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Summary

The leaves of seed plants can be classibed as being either
simple or compound according to their shape. Two
hypotheses address the homology between simple and
compound leaves, which equate either individual leal3ets of
compound leaveswith simpleleavesor the entire compound
leaf with a simple leaf. Here we discuss the genes that
function in smple and compound leaf development, such as

KNOX1 genes, including how they interact with growth
hormones to link growth regulation and development to
cause changes in leaf complexity. Studies of transcription
factors that control leaf development, their downstream
targets, and how these targets are regulated are areas of
inquiry that should increase our understanding of how |eaf
complexity is regulated and how it evolved through time.

Intr oduction

The major light gatheringorgan in most plantsis the leaf.
Evolution has produceda variety of leaves with different
shapes, sizes and arrangementsthat ref3ect the diverse
conditionsthat plantsgrow in. Recently signibcantprogress
has beenmadein understandinghe molecular mechanisms
that regulateleaf developmentin a few model plant species.
This hasbeenachiered by combining careful morphological
obsenations andtraditionalgeneticanalysesvith advancesn
molecularbiology, suchas genetictransformation,and with
information from completedgenomeprojects. The current
challengas to explorewhethertheregulatorymechanismsghat
controlleafdevelopmenin modelspeciediave beenconsered
in non-modelspeciesand how theseregulatory mechanisms
have evolvedto producevarious leaf forms.

The leaves of seedplantscan be classibedas being either
simple or compoundaccordingto their degreeof compleity
(seeBox 1). Two hypothesehave beenproposedio explain
the homology of simple and compound leaves. The brst
hypothesiequatesndividual lealRetof compoundeaveswith
simple leaves. In this model, compoundleaves are seenas
partially indeterminatestructuresthat share propertieswith
both shootsand leaves (Fig. 1A) (Sattler and Rutishauser
1992). The second hypothesis suggeststhat the entire
compoundeaf is equivalentto a simpleleaf andthatleal3ets
arise by subdvisions of a simple blade (Fig. 1B) (Kaplan,
1975).Viewed in this way, leaf shapeis seenasa continuum
thatrangedrom simpleleaveswith entiremaigins,to serrated,
lobed, or compoundleaves. Both hypothesesan be usedto
guideinvestigatorasto which genesnightregulatecompound
leaf developmentFor example,if the geneghatregulateshoot
indeterminag were shovn to regulate compound leaf
morphogenesis,this would support the hypothesis that
compound leaves are partially indeterminate structures.
Corversely, the alternatve hypothesisvould be supportecby
the Pndingthat the genesthat regulate blade developmentin
simpleleavesgeneratecompoundeaf pinnae.

Several recentstudieshave investigatedhe developmentof
compoundeavesin mary non-modelspeciesin this review,

we discussthe mechanismghat determineleaf morphology

emphasizingthose that govern differencesbetweensimple

leavesandcompoundeaves.Whenpossiblewe will speculate
uponthe evolution of thesemechanismsnd proposeavenues
of future investigation.

Genes contr olling compound leaf de velopment

Intensve researchin model plant systemshas identibed
numerousgenesthat control plant grownth and development.
The shoot apical meristem (SAM) of seed plants is an
indeterminatestructurethat maintainsitself andis the source
of cellsthatgive riseto determinatergans,suchasleavesand
Rowers. Indeterminag during vegetatve and reproductie
developmentis controlledby a suite of genesthat function at
differentstagesn the SAM. Theprocesof leaf or Boralorgan
initiation beginswhencellsin the incipientorganprimordium
altertheiridentity from beingindeterminateo determinateBy
comparing gene expression patterns between simple and
compoundeafedspeciesiuringtheirdevelopmentjt mightbe
possibleto assesshe level of determinag that eachof these
leaf typespossesses.

The role of meristem genes

TheindeterminateSAM is characterizedy the expressionof
the Classl KNOTTED1-LIKEHOMEOBOX (KNOX1) genes.
Oneof the earliestknown indicatorsof a changein fatefrom
indeterminatemeristemcells to determinatdeaf primordium
cells is the downregulation of KNOX1 genes. KNOX1 genes
have beenimplicatedin the acquisitionand/ormaintenancef
meristematidate. Evidencefor thisis basednthephenotypes
of loss-of-function mutants, misexpression mutants and
overexpression transgenic plants. For example, loss-of-
function mutationsin the KNOX1 genesshoot meristemless
(stm) and knottedl (knl) in Arabidopsis and maize,
respectiely, resultin plantsthatareunableto maintaina SAM
(Long et al., 1996; Vollbrechtet al., 2000). Maize plantsthat
misexpressKNOX1 genesoutsideof their normaldomainhave
ectopic proliferation of tissuein leaves, describedas knots,
which often grow over veins (Vollbrecht et al., 1990;
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Box 1. Simple and compound leaf forms
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Simple leaves consistof a single blade borne on a supporting
petiole that grows beneath,and in close associationwith, an

axillary bud. Simpleleavescanhave maginsthatareentire(free

from indentations),serratedor lobed. For example, Arbutus

menziesi{A) hassimpleleaveswith entiremaigins. Themagins

of Prunus takesimensissimple leaves (B) are serrated,and

Quercus lobata (C) has simple leaves with deep lobes.

Compoundleaves have multiple blade units (called leaRetsor

pinnae),which are attachedto a supportingstructurecalled a

rachis. Each compoundleaf also subtendsan axillary bud.

Compoundeavesvary dependingon thearrangemenof leaets
ontherachisandontheorderof compleity. Therearetwo main

types of compound leaves: pinnate and palmate. Pinnate
compoundeaves have leal3etsthat occurin successioralonga

rachis,asseenn Acaciaspp(D). Palmatecompoundeaveshave

lealRetsborne at the tip of the rachis, and can be further

catgorizedasbeingeitherpeltateor non-peltate Peltateleases

have lealRetshat are presentaroundthe entire circumferencenf

a radial, unifacial petiole, which is exhibited by Arisaema
taiwanensigE). Non-peltatdeaveshave lealRetgpresentaround
aportion of a bifacial petiole,exemplibedby Chorisiaspeciosa
(F) (Kim etal., 2003b).

Schneebayeretal., 1995;Muehlbaueketal., 1999).Transgenic
overexpressionof KNOX1 genesoften resultsin plantswith
curled,wrinkled andlobedleavesthatform ectopicmeristems
(Sinhaet al., 1993; Chucket al., 1996; Tamaokiet al., 1997;
Schneebeaeretal., 1998).Ectopicexpressiornf STMinhibits
the differentiation of leaf cells, actvates G1/S cell cycle
markers (Gallois et al., 2002), and actvatesa CyclinB::GUS
reportergene(Lenhardet al., 2002). Thus,KNOX1 expression
within or outsideof the meristemappeardo be sufficient to
promotestemcell proliferationandindeterminag.

KNOX1 genesare downregulated in the incipient leaf
primordiain both compoundeafedandsimpleleafedspecies
(Fig. 2). In most plants with simple leaves, such as
Arabidopsis tobacco, snapdragon and maize, this
downregulationis permanen(Fig. 2A,B) (Smith et al., 1992;

Leaflet/
Pinna

Petiole

Axillary Meristem

Fig. 1. Compound leges can be viged as (A) collections of simple
leaves or (B) equialent to simple lezes. [B redran, with
permission, from Kaplan (Kaplan, 1975); see
http://www.schweizerbart.de].

Lincolnetal.,1994;Nishimuraetal.,1998;Waitesetal., 1998;
Nishimuraet al., 1999). However, KNOX1 geneexpressionis
re-establishethterin the developingprimordiaof mostplants
with compoundeaves(with the exceptionof pea,seebelow),
suchasin tomatoandOxalis(Fig. 2C,D) (Harevenetal., 1996;
Chenetal.,1997;Janssertal., 1998;Bharatharetal., 2002).
Additionally, overexpressionof KNOX1 genesin transgenic
plantsorin naturallyoccurringtomatomutantsesultsin leaves
with increasechumbersof leaRetyHarevenetal., 1996;Chen
etal.,1997;Parnisetal.,1997).It hasthereforebeenconcluded
that KNOX1 genesare involved in regulating compound
leaf development by establishing a more indeterminate
ernvironmentwithin developingprimordia.A surney of KNOX1
geneexpressionin diverse seedplant taxa hasindicatedthat
KNOX1 genesmay have beenrecruitedmultiple timesduring
evolution for the regulation of leaf complity acrossthe
Rowering seedplants(angiospermsjBharatharet al., 2002).
An importantexceptionto the trend of KNOX1 expression
in compoundleaf primordiais found in pea.In pea,KNOX1
geneexpressioris permanentlydownregulatedin theincipient
primordium,andexpressioris notre-establisheth developing
leaves (Gourlay et al., 2000; Hofer et al., 2001). Instead,
UNIFOLIATA (UNI), an ortholog of FLORICAJLA
(FLO)/LEAFY (LFY), controlscompoundeaf developmentin
pea(Hofer et al., 1997). FLO/LFY orthologsencodea group
of plant-specibdranscriptionfactors. The uni mutanthasa
reductionin leaf compleity. Wild-type pea leaves usually
consistof two or threeproximal lateralleaRetpairsandthree
to four distal tendril pairs, followed by a terminaltendril. uni
leaves rangefrom being completelysimpleto beingtrifoliate
(Marx, 1987;Hoferetal., 1997;DeMasorandSchmidt,2001).
In all angiospermsstudiedto date, FLO/LFY orthologshave
beenfound to play a crucial role in Bower meristemidentity
by actiating genesthat specify whorls of organswithin the
Rower (Coenet al., 1990; Weigel et al., 1992; Soueret al.,



Fig. 2. Comparison of mature leaf form and KXNO expression
patterns in simple and compoundJdes. (A)Amboella trichopoda
has simple leges. (B) KNOX1 proteins accumulate in the shoot
apical meristem (SAM) oA. trichopoda except in the incipient leaf
primordium (red asterisk). (®xalishas compound leas. (D) In
Oxalis, KNOX1 proteins accumulate in the SAM and irveleping
leaves. LR leaf primordia; P1, primordium 1; M, meristem. Images
adapted, with permission, from Bharathan et al. (Bharathan et al.,
2002).

1998;Molinero-Rosalegtal., 1999).In additionto alteredeaf
development, the uni pea mutant has compromisedf3oral
development.Its transitionto Rowering is delayed,andwhen
it doesproducef3owers,they aresterileandconsistentirely of
sepalsandcarpels(Marx, 1987;Hofer et al., 1997).Although
expressiorof FLO/LFYis usuallyseenin vegetatve SAMsand
leaf primordia, in additionto in Roral meristems,n simple
leafedplants,suchArabidopsisandpetuniamutationof these
genesdoesnot causealteredleaf shape(Weigel et al., 1992;
Soueret al., 1998). This suggestghat the role of FLO/LFY
orthologsin simple leafed plantsis central to reproductve
development but not to leaf development. Nonetheless,
consideringthe expressionpatternsof FLO/LFY orthologsin
simpleleafedvegetatve apicestheirrole, if ary, in vegetative
developmentremainsunexplained.

The tomatoFLO/LFY orthologis FALSIFLORA(FA). Like
in other angiosperms,the fa tomato mutant has altered
Boweringtime andinRorescencdevelopmentFloralmeristem
identity is lost in thesemutantsand Bowers are replacedby
secondanshoots Interestingly the fa mutanthasa subtleleaf
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phenotypebthe numberof smallintercalaryleal3etss slightly
reducedwhich canbeinterpretedasareductionin compleity
(Molinero-Rosalegtal., 1999).Known expressiorpatternsof
FLO/LFY orthologsin vegetatve apiceshave beensummarized
recently (Busch and Gleissbeg, 2003). In species with
compoundeaves, suchas pea,tomato,grape&ine and poppy,
FLOJ/LFY expressionis prolongedduringleafdevelopmentnd
accompaniesrganogenesiat the maginal blastozon€Busch
andGleissbeg, 2003). Therefore|t is possiblethat FLO/LFY
alsofunctionsin compoundeaf developmentin speciesother
thanpea.Theregulationof bothvegetatve andRoralmeristem
developmentby FLO/LFY may reRRectthe ancestracondition
of seedplants, and, if this were the case,compoundleaf
developmentin most situations would be regulated by a
combinationof KNOX1 and FLO/LFY geneslIn pea,the role
of KNOX1 genesin regulating compoundleaf development
would have been completely taken over by the FLO/LFY
ortholog, UNI. Thus, the role of FLO/LFY in regulating
compoundleaf developmentin all angiospermds an area
worthy of furtherinvestigation.

STAMINA PISTILLOIDA (STB has been identibed as
anotherRoral meristemgenethat is involved in regulating
compoundeaf developmentin pea.Severe mutantstp alleles
produce phenotypessimilar to those obsered in the uni
mutant: Bowers consisting of sepals and carpels, and a
reductionin leafcompleity, in additionto otherabnormalities.
Weak mutantallelesof stp anduni actsynegistically in pea,
indicating that thesetwo genesmay act togetherto regulate
commonpathways(Taylor etal., 2001).STPis homologougo
theUNUSIAL FLORALORGANSUFO) geneof Arabidopsis
andto the FIMBRIATA (FIM) geneof snapdragor{Simon et
al., 1994; Ingram et al., 1995; Taylor et al., 2001). UFO is
consideredo co-regulate 3oral organidentity genestogether
with LFY (Leeetal., 1997).Overexpressionof UFO in wild-
type Arabidopsisleadsto excessve leaf lobing, a phenotype
thatis also obsened when KNOX1 genesare overexpressed.
However, overexpressionof UFO in a Ify mutantbackground
resultsin Arabidopsigplantswith normalleaves,indicatingthat
LFY is requiredto phenocog the KNOX1 overexpression
results(Leeetal., 1997).stmmutantsdo notaccumulatéJFO
transcripts,suggestingthat expressionof UFO dependson
STM andthatthesetwo pathwaysarelinked(LongandBarton,
1998).

It is possible that FLO/LFY and FIM/UFO orthologs
function together and with KNOX1 genes, to regulate
compoundