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Summary

The leaves of higher plants develop distinct cell types along
their adaxial-abaxial (dorsal-ventral) axes. Interaction
between leaf primordium cells with adaxial and abaxial
identities is necessary for lateral growth of the developing
leaf blade. We show that the growth and asymmetry of
leaves inAntirrhinum majus involves the related YABBY
transcription factors GRAMINIFOLIA (GRAM) and
PROLONGATA (PROL). GRAM is expressed in abaxial
margins of organ primordia where it promotes lateral
growth and abaxial cell fate. GRAM, however, is not needed
for abaxial fate in the absence of adaxial cell specification,
suggesting that it promotes abaxial fate by excluding
adaxial identity. Although GRAM expression is abaxially

restricted, it functions redundantly with its abaxially
expressed paralogue,PROL, and with the ubiquitously
expressedPHANTASTICA gene to promote adaxial identity
via intercellular signalling. This non cell-autonomous
behaviour is consistent with the ability of GRAM in only
the abaxial most cell layer to direct normal development of
more adaxial cells. The contrasting roles oflGRAM in
promoting and inhibiting adaxial identity might serve to
reinforce and maintain the distinction between adaxial and
abaxial domains in the growing leaf primordium.

Key words:Antirrhinum majus GRAMINIFOLIA, PROLONGATA,
YABBY, Leaf asymmetry

Introduction (McConnell et al., 2001). The hypothetical ligand may come

As a leaf primordium emerges from the periphery of the shoc_ffom the centre of the S_AM, because_leaf initials surgically
apical meristem (SAM) it flattens perpendicular to its adaxialiSClated from the SAM fail to form adaxial cell types (Sussex,
abaxial axis and subsequently develops layers of functionalf2>). The second explanation is that a short microRNA
specialised cell types asymmetrically along this axis. Th&MIRNA) complementary to wild-type RNA from ti¢D-ZIP
growth that flattens the organ occurs around the ad-abaxiiCi causes degradation BHB andPHV, and possibREV,
boundary, is abolished in mutants that have lost either identif§@nscripts in the abaxial leaf domain (Emery et 2003;
and occurs ectopically at novel boundaries (Eshed et al., 200if€inhart et al 2002; Rhoades et.al002). Consistent with
Kerstetter et al., 2001: Kim et al., 2003: McConnell andhis model is the finding that these miRNAs accumulate in the
Barton, 1998: Schichnes et.,all997; Waites and Hudson, abaxial domain oArabidopsisand maize lateral organs (Juarez
1995). This suggests that a juxtaposition of cells with adaxidtt al.. 2004; Kidner and Martienssen, 2004). Because
and abaxial identities in a developing leaf is required for laterdlanscripts from the gain-of-function alleles no longer match
growth, presumably through cell-cell signalling. The samdhe MiIRNA perfectly and are resistant to degradation (Tang et
mechanism is likely to control ad-abaxial asymmetry andl, 2003), they might persist in the abaxial domain to specify
growth in other lateral organs, such as bracts and petals. ectopic adaxial fate. This second model does not exclude the
In Arabidopsis the relatedHD-ZIP genesPHABULOSA  possibility that the HD-ZIP proteins are also activated by a
(PHB), PHAVOLUTA(PHV) and REVOLUTA(RE\) specify  ligand. However, these models make different assumptions
adaxial leaf identity. The activity of these genes normallyabout how organ asymmetry is first specified. Adaxial HD-ZIP
becomes restricted to the adaxial domain of newly initiated led#ctivation by a ligand from the centre of the SAM could
primordia (McConnell et al 2001; Otsuga et al2001). The constitute the first step in organ polarisation, whereas
characterisation of gain-of-functioRHB and PHV alleles, inactivation by the abaxially localised miRNA implies that the
which result in their ectopic abaxial expression and adaxig@rgan is already polarised or that the miRNA is itself the
fate, have suggested two mechanisms that might normally limiitolarising signal.
PHB and PHV activity to the adaxial domain of developing KANADI (KAN) genes, which are both necessary and
organs. One proposes that the HD-ZIP proteins are activatsdfficient for abaxial fate irabidopsisleaves (Eshed et.al
by binding a ligand adaxially, promoting their own expressioril999; Eshed et al2001; Kerstetter et al2001), are needed to
so that gain-of-function mutations, which affect the potentialimit HD-ZIP gene expression to an adaxial domain (Eshed et
ligand binding site, render the proteins constitutively activeal.,, 2001). Because loss of PHB, PHV and REV activity has a
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similar effect to ectopic adaxial expressiorkaiN, it has been Materials and methods

suggested thatiD-ZIPs act at least partly by restricting the pjant material

domain in whichKAN genes promote abaxial fate (Eshed ety o o ranfonstans(gram-1 andgraniu@bils (qram-2 mutants (Baur

al., 2001; Emery et 812003). However, it is currently unclear 1915?) and the (I\aAsze)s Iing (Stubbe, §%66) ?ame from(the IPK,

how asymmetric expression BD-ZIP andKAN genes is first  Gatersleben, Germany. Tiggam-3 mutant arose in the transposon-

established, and the extent to which each gene family acts Bytive line JI.75 (Carpenter and Coen, 1990), and was a gift from

repressing the other. Rosemary Carpenter and Enrico Coen (John Innes Centre, UK). It was
Another family of transcription factor genes — tfi@BBY  shown to carry a single recessive mutatigram-3 that failed to

(YAB genes — are implicated in abaxial organ fate because thé@mplemengram-1or gram-2 ) _ _

expression is restricted abaxially in organ primordia ol Perlcllne_ll chimeras for almllvg (0I|)_mut_at|0n,_\_/vh|ch prevents

mutations disrupt development of abaxial cell types (Saw%ccumulatlon of chlorophyll at higher light intensities (Hudson.et al

et al, 1999; Siegfried et al1999; Villanueva et gl 1999). Ggg’i&v%erekgenerztedg:on; the unstaiie505 fllleslférgraml-gadnd .

