Xylem is located adaxially, while phloem is positionedthe xylem usually closer to the external surface and phloem
abaxially (Fig. 4D,G). In a transverse sectiokarfil kandeaf  cells closer to the phloem of the central bundle (not shown).
blades, the numerous bundles present displayed variedSimilar amphicribral vascular arrangement has been found
xylem/phloem arrangements. In most bundles, xylem elemenis the abaxialized radial leaves Ahtirrhinum phantastica
were closer to the adaxial leaf surface as in wild type, yethutants (Waites and Hudson, 1995) and the abaxialized
skewed orientations, in which the phloem/xylem axis iscotyledons of thephb phv revtriple mutant (Emery et al.,
perpendicular to the ab/ad leaf axis, were quite common (n@003). An opposite, amphivasal arrangement was found in
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PHB

kan123 yab3-2. N2 vidtype  AST>>KAN2

Fig. 3. Gene expression patternskianl kan2 kanandAS1>>KAN2leaves. (A) GUS activity, due to an enhancer trap inv#i@3gene, is
localized to the abaxial regions of developing leaves (arrowheagah®2plants. (B) In contrast, no detectable GUS activity is detected in
kan1-2 kan2-1 kan3-1 yab3pkants. (F) In wild-type plant8HB expression is localized to the apical meristem and the adaxial regions of
lateral organs. (C,D) Inleanl kan2 kan®ackgroundPHB expression is no longer adaxially confined in developing leaves, but still displays a
gradient with the highest level adaxially. (E) When KANADI activity is expressed uniformly throughout leaves, such KAMABriven

by theAS1promoter, the leaves are both radialized with no lamina formation and abaxialized?{B,Expression is not detected in
AS1>>KAN2leaves (G) whered@HB is expressed adaxially in wild-type leaves (F). BH) is expressed abaxially in wild-type leaf

primordia, and its expression becomes localized to the abaxial marginal regions as leaves differentiate. (1) IFitoistadt transiently
expressed in the radial abaxializ&81>>KAN2leaf primordia. ab, abaxial; ad, adaxial; Ip, leaf primordium; m, meristem.

adaxializedphb-1d/+leaves, where a cluster of phloem tissueThe quadruple mutant plants were greatly reduced in overall
is surrounded by a ring of xylem (McConnell and Bartonsize, and organ expansion was severely decreased.
1998) Combined with the formation of leaf-margin-specific Subsequently produced leaves lacked a clear plane of blade
cell types around the blade outgrowths, the outgrowths can Isgmmetry and expanded at random orientations, resulting
viewed as ectopic filamentous leaves, consisting primarily ah short and thick structures (Fig. 5B,l). As phb-1d
marginal circumference and abaxial internal tissues. Thed®mozygotes, the quadruple mutant plants lacked stipules
observations are consistent with the ectopic boundaried.of entirely, a feature seen fihyab3mutants as well (Fig. 5A,B).
expression detected in these outgrowths as they temporallinlike the abaxial epidermal surfacekainl kanZotyledons,
persist beyond the normal abaxtl expression (Fig. 4J) and which has a clear abaxial appearance, the abaxial epidermis of
are associated with prolonged cell divisions (Fig. 2F). Earliethe quadruply mutant cotyledons and leaves resembled those
in leaf development;IL expression appeared to be at highesof the wild-type adaxial epidermis (Fig. 5C-E). In the
levels in the region in which outgrowths will soon develop, andjuadruple mutant all floral organs except carpels were
at lower levels throughout the abaxial regions of the majoritgompletely radialized, reduced in number and lacked defining

of the leaf (Fig. 4K). cell types (Fig. 5F). Overall, these flowers closely resembled
those of severely adaxialized plants homozygousphir-1d

Residual apolar morphology and abaxial outgrowths (Fig. 5K).

of kanl kan2 leaves are dependent upon YABBY Anatomical analyses of thkan1-2 kan2-1 fil-5 yab3-1

activity leaves revealed a dramatic loss of tissue asymmetry (Fig. 5G-

Since the blade-like outgrowths were associated with strony. Subepidermal cells on both the abaxial and adaxial sides
and localizedFIL expression, we tested wheth&iL is resemble each other, and exhibited an overall similarity to
required for their formation. Whilkanl kan2 filleaves still adaxial cell types. In the first two leaves, vascular bundles were
developed outgrowths, their formation was reduced andreatly reduced with normal phloem/xylem orientation. In the
delayed (not shown). However, when the activityY&fB3  later produced leaves, there were 10-12 cell layers and
which is molecularly and functionally redundant wiehL vasculature was often lacking. &3L is normally expressed
(Siegfried et al.,, 1999; Kumaran et al.,, 2002) is alsan fil-5 mutants (data not shown), it could serve as an abaxial
compromised, leaves of quadruple mutakas,l kan2 fil yab3 marker in the quadruple mutant background. Ovefll,
exhibited almost no traces of focal outgrowths. The twaexpression was greatly reduced, and found only at the margins
different quadruple mutant genotypd&nl-2 kan2-1 fil-8 of the leaves where expansion occurs (Fig. 5J).

yab3-2 or kanl-2 kan2-1 fil-5 yab3;lexhibited similar The YABBY genes were previously suggested to promote
phenotypes; the first two leaves appeared nearly radial, witibaxial cell fate on the basis of their expression pattern and
trichomes, which are normally found only adaxially on the firsigain-of-function alleles. Yet, the loss-of-function phenotypes in
few leaves, present around their entire circumference (Fig. 5Agitherfil or fil yab3 mutant backgrounds do not provide clear
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support for this assumption, as replacement of abaxial cell types
by adaxial ones is limited. For example, trichomes were not
found on the abaxial surfacesfitfyab3leaves until the 5th or
6th leaf as in wild type (Fig. 5L inset). However, wi&kNADI
activity is partially compromised the role of the YABBYs as
promoters of abaxial identity is revealed. Althouginl1-2/+
kan2-1plants resembled wild typ8l-5 yab3-1 kan1-2/+ kan2-
1 plants had short and narrow leaves, with trichomes on both
sides of the first produced leaves (Fig. 5L).
Previous analyses of mutations of genes involved in
establishing the ab/ad axis suggested an association between
== this axis and proper development along the proximodistal axis
S | (Waites and Hudson, 1995). While no clear morphological
W T v markers define thérabidopsis proximodistal axis beyond
petiole and blade tissues, neitherkhal kanzor thefil yab3
plants have leaves that grow to the normal length. Leaves of
the quadruple mutants only grew to 20% of the normal length
of wild-type leaves, similar in size to homozygapisb1-d
leaves (Fig. 5M), corroborating the concept that proper
establishment of adaxial-abaxial and proximodistal axes are
related.

~ e

>PR'ab kan1-2 kan2-1

ML TZ 7)
T

‘.‘f.{-_ : Other YABBY associated lamina growth

“’w ) SPLAYED(SYD encodes a SWI/SNF homolog required for

{ @, proper B class gene expression during flower development
(@ (Wagner and Meyerowitz, 2002). In a screen for genetic
enhancers ofym kanlmutations, we identified two alleles of
sydthat in thegym kanl sydriple mutants resulted in ovules
developing from the abaxial regions of the carpels (Eshed et
al., 2001). To examine whethsyd enhances other aspects
of the kanadi mutant phenotype, we constructed #snl-2
kan2-1 syd-2triple mutant. The leaves danl kan2 syd
were radially symmetric and lacked outgrowths (Fig. 6A).
Consistent with their adaxialized appearan&HB was
expressed throughout the developing leaves (Fig. BR).
expression was greatly reduced in this background (Fig. 6C-
D). Thus, the suppression of abaxial outgrowths dyg

Fig. 4. The nature of thean1 kanzlade outgrowths. (A) The mutations in &anl kanzbackground is associated with a loss
outgrowths developing on the abaxial sidé&anf1-2 kan2-leaves of YABBY gene expression in this background. _
appear nearly radial, with cell types normally found on leaf margins ~ Previously, YABBY expression was associated with lamina
positioned around their entire circumference. (B) In wild-type expansion of phb-1d/+ plants, and this association was

seedlings, these cells show blue staining when the GUS reporter is maintained even when YABBY activity was detected on the
driven by the enhancer trap YJ158. (C) This reporter drives GUS  ypper side of the trumpet shaped leaves (Siegfried et al., 1999).

throughout the epidermis of tlkanl kanzlade outgrowths and in To examine whether YABBY gene expression is tightly
scattered cells on the abaxial leaf surface. (D) Transverse section correlated with regions of active cell division and blade

through a mature wild-type leaf displaying an asymmetric anatomy expansion in developing leaves of other species as well

both within the leaf and in the vascular bundle. (E,F) In méiamd . .

kan2leaves, numerous vascular bundles are formed, connecting theVe isolated YABBY gene family me’T‘.berS froﬁiol_anqm

outgrowths to leaf main bundles (E). The radial outgrowths have ~ tuberosumThe leaves of. tuberosunfacilitated examination

nearly radial anatomy, with a large bundle (arrow) found in their ~ Of gene expression patterns in greater detail than the small and

center (F). (G) Close-up of a wild-type minor leaf bundle showing rapidly differentiating leaves ofArabidopsis (Fig. 6E).

xylem vessel members (arrow) positioned adaxially, while phloem StYABBY bf S. tuberosunis orthologous td-IL and YAB3of

sieve tube elements (arrow) are located abaxially. (il kan2 Arabidopsisand NbYABBYof Nicotiana benthamiangFoster

the central bundles of the outgrowths have clusters of phloem tissueet al., 2002)StYABBY Ivas found to be expressed abaxially in

surrounding xylem vessel members. (1,J) The prolonged period of ' yoyng developing potato leaf primordia. As leaves differentiate,

for the formation of outgrowths, refectad by the maintonance of the ! CONLINUES (0 be expressed ahaxially, but only in regions that
g ' y I%')nsist of cytoplasmically dense cells that presumably retain the

densely cytoplasmic appearance of these cells (l), and correlated w . o ) . h
prolonged localizedIL mRNA expression (J). (K) Earlier in leaf Capacity to divide (Fig. 6F). These cells are located primarily

development, high levels L expression demarcate presumptive ~towards the margins, and along the ab-ad boundary of the leaf.
outgrowths (arrow) while a lower level BfL expression is In conclusion, expression 8tYABBY hppears abaxial at early

throughout the abaxial region of the leaves. ab, abaxial; ad, adaxial;stages of leaf development and parallels regions associated with
ph, phloem; xy, xylem. Scale bars: 1 mm (A),.50 (B-K). extensive future lamina expansion.
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-l fil-5 yab3-1
i kan1

Fig. 5. Simultaneous loss of both KANADI and YABBY functions. (A) In contrast to the clear asymmetric developrkemt dindeaves,

kanl kan2 fil yabguadruple mutants initiate nearly radial first leaves. The two genokgrel,2 kan2-1 fil-5 yab3-dndkan1-2 kan2-1 fil-8
yab3-2 are indistinguishable in morphology. (B) The leaves have trichomes on all sides, an adaxial characteristic of the,fastlleapesd
laterally only at their distal end. Later-formed leaves are short, thick and lack organized plane of expansion. (C-Eyimia¢ spidees of
these leaves (E) appear similar on both sides, and resemble those of adaxial leaf surfaces (C), rather than the abfages [E3f siuwild-

type leaves. (F,K) Flower organs of the quadruple mutants are completely radialized (F), lack epidermal characteristigpeoflaiid

organs, and resemble the flowers of adaxialized homozygi+édmutants (K). (G) Longitudinal section through a developing third leaf of a
kan1-2 kan2-1 fil-5 yab3-quadruple mutant reveals anatomical symmetry. (H,l) This symmetry is also apparent in by transverse sections of
either young leaf primordia (H) or a differentiating leaf (I). (J) In a similar fashion to its expression in wild-typeRdaveRNA is detected

in the margins of the quadruple mutant leaf where prolonged cell divisions occurs, yet this expression is no longersseaxialtas
transverse section through two leaves above the level of the meristem. (L) Lefdlveyalb3-1show dramatic loss in their polarity as
expressed by trichome distribution on both sides of the first two leaves, when the activity of the KANADI proteins isquamipynised.

This phenotype, is in sharp contrast to the normal distribution of trichorfie$ iyab3-1alone (inset; first three leaves removed). (M) Besides
the distribution of cell types along the ab/ad leaf axes, all the described mutations have a strong effect on growtpraingaifdistal axis.

In general, increasing losses of asymmetric development are accompanied by reduced leaf elongation. All leaves showmoeXcapt fo
fully expanded 4th or 5th leaves of the respective genotypes. (1, wild ty@i2kan2adaxial surface; ¥anl kan2abaxial surface; 4il5

yab3-1 5, kanl-2 kan2-1 fil-5 yab3irst leaf; 6, kan1-2 kan2-1 fil-5 yab3-8th leaf; 7 phb-1d (Bars to the left of each leaf: 5 mm.) ab,
abaxial; ad, adaxial; Ip, leaf primordium; m, meristem; wt, wild type. Scale bargmi@G-E and G-I).

to transform most abaxial features of leaves into adaxial

Discussion . A e

_ _ features. This transformation includes adaxialization of
Loss of KANADI function results in loss of most, but vasculature and mesophyll and the generation of nearly radial
not all polarity leaf primordia accompanied by occasional production of

Although four KANADI genes are present in theabidopsis  abaxially placed axillary buds. Compromising most of the
genome, simultaneous inactivation of three of them is enougdctivity of both KANADI and YABBY genes, as in thanl-
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Fig. 6. YABBY and lamina expansion. (A) In
kan1-2 kan2-1 syd{2aves, no abaxial
outgrowths form, and the leaves are radialized.
(B) PHB, normally confined to the adaxial
regions of the developing leaves, is expressed
throughoutkanl kan2 sytkaves.

(C,D) Consistent with YABBY gene
expression being responsible for the abaxial
outgrowths orkanl-2 kan2-leavesFIL
expression is greatly reducedkian1-2 kan2-1
syd-2triple mutants as seen in both
longitudinal (C) and transverse (D) sections of
developing leaves. (E,F) In developing
Solanum tuberosuteaves (E)YABBY1
expression is associated with abaxial regions in
which cells are cytoplasmically dense (F).
These regions include the entire abaxial
domain in young leaf primordia (*), and in
differentiating leaves, the marginal abaxial
regions (arrows) and towards the center of the
leaf, along the boundary between the abaxial
and adaxial domains (arrowhead). Ip, leaf
primordium; m, meristem.

2 kan2-1 fil-5 yab3-hfuadruple mutants, further reduces theAssociation of polar YABBY activity with lamina
polar nature of lateral organs, as evidenced by formation ¢&Xpansion
trichomes on both sides of the first leaves. However, the leav@he establishment of polarity is required for lamina expansion,
of the quadruple mutant do not display all the adaxiah critical process in the development of nearly all lateral
characteristics seen in homozygqinb1-dplants (McConnell organs. Based on elegant genetic and classic dissection
and Barton, 1998). They are not filamentous but ratheexperiments it has been proposed that a juxtaposition of adaxial
bulbous and have many more cell layers thhh-1dleaves. and abaxial domains is required for lamina development
Expression of the other YABBY and KANADI gene family (Sussex, 1955; Waites and Hudson, 1995). Several lines of
members may still be promoting abaxial identity and limitedevidence lead us to propose that a major component of the
random lamina expansion in this background, or alternativelygenetic program directing lamina expansion in leaves is the
other abaxial identity genetic programs could be invokedactivity of members of the YABBY gene family. As outlined
Other suppressors of PHB-like activity such as the recentlgelow, YABBY gene expression is correlated with lamina
identified microRNAs could also account for residual abaxiaéxpansion in several different contexts, ectopic YABBY gene
identity (Reinhart et al., 2002; Tang et al., 2002). Withouiexpression leads to ectopic growth, and loss of YABBY gene
further understanding of the ‘polarity ground state’ it will beactivity results in a loss of lamina expansion.
difficult to predict whether residual abaxial identity stems YABBY gene expression patterns mirror distributions of
from failure to activate adaxial factors or from activity of cytoplasmically dense cells competent to undergo cell division.
additional abaxial factors. In Arabidopsis FIL and YAB3 are initially expressed
While fil yab3double mutants do not exhibit a conspicuousthroughout the abaxial regions of leaves, and later, expression
loss of polarity with respect to differentiation of leaf tissuesbecomes restricted to the laminar marginal domains as the
(Siegfried et al., 1999; Kumaran et al., 2002), we show thatentral abaxial domain differentiates into vacuolated cells.
FIL and YAB3contribute to polar differentiation of tissues in Expression ceases in a basipetal manner, paralleling the
the leaf when in the context oflkanl/+ kan2background. differentiation of leaf cells and preceding the progression in
Trichomes develop on the abaxial sides of the first leavils in cell division distributions (Donnelly et al., 1999; Sawa et al.,
yab3 kanl/+ kan2plants, but not inkanl/+ kan2plants, 1999; Siegfried et al., 1999; Kumaran et al., 2002%8danum
indicating thatFIL/YAB3 contribute to the differentiation of tuberosum the correlation with densely cytoplasmic cells is
cell types on the abaxial sides of these leaves. Thus, these los=adily observed, as YABBY expression becomes restricted to
of-function phenotypes are consistent with the hypothesishe marginal domains of the abaxial-adaxial boundary. Given
based on gain-of-function alelles, that YABBY gene activitythat the YABBY-expressing cells represent a two dimensional
promotes abaxial cell fates (Sawa et al., 1999; Siegfried et atheet of cells, originally throughout the leaf, but then becoming
1999). restricted to two marginal regions of the differentiating leaf, it
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would follow that lamina expansion along the proximodistal In a phb-1d background, radial adaxialized leaves are
axis would also be coupled to establishment of the abaxiaproduced andrIL is not expressed at detectable levels in the
adaxial axis. Thus, in each of these cases YABBY genkaves (Siegfried et al., 1999). Thus, loss of YABBY activity
expression patterns are consistent with activity being linked tis associated with loss of lamina expansion in this background.
lamina expansion. In contrast to the adaxialized leaves of the above genotypes,
The reduction in lamina growth, most markedly in the floralAS1>>KAN2 plants produce radial abaxialized leaves. If
organs offil yab3plants is also consistent with YABBY gene YABBY activity was solely associated with abaxial cell type
activity contributing to lamina expansion (Siegfried et al.,specification, one might expect YABBY gene expression to be
1999). Some lamina expansion does occuil ipab3leaves, prominent. However, iAS1>>KAN2leavesFIL expression is
but this limited lamina development may be due to two othetransient, consistent with the lack of lamina expansion in this
members of the YABBY gene familyyAB2 and YABS  genotype. YABBY gene family expression does not necessarily
which are expressed in leaves (Siegfried et al., 1999have to be localized to the abaxial domain to effect lamina
Characterization of plants lacking all YABBY activity will be expansion. For example, iphb-1d heterozygotes, peltate
required to address whether YABBY activity is absolutelyleaves, in which cells with abaxial identity are inside the cup,
required for leaf lamina development. The outer integument isommonly develop (McConnell and Barton, 1998). In this
a lateral organ in which expression of only a single YABBYcase, YABBY gene expression is associated with expansion of
gene family memberlNNER NO OUTER(NO) has been the cup and is located at the tip of the developing leaf rather
detected (Villanueva et al., 1999). In this céN€ is expressed than the abaxial domain (Siegfried et al., 1999). Perhaps more
in the abaxial cell layer of the outer integumentremarkablyFIL is expressed adaxially jmetal loss pistallata
(Balasubramanian and Schneitz, 2002; Meister et al., 2008econd whorl floral organs that are morphologically inverted
and loss ofNO activity results in a complete loss of lamina (Siegfried et al., 1999; Griffith et al., 1999). As these organs
expansion of the outer integument. Thus, loss-of-functiomlisplay normal blade expansion, YABBY gene expression can
alleles of YABBY gene family members are also consistenstill exert its role in lamina expansion as long as expression
with a role of YABBY gene expression promoting laminaremains polar.
expansion. Thus, in each case examined, YABBY gene activity is
The model of leaf blade development by Waites and Hudsaassociated with regions of lamina expansion, and is necessary
(Waites and Hudson, 1995) proposed that juxtaposition dh at least some contexts to promote lamina development. In
abaxial and adaxial domains is required for lamina outgrowththese cases it appears that it is a boundary of YABBY gene
Leaves ofkanl kan2plants are mosaic, having both ectopicactivity that is associated with lamina formation. Unlike many
adaxial and abaxial characteristics. Young leaf primordia in thgenes whose products will promote growth per se, via cell
double mutant are nearly radial, with spatially expandedlivision or cell expansion, we suggest that boundaries of
expression domains of adaxial promoting genes (Eshed et aYABBY activity act to promote cell division indirectly in
2001). Laminar expansion in these leaves occurs largely asregions spanning both sides of the boundary. This would imply
result of the low level of properly localized YABBY genesthat YABBY activity is signaling between domains, and
since this expansion is lost in tkenl kan2 fil yab8uadruple consistent with this hypothesis ectopic expressioflbf or
mutant. However, askanl kan2 leaves differentiate, YAB3results in dramatic non-autonomous phenotypic effects
reactivation of YABBY genes occurs within specific abaxial(Y.E. and J.L.B., unpublished observations). Determination of
foci by a presently unexplained mechanism. These foci develophether YABBY gene activity is sufficient to induce lamina
as blade-like outgrowths with abaxial fates based omxpansion will require the analysis of genetic chimeric plants
anatomical characters and vascular organization. YABBYn which sectors of YABBY gene expression are produced in
activity is required for lamina expansion associated with théields of cells lacking YABBY activity.
focal outgrowths since this growth disappears irkdrel kan2 ) )
fil yab3background, providing positive evidence that YABBY Boundaries and organizers
activity can induce lamina expansion. The proposal that boundaries of YABBY gene expression act
In kanl kanZeaves, three levels of YABBY gene expressionas mediators of zones of lamina expansion has elements in
are evident: the adaxial domain has no expression, the abax@mmon with the paradigm of boundaries acting as organizing
domain has low levels, and the abaxial foci have high levelgenters in animal development (Lawrence and Struhl, 1996;
Lamina expansion is correlated with the boundaries betweeBasler, 2000; Irvine and Rauskolb, 2001). In such a
each of these expression domains, suggesting that relatidevelopmental paradigm an initial polarity leads to asymmetric
levels, rather than absolute levels, of YABBY activity could beshort-range signaling creating a third type of cell at or near the
responsible for the blade growth in these leaves. The abnormadundary that produces long-range organizing signals that
thickness okanl kanZeaves can also be seen in a context opattern the differentiation of surrounding tissues. Such systems
prolonged boundaries of YABBY gene expression leading t@rovide a powerful mechanism to generate complex patterns
continued periclinal cell divisions in the abaxial regions offrom an initial simple asymmetry. While no signaling
developing leaves. Such boundaries still exist evekaml  molecules that pattern differentiation within developing leaves
kan2 fil yab3 quadruple mutants, as reflected IBIL have yet been identified, boundaries of YABBY gene activity
expression, and therefore thickness of these leaves could akgopear to promote organ growth in adjacent cells and thus
be attributable to residual YABBY activity, possibly mediatedacting as a focus for lamina formation.
by YAB2andYABS However, when no boundaries (as assayed
by FIL) are present, such as pib-1d andkanl kan2 syd We thank John Alvarez, John Emery and Nathaniel Hawker for
leaves, abnormal leaf thickness is not present. valuable discussions and Rick Harris for technical help. Supported by
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