Reduced activity of the tworAB genes FILAMENTOUS ackgrounas. Tiants were grown & or 0 tays 10

- . . induce excision of the Tam3 transposon faiv605, then maintained
FLOWER(FIL) and YAB3results in a partial loss of abaxial 4t 25°¢, 1o inhibit further transposition, in a light intensity of ~200

cell identity but not its replacement by adaxial identity, as inymol/m#/second, to distinguisBLI* revertant anali mutant tissue.
kan mutants (Eshed et .al2001; Siegfried et al 1999).  Chlorophyll was identified in hand-cut sections by epifluorescence
Similarly, ectopicYAB expression is not sufficient to confer at 365 nm excitation. Periclinal chimeras were maintained and
abaxial fate on all cells and the ability of ectopd®dN  propagated vegetatively from cuttings.

expression to abaxialise cells is not dependent on FIL or YAB3 phan gramdouble mutants were obtained in theof eitherphan-

activity. The role offABgenes in organ asymmetry is therefore249 x gram-1(in the Sippe 50 genetic background),pian-60 x
enigmatic. gram-3(in the JI.75 background). About 6% of progeny showed

Although most flowering plants, in common with an enhanced mutant phenotype that included lack of an embryonic

Arabidonsis h tric lateral th tent tapical meristem. These plants were confirmedram phandouble
rabidopsis have asymmetric lateral organs the extent 1qy ianis by Southern hybridisatiagram prolandphan proldouble

which their regulatory mechanisms are conserved remaing,tants were obtained in the &f gram-1x prol-1 andphan249 x

|al’ge|y untested. In the d|stant|y related eudi@(ﬂtl;irrhinum pr0|_1v respective|y, and their genotypes confirmed by PCR.
majus the MYB gene PHANTASTICA (PHAN) acts

redundantly with other factors that are sensitive to cold t®olecular biology

promote adaxial identity — loss dPHAN activity causes cpna clones ofAmYAB2(AY451398), AmFIL (GRAM AY451396)
abaxialisation of organs and loss of lateral growth (Waites anghd AmYAB5(PROL; AY451397) were obtained by low-stringency
Hudson, 1995; Waites et.all998). Reduced activity of the screening of amntirrhinum inflorescence cDNA library with the
Arabidopsis PHAN orthologue, ASYMMETRIC LEAVES1 Arabidopsis INNER NO OUTERene (Villanueva et al 1999).
(AS), has a lesser effect on ad-abaxial organ asymmet/dditional cDNAs from these genes and two additional paralogues,
(Byrne et al, 2000; Xu et a) 2003) and it is unclear whether AMCRC(AY451399) andAmINO(AY451400) were kindly provided
the different developmental requirements RMAN andAS1 by Zsuzsanna Schwarz-Sommer (MPIZ, Germany). The introns of
reflect divergence in the functions of genes that they regulatéMYAB3 and AMYABS were identified by PCR amplification of
The only known target oPHAN — the homeobox gene, genomic DNA. Sequence phylogenies were reconstructed from

HIRZINA which it represses in leaves and petals — does nl fst\rl\rlzaal?efull-length amino acid sequences using CLUSTAL and PAUP

cause asymmetry defects when mis-expressed (Golz,et al goth gram-1andgram-3gave rise to a low frequency of wild-type
2002). It is therefore not obvious whethBHAN might  progeny andgram-3 produced wild-type branches, consistent with
regulate the orthologues of genes that control organ asymmetigth mutations being caused by unstable transposons. Transposons
in Arabidopsis were identified by PCR with transposon- &AMspecific primers.

To further understand the control of organ asymmetry an8rimers to a sequence conserved in CACTA transposons were used
growth we have analysed the roles of the paralogousith AMYABSspecific primers to screen DNA from a collection of
Antirrhinum YAB genes, GRAMINIFOLIA (GRAM) and Mutants maintained at IPK, Gatersleben. These detected a CACTA
PROLONGATAPROL). GRAMexpression becomes confined mSAeI\;ItIZ%r']S W'thh'nh Lhed f'lr_Sth ||ntr|on Oi?mYABSh'” thhe 'n_llj(;ed “nf_"

: . - - . , which had slightly larger leaves than the wild-type lines,
to an abaxial domain at the margins oflleaf _pnmordla, wher .75 and Sippe 50. In arp Bf MAM265 x JI.75 (=94) leaf size
it promotes lateral growth and abaxial identity. However, the

. . o o .. showed continuous variation and Studenttests detected no
role of GRAMin promoting abaxial identity is redundant if ggnificant differences in leaf length or width between

adaxial fate is not specified, suggesting tB&RAM acts t0  amyabBamyab5 amyab%+ and homozygous wild-type siblings
exclude adaxial identity — a role supported by ectopic abaxigP>0.20 in all pair-wise comparisons). This suggested thatrttyab5
expression of aPHB homologue ingram mutant leaves. allele did not condition a mutant phenotype and that the phenotype of
Although expression of botBRAMandPROLIis confined to MAM265 was consistent with a different genetic background to JI.75
an abaxial domain by PHAN activitgRAMacts redundantly or Sippe 50. Theamyab5 allele, however, segregated with an
with PHAN and withPROLto promote adaxial organ identity €nhancedgram mutant phenotype in ~6% of the; fprogeny of

non cell-autonomouslyGRAMexpression in only the abaxial MAM265 x gram-1 These plantsn23) were confirmed aamyabs
epidermal cell layer of organ primordia is sufficient to confergr""m'loIOUbIe mutants by PCR genotyping, while all 18 tegteth

. . ; . ... mutant siblings carried at least one wild-typenYABS allele,
normal identity and growth to more adaxial cells, 'nd'cat'ngindicating enhancement of tigeam phenotype bymyabs or a very

that GRAMpromotes abaxial fate non cell-autonomously. The;gsely linked gene. Twamyab5 gramdouble mutants produced
contrasting roles ofSRAM in promotion and repression of pranches with agram single mutant phenotype. PCR analysis
adaxial fate might serve to define and reinforce an ad-abaxigbnfirmed that these branches carried reveAanYABSalleles with
boundary required for continued leaf growth. sequence footprints characteristic of CACTA transposon excision;
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strongly suggesting that enhancement ofgiteen phenotype was due node at which they are produced, reaching their maximum
to theamyab5mutation. In the absence of other detectable mutationsnature length and width at nodes 3 or 4 (Fig. 1A). All leaves
in MAM265, which had originally been proposed to carry theof gram-1andgram-2mutants were consistently half the width
prolongata(prol) mutation, theamyabsallele was namegrol-1. of wild-type ones (Fig. 1A,B) and also shorter than wild type
Three PHB homologues, most similar tBHB, REV and ATH-; 15 node 3, after which they were similar in length.
B8/ATH-15, respectively, were obtained by probing Antirrhinum The adaxi,al epidermis of a wild-typantirrhinum leaf

cDNA library with aPHB cDNA. The mosPHB-like gene AMPHB ) . e .
AY451395) encoded a protein with 84% identical amino acids to PHI_5>;OnSIStS of large irregular pavement cells with infrequent hairs

in a 230 amino acid region spanning the START domain. and stomata (Fig. 1C), the abaxial epidermis comprises small
pavement cells, fewer hairs but frequent stomata and cells at
Microscopy the leaf edge are domed and elongated. Internally, palisade

Epidermal impressions were made in Loctite Superglue on @mesophyll is found adaxial to spongy mesophyll and the

microscope slide and examined with phase contrast opticunction between these tissues runs to the leaf edge (Fig. 1E).
Histological sections (pM) were made from material embedded in The |ower chlorophyll content and larger air-spaces of the

electron microscopy and in situ hybridisation were performed a@reen (Fig. 1B).

described previously (Golz et.alk002) The digoxigenin-labelled . .

probesGRAMIong andPROLwere transcribed from near full-length Leaves_ogrammutants h_ave regions of darker green ussue,
cDNA clones and th&RAM 3’ probe from the final three exons chara}cterls_tlc of the ada)glal side of the lefm" at the abaxial
downstream of the Tam3 insertion gram-3 AntisenseAmPHB ~ Margins (Fig. 1B). In section, elongated palisade cells extend
probes were transcribed from a 700 bp cDNA that spanned the regi@iound the edge of the leaf into the abaxial margin (Fig. 1F),

encoding the START domain. making the lamina thicker towards its edge. This phenotype
Results A . B

GRAM is needed for adaxial-abaxial 5 [length width adaxial abaxial
asymmetry and growth of lateral organs 6 gl :

The recessivgram-3mutation was identified in 4 L

transposon mutagenesis screen for altered 2 ' = 0.

growth and shown to be allelic to two clas I‘I‘I‘I‘.j—

mutations, gram-1 and gram-2 All three 07123456 1234 5'd6' !

mutations had similar developmental effects. c wild-ty
Wild-type leaves differ in size according to 34T

Fig. 1.grammutations affect leaf growth and ad-
abaxial asymmetry. (A) Comparisons of the length and
width of fully expanded leaves of wild-type (filled

bars) andyram-1(open bars) at nodes 1 to 6. Values
represent means of eight replicates and error bars, o
standard deviation. (B) The adaxial wild-type leaf (top
left) appears darker than the abaxial (top right). In
grammutant leaves, strips of darker tissue extend
abaxially (arrowheads). (C) The wild-type adaxial leaf
surface (left) consists of large, irregular pavement cells
and rectangular cells towards the leaf edge (left in this
image). Abaxial pavement cells (centre) are smaller
and interspersed with frequent stomata (s). The edgeE
the leaf (right) consists of elongated edge cells (e). .
(D) In grammutants, adaxial pavement cells are Wl|d—type
unaltered whereas cells at the margins are more
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and larger abaxial cells are seen, and stomata and hairggs &< s ‘f-lu‘:'-'dr

(h) are found at the leaf edge. (E) A transverse sectio
of a wild-type leaf shows that, the junction between
adaxial palisade mesophyll (pm) and abaxial spongy
mesophyll (sm) cells runs to the edge of the leaf
(arrowhead). In thgrammutant leaf (F), palisade
mesophyll cells (pm) are found abaxially at the
margins and adaxial cells away from the margin
resemble spongy mesophyll. (G, ghrmmutants
occasionally produce needle-like leaves (arrowhead in
G), that appear radial in transverse section (H). (I) The
arrangement of xylem elements internal to phloem in
central vascular bundles of these leaves suggests a loss
of adaxial leaf identity.
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suggested thaBRAMis needed for abaxial cell identity at the
leaf margin and that adaxial identity occurs in its absence
Similarly, epidermal cells with adaxial characters were founc
in the abaxial margins and the cells normally associated wit
the leaf edge extended further into the abaxial epidermis (Fi
1D), suggesting thaBRAMalso promotes abaxial identity in
epidermal cells. Epidermal marginal cells, which normally
form at the leaf edge overlying the junction between spong
and palisade mesophyll, were absent from the displace
adaxial-abaxial boundary igram leaves (Fig. 1B,D).

Loss of GRAM activity also caused adaxial mesophyll cells
away from the leaf margin to partly resemble abaxial spong
mesophyll in shape and spacing (Fig. 1F). This suggested tt
GRAMis not only needed for abaxial identity at leaf margins
but to promote adaxial identity elsewhere in the leaf. More
severe loss of adaxial cell identity was observed occasional
in needle-like leaves produced gyam-3 mutants (Fig. 1G),
which contained a central vein in which xylem was surrounde
by phloem (Fig. 1H,l). Because phloem develops abaxial t
xylem in the wild-type leaf, the needle-like leaves appeared t
have lost adaxial, and gained abaxial, identitam mutant
petals, like leaves, were smaller than wild-type ones and fre
for more of their length (Fig. 2A,E), suggesting tG&RAMis
also needed for petal growth. Where petals remained unite
pronounced furrows developed in their adaxial (inner) side
flanked by ridges (arrowheads in Fig. 2F,G). Cells within the
furrow had ectopic abaxial identity, as seen by their darker re
pigmentation and lack of yellow hairs. Similarly, the ridges
flanking each furrow contained a radially symmetric vein with
an abaxialised arrangement of cell types (compare Fig. 2B-
with Fig. 2F-H), suggesting th&RAMis needed for adaxial
identity at petal margingram mutants also showed reduced Fig. 2. grammutations affect growth and asymmetry of petals.
growth of the style and occasional homeotic conversions df\-D) A wild-type flower. (A) A lateral (left) and dorsal (right) view.

floral organ identity (Navarro et.aR004). (B) Two rows of dense yellow hairs (*), are present on the adaxial
surface at the junction between the ventral and lateral petals within

GRAM promotes growth in a marginal domain of leaf the corolla tube. (C) In a section, taken at the position of the bar in B,

primordia the junction between petals is flanked by veins in which xylem

elements (x) are adaxial to phloem (p; D). (EgfBmmutant flower.
Although mature leaves gram mutants were narrower thanf(E) Mutant flowers are smaller than wild-type ones and the dorsal

”.‘05."9 Of the wild type, they orlglna_ted from primordia Ol petals are free laterally and more symmetrical in shape. (F) The
similar size (data not shown), suggesting that the reduced widghhction between ventral and lateral petals (arrowhead in F) is
of gram leaves was a consequence of less growth aft@inked by ridges containing enlarged abaxialised veins (G, and
initiation. gram mutant leaves contained ~50% fewer cells inenlarged in H) that have central xylem elements (x) surrounded by
the lateral axis when compared to a wild-type leaf at the sammhloem (p). Epidermal tissue between the ridges (arrowhead in G)
node (Fig. 1), suggesting that reduced cell divisions werbas abaxial identity, as evidenced by a higher level of anthocyanin
involved in the reduced leaf width. To test whether reduced capigmentation characteristic of abaxial petal epidermis and absence of
division occurred throughout the developing leaf, or whether iYellow hairs.
was largely confined to a particular region, we analysed the
contributions of different cell layers to wild-type agdam
mutant leaves. cells were derived from L2 and therefore the margins appeared
In Antirrhinum, in common with most dicots, the SAM yellow. The proportion of the blade with internal L2-derived
consists of three cell populations — a single layer of protodergells varied from about one-third to two-thirds of the leaf width
cells (L1), a single layer of sub-epidermal cells (L2) and a coréFig. 3A). The boundary between green (L3-derived) and
of L3 cells. The fates of cells derived from the L2 layer wereyellow (L2-derived) tissue did not correspond to any structural
followed in GRAM' and gram mutant leaves using stable feature and its position varied in different leaves or in opposite
periclinal chimeras in which L2 was marked by alive halves of the same leaf. In contrast, L3 contributed most of the
mutation that reduces chlorophyll content (see Materialgnternal cells in ayram mutant leaf (often more cells than in
and methods). Towards the midrib GRAM" leaves, L2 GRAM) and the position of the boundary between yellow and
contributed one layer of yellow adaxial palisade cells and ongreen tissue was more consistent (Fig. 3B). This suggested
abaxial layer of yellow spongy mesophyll cells covering a cordirstly, that GRAM promotes cell divisions in the margins of
of L3-derived green cells (Fig. 3A). The medial part of the leafeaf primordia, where internal tissues are derived entirely from
therefore appeared green. Nearer the leaf edges, all interidl, and secondly that L3 contributes more cells togizan
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were conserved betweelntirrhinum genes and with their
Arabidopsishomologues (Fig. 4B). AAmFIL probe detected
a different RFLP in eacgram mutant that segregated with the
gram mutant allele (data not shown). Sequence analysis
revealed that the RFLPs were caused by transposon insertions;
gram-3 carried a copy of the Tam3 transposon in exon 5 of
AmFIL andgram-landgram-2carried Tam2 in introns 4 or 5,
respectively (Fig. 4B). Thgram-3allele had the potential to
encode a protein in which the C-terminal part of the highly
conserved YAB domain was replaced with 69 amino acids
encoded by Tam3.
: Tam3 was lost frongram-3in five independenGRAM

wt gr am revertants. None carried sequence footprints, often associated

with Tam3 excision, presumably because footprints would

Fig. 3. GRAMpromotes marginal leaf growth. (A) The leaves of disrupt the highly conserved YAB domain. A single reversion
periclinal chimeras in which L2-derived cells carryadinmutation of gram-1to wild-type involved the loss of Tam2 together with
that reduces chlorophyll content. L2-derived cells contribute a 85 bp of flanking intron sequence. These results confirmed that
variable proportion of the internal cells of the leaf — seen as a yellowa o, F 11 corresponded to theRAM locus.

marginal region in the surface view (above) or as cells showing no A transposon insertion in thAmYABSgene was also
red chlorophyll auto-fluorescence under UV light in section (below). . iy P . . - 9 . .
identified in an inbred line carrying the classic mutation,

(B) The loss of L2-derived tissues at the leaf margirgrar - .
mutants is partially compensated for by an increased growth of the Prolongata-1(prol-1; Fig. 4B) (Stubbe, 1966), but conditioned

L3 layer. (C,D) Transverse sections of wild-type (C) grain (D) no mutant phenotype in an otherwise wild-type genetic
vegetative apices probed with t8& CLIND3aprobe. Note the shift ~ background (see Materials and methods).
in CYCLINexpression to more internal regionggodm mutant

leaves.
A GRAM
) FIL

mutant leaf than to the wild-type leaf, perhaps in compensatic i YAB3
for reduced marginal growth. AmYAB2

To test when in development GRAM activity was required i E YAB2
for localised cell proliferation, the expression@®fCLIN D3a i T PROL
RNA, which correlates with cell division rates in organ i i YAB5
primordia (Gaudin et gl 2000), was compared gram and alit [ AmCRC
wild-type leaves. Expression in newly initiated wild-type * T
primordia was uniform and then became concentrated in tt SR
growing margins, remaining detectable there until at least sta i
P5 (Fig. 3C)grammutant primordia resembled those of wild
type in size early in development and showed a similar earl
pattern of CYCLIN D3aexpression (Fig. 3D). However, from
stage P3 or P4, expression spread from the margins to mc
central cells and persisted there until at least stage P
consistent with a shift in growth from a marginal to more
central region of the leaf later in development.
GRAM encodes YABBY activity
Both gram-1 and gram-3 showed the genetic instability
characteristic of transposon-induced mutations. Becaus
GRAM was needed to promote abaxial organ identity and e
similar role had been attributed to members of YA® gene i L
family in Arabidopsis (Siegfried et al 1999), we tested -

whetherGRAMmight encode YAB activity. Fivéntirrhinum
YABgenes were identified as cDNAs, each encoding a prote _
with the N-terminal zinc finger and C-terminal HMG-like YAB Fig. 4.Structure and evolution @RAMandPROL.(A) A

domain characteristic of the family (Fig. 4B). neighbour-joining tree showing the relative similarity of the full-

: - . lengthAntirrhinumandArabidopsisYABBY proteins, suggesting
Phylogenetic analysis placed one of these proteins, term(their evolutionary relationships. Bootstrap values (1000 replicates)

AmFIL, in a well-supported clade with the products of theare given. (B) The structure of tRAMandPROLIloci and mutant
Arabidopsis FILAMENTOUS FLOWHRIL) andYAB3genes  gjieles. Boxes represent exons (black are translated, white are un-
(Fig. 4A). A secondhntirrhinum protein, AMYABS, appeared translated). The regions encoding the N-terminal zinc finger domain
orthologous to YABS5. Amplification from genomic DNA and the C-terminal YAB domain are stippled. Transposon insertions
identified six introns iPAMFIL and AmYABSIn positions that  are shown as triangles (not to scale); numbers denote Tam2 or Tam3.
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GRAM and PROL are expressed abaxially in of wild-type leaf primordia, were absent from the margins of
developing lateral organs grammutant primordia (Fig. 5C,F), consistent with the loss of
GRAMRNA expression, revealed by in situ hybridisation, wasabaxial identity from this regionGRAM expression was
similar in all lateral organs. It was detected first in incipientunaffected by theprol-1 mutation that has no effect on leaf
primordia within the SAM or floral meristem (stage PO indevelopment (data not shown). N _
leaves) and abaxially in newly initiated (early P1) primordia Loss of PHANTASTICA (PHAN) activity has the opposite
(Fig. 5A,B). It then became restricted mainly to the abaxiagffect togram of allowing leaf cells in adaxial positions to
margins of growing primordia from about stage P2 (Fig. 5B)assume abaxial fates (Waites and Hudson, 1995). The degree
This later pattern of expression was consistent with th& which phan mutant leaves are abaxialised increases with
proposed role ofSRAM in promoting abaxial cell fate and decreasing temperature: at 25°C all leaves are mosaics of
growth in leaf margins?ROLRNA was always less abundant adaxial and ectopic abaxial tissue (Fig. 6C), at 20°C leaves at
than GRAM (Fig. 5D,E), but likeGRAM it was expressed higher nodes on the plant are needle-like and consist only of
abaxially from stage P1. Later expression, un@®AM was abaxial cell types (Fig. 6A) while at 15%hanmutants are
detected predominantly in provascular cells and to a lessépable to maintain a functional SAM. _
extent in the mesophyll cells in the centre of each primordium. BecauseGRAM is required for abaxial identity, ectopic
PROLRNA was not detectable in thol-1 mutant by in situ  abaxial fate inpphanmutant leaves might result from ectopic

hybridisation or RT-PCR (data not shown). GRAMexpression. Consistent with this, the domaiG&AM
expression was found to extend into the adaxial regigaf
GRAM, PROL and PHAN promote adaxial organ fate mutant primordia initiated at 20°C (Fig. 61,J)J@RAMactivity

GRAMandPROLRNA, which are expressed in abaxial cellswas responsible for ectopic abaxial identgyam mutations
would be expected to suppress the polarity defectshah

GRAM mutant leaves. Howevergram mutations were found to
' ~ % \ = C o enhance, rather than suppresgh@nmutant phenotypghan
- . ? el £ "fg.: ' gram double mutant seedlings had more severely abaxialised
f&,;‘t" % £ ‘\‘1; “ : cotyledons and differentiated cells in place of the SAM (Fig.
’ I a ‘ 3 s 7 ) =h 3 » 6E-H). Shoots eventually arose from adventitious meristems in
H':\ i W\ & & ./ the hypocotyl or the base of cotyledon petioles (Fig. 6B,D).
o ; \& A4 . o A ) Leaves produced fronmphan gram shoots were radially
w o symmetrical and abaxialised, based on their histology,
PROL arrangement of vascular cells in the central vein (Fig. 6K,L)
D 7 E F - z and ubiquitous expression of mutagram RNA (Fig. 6M).
. o . : . Loss of GRAM activity also rendergdhanmutants insensitive
y k &y ¢ h to temperature (Fig. 6A-D). Enhancement of pi@n mutant
- ™ phenotype bygrammutations suggested th@RAMpromotes

134 ¢ -4 adaxial organ fate redundantly witHAN Because the leaves
Nal a5 W e, P of phan gramdouble mutants retain abaxial identigRAM
: " ' also appeared unnecessary for abaxial organ identity in the
AmPHB i absence of adaxial fate specification.
G H . . = To determine whetherGRAM and PROL function
] . Yl Foi v redundantly to promote abaxial identity, plants were generated
l? g s Pt = carrying bothgram and prol-1 mutations. Surprisinglyrol-1
% e o enhanced thgrammutant phenotype in the same wayhan
e P mutations (Fig. 6N-S). Initially alijram prolseedlings lacked
B, e ' a SAM, however shoots eventually formed from adventitious
w-t gram meristems at the root-hypocotyl junction (Fig. 6N). All of the
leaves that formed on these shoots were radially symmetrical
Fig. 5. Expression oGRAM PROLandAMPHBRNA. In situ and had hairs that were specific to the abaxial surface of wild-
hybridisation to detedRAM(A-C), PROL(D-F) andAmPHB(G-I)  type leaves (Fig. 60-Q). Lack of adaxial cell types was
RNA. (A,D,G) Longitudinal sections and (B,E,H) transverse sectionsconfirmed by histology (Fig. 6R) and by the ubiquitous

of wild-type apices; (C,F,l) transverse sectiongraim mutant expression offrammutant transcript and complete absence of
apices. The youngest leaf primordia are towards the centre of each AMPHB expression (Fig. 6S,T). These results suggests that
apex. (A)GRAMtranscript (detected as a dark precipitate) is PROL promotes adaxial organ fate redundantly WERAM

abaxially restricted and becomes most abundant in the abaxial and that it is not required, alone or redundantly \@RAM
.m.a.rg'”j (B.)'PRC?LE(.Xpres.S'OE”) in "(‘j’”ld type (E::E)O'ls abr‘?x'da' in I”eW'y for abaxial fate when adaxial fate is not specified. Urdiien
initiated primordia (inset in E) and later confined to the developing - P -

midveins of leaves. (G,H) ExpressionAhPHBRNA is detected ggigt'r?gts’spgg\',v%‘)d'd not modify thephanmutant phenotype

within the wild-type SAM and throughout leaf initials within it, . . .
becomes restricted to an adaxial region of leaf primordia after NeitherGRAMnor PROLare needed for abaxial cell fate in

initiation then to adaxial leaf margins and to the vasculature of leave1e absence of adaxial identity. The rol&&AMin promoting
and stem. Igrammutant leavesGRAM(C) andPROL(F) abaxial organ fate might therefore be to repress adaxial
expression is lost from the marginal, abaxial domain of developing identity. To test this we examined its interaction wAtnPHB
leaves, whereaSmPHBnow extends into this region (1). an Antirrhinum homologue ofPHB, which is necessary and
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Fig. 6. Interactions betweegram phanandprol
mutationsphansingle mutants (A,C) anghan
gramdouble mutants (B,D) grown at either 20°C or
25°C.gramenhances the abaxialised phenotype of
phanleaves and removes their sensitivity to
temperature. Wild typgramandphansingle
mutants produce a functional embryonic SAM,
seen to have a layered structure in an optical section
of a newly germinated seedling (G), that gives rise
to a shoot between the cotyledons (H#)an gram
double mutants have abaxialised cotyledons (F) and
fail to form an organised or functional SAM during
embryogenesis (H). The apicespbfanmutants
grown at 20°C, seen in transverse section (I) and
longitudinal section (J) expre&RAMRNA
ectopically in adaxial regions of developing leaves.
The needle-like leaves phan grandouble

mutants are radially symmetrical in transverse
section (K), have an abaxialised arrangement of
xylem internal to phloem (L) and expregsm

RNA ubiquitously (M). (N)prol gramdouble

mutants also fail to form an embryonic SAM and
produce radially symmetrical leaves (Q) that have
the long glandular hairs characteristic of the wild-
type abaxial (P) rather than adaxial (O) midrib;
show abaxialisation of internal cell types (R);
ubiquitous expression giamRNA (S) and

reduced expression 8iMPHBRNA (T), although
AmPHBexpression remains in the SAM
(arrowhead).

sufficient for adaxial fate idrabidopsideaves (McConnell et SAM. These possibilities were tested by in situ hybridisation
al, 2001). Sense RNA fromddmPHRB like its Arabidopsis with a probe that could detect wild-ty@RAMRNA but not
homologue, was expressed in the wild-type SAM, uniformlythe transcripts produced frogram-3 which terminate within

in newly initiated leaf primordia and adaxially from late stagethe transposon insertion (Fig. 7A-D). In the chimeric wild-
P1 (Fig. 5G,H). In contrastAmPHB expression was not type branch, the downstream probe detected high levels of
adaxially restricted in P2 and P3 primordiagphm mutants ~ GRAMtranscripts only in L1 cells within the normal, abaxial
and was particularly abundant at their margins (Fig. 51). Thisomain of GRAM expression (Fig. 7F), indicating that this
expression pattern was therefore consistent @R#AMacting  branch had normal GRAM activity in epidermal cells but not
to represésmPHBexpression and adaxial identity from at leastin sub-epidermal, L2-derived cells. Consistent with this, a

stage P2. wild-type GRAM+allele could be amplified from the revertant
branch, but not frongram mutant branches of the same plant.
GRAM acts non cell-autonomously These findings indicated that GRAM activity in abaxial

GRAM and PROL are expressed abaxially but required, nonepidermal cells is sufficient for normal identity and
cell-autonomously, to promote the identity of adaxial cells. Tgroliferation of more adaxial cells, presumably via an
test whetherGRAM can also affect abaxial fate non cell- intercellular signal.

autonomously, we exploited the ability of ti@m-3mutation

to give rise to clones of wild-type cells following transposon... .
excision. Plants homozygous for the unstaiplam-3 allele Discussion

occasionally produced branches with a wild-type phenotypélMe have shown that the YABBY transcription factor, GRAM,

In most cases, the flowers on these branches gave rise to ~78/teeded for abaxial identity and growth at the margins of
wild-type progeny on self-pollination, suggesting that theAntirrhinum leaves. This role correlates wittGRAM
subepidermal (L2) layer of the SAM, from which gametes ar@xpression in an abaxial domain of newly initiated organ
derived, carried a revertaBRAM allele. One phenotypically primordia and its persistence in abaxial margins of the growing
wild-type branch, however, produced ontgam mutant leaf.

progeny, suggesting that it was a periclinal chimera carrying a Loss of GRAM activity allows cells in abaxial marginal
revertantGRAM' allele in either the L1 or L3 layers of the positions to assume adaxial identities. Because the leaves of
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A B homologue, to an adaxial domain of organ primordia,
consistent withGRAM acting to repress HD-ZIP-dependent
‘ adaxial fate. It is, however, unclear whetBRAMis needed
to set up the domain ¢iD-ZIP expression or to maintain it.
" It is also unclear whether abaxial expressionG&RAM is
ild-t established in response to adaxial HD-ZIP activity.
wila-type The role of GRAMn repressing adaxial fate differs from
D that proposed for the homologofigabidopsisgenesFIL and
YAB3 Reduced activity of botArabidopsiggenes has a similar
effect togrammutations on leaf growth (Kumaran et 2002;
Siegfried et al 1999), suggesting th&iL and YAB3together
provide aGRAMtlike function. Howevefill yab3mutants have
gram less severe polarity defects involving only a partial loss of
abaxial cell characters but no clear gain of adaxial identity. In
E F this respect the effects gfam mutations are more similar to
3 loss of botrKAN1andKAN2 activity in Arabidopsis which is
also accompanied by ectogitD-ZIP expression, as igram
f (Eshed et a] 2001). The different requirements fGRAM
hi compared toFIL and YAB3 might reflect divergence in the
chimera function of theYABgene family in the two species (e.g. from
full Iength 3 probe GRAM having assumed or retaineldAN-like functions).
Alternatively, they might result from different degrees of
Fig. 7.GRAMRNA expression in a periclinal chimera. In situ functional overlap betweeNAB genes within each species.
hybridisation with either a full-lengtSRAMcDNA probe (A,C,E) These possibilities might be tested with additiorsdd loss-of-
or a transcribed region GRAMdownstream from the transposon — fnction mutations in both species. In the cas@ndfrrhinum,
insertion |ngrqm-3(3 probe; B,DZF). Both probes detect wild-type reduced activity of PROL for which no orthologous
GRAMtranscripts (A,B). Transcripts frogram-3are detected, at a Arabid . tant has b ted h devel tal
reduced level, by the full-length probe (C) but not ther8be (D). rabidopsismutant has been reported, has no developmenta
In the phenotypically wild-type shoot of a periclinal chimera, the effects whenGRAM is active, _SL_Jggestlng thaPROL is
full-length probe detect&RAMtranscripts in all cell layers of redundant. Because reduced activity of l@RAMandPROL
developing leaves (E) whereas th@®be detects a high level of results in loss of adaxial identity, it does not reveal whether
transcripts only in the epidermal cell layer (F), indicating that the ~ PROL and GRAM might function redundantly to repress
shoot carries GRAM revertant allele in the epidermal, L1 cell adaxial identity.
layer. Each row shows adjacent sections from the same shoot apex |n addition to promoting abaxial fate by repression of
and the sections in each column were probed together on the samegdaxial identity, GRAM and PROL together promote adaxial
microscope slide. identity. This role is apparent in the loss of adaxial cell
characters frongram single mutant leaves and the complete
replacement of adaxial by abaxial tissuegriam proldouble
plants lacking GRAM activity in aphan or prol mutant mutant leaves. Ingram prol the polarity defect is also
background retain abaxial identitgRAMdoes not appear to accompanied by reduced SAM activity, as seen in other
be necessary for abaxial fate per se, but rather to excludeutants with abaxialised leaves (e.g. Eshed g2@01; Waites
adaxial identity from the abaxial leaf margins. This does noand Hudson, 2001). AlthougBRAMis expressed ectopically
exclude the possibility that other genes might specify abaxiah the abaxialised leaves pfianmutantsgrammutations also
identity independently o6RAM Obvious candidates include enhance the abaxialised organ phenotypgghahmutants in a
other members of thEABgene family, at least two of which similar way to thehandlebars(hb) mutation (Waites and
— PROLandAmMYAB?2 -are expressed abaxially in developing Hudson, 2001) and, likeb, remove its sensitivity to cold. This
leaves of wild-type and abaxialisptian grammutants (data is consistent wittHB and GRAM acting in a cold-sensitive
not shown)PROL, however, is not needed for abaxial identity, pathway that promotes adaxial identity redundantly with
alone or in combination witERAM because abaxial identity PHAN However, the relationship between these genes is likely
is retained in leaves lacking activity of bdBRAMandPROL  to be more complex becaus®é gramdouble mutants (not
or PHAN and PROL In Arabidopsis members of th&KAN  shown) resembléb phan gram phanandgram prolmutants,
family are also required for abaxial fate (Eshed gt28l01; whereas thgrol mutation enhances the phenotypegodm,
Kerstetter et al 2001). TwoKAN genes are known to be but notphanmutants.
expressed inAntirrhinum leaves (J.F.G., unpublished) and The finding that theKNOX gene, HIRZ, is expressed
might therefore specify abaxial fates in the absence of GRAMctopically in abaxialised leaves plfian mutants has lead to
and PROL activity. the suggestion thakNOX expression might cause polarity
Activity of the HD-ZIP proteins PHB, PHV and REV is defects (e.g. Tsianstis et,al1999). InArabidopsis FIL and
sufficient to confer adaxial identity ifrabidopsisleaves YAB3 have also been found necessary to prew@NOX
(Emery et al 2003; McConnell et 312001) and restriction of expression in leaves (Kumaran ef, &002), suggesting that
their activity to an adaxial domain is considered to be an earl@RAMmight have a similar role iIKNOXrepression and that
step in elaboration of organ asymmetryAimtirrhinumleaves, the enhanced mutant phenotype ofgthan granmutant might
GRAM is needed to restrict expression MnPHB a PHB  reflect increasedKNOX mis-expression. Two observations,

2. 3
=
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however, argue against this. Firstly, ectogdOX expression  growth-promoting ad-abaxial boundary is also consistent with
could not be detected igram single mutant leaves and the lack of ectopic growth at the ectopic boundary between
secondly, &irz gain-of-function mutation that causes ectopicadaxial and abaxial cell types in the ventral margimyrain
HIRZ expression, as iphan mutants, failed to cause leaf mutant leaves.
polarity defects in &GRAM" background or to enhance the Evidence for ab-adaxial signalling in leaves has also been
polarity defects oframmutants (data not shown) (Golz et al., provided byArabidopsisplants with reduced activity of the
2002). abaxially expresse®lAN1 gene.kanl mutants show abaxial
Because bottGRAM and PROL show abaxially restricted defects, but also dosage-dependent reductions in adaxial
expression but promote adaxial identity, they appear to beichome density (Kerstetter et,a?001).
necessary for a non cell-autonomous signal from the abaxial to
adaxial domain. A further non cell-autonomous rol&&AM We are grateful to Tracy Dransfield and Gianna Romano for
was revealed by a periclinal chimera in whi€RAM g.enotyp.ing plants,.MeIissa Spielman and Sandra Floyd for qdvice on
expression only in the most abaxial cell layer (L1) of thhistological analysis and Zsuzsanna Schwarz-Sommer for discussion
primordium was sufficient for normal development of Ieavesand providing EST sequences. We would also like to thank three

d 1l The simplest | tion for both th nonymous reviewers for their comments and suggestions. This work
and tiowers. he simpiest explanation for bo €se non Celag supported by the Biotechnology and Biological Sciences

autonomous effects is that they involve the same intercellulg§esearch Council and a European Molecular Biology Organisation
signalling mechanism. Because GRAM protein is absent fromeliowship to J.F.G.
the adaxial region of developing leaves (Navarro et al., 2004),
it is likely to regulate production of a downstream signal in
abaxial cells, rather than to acts as a signal itself. References
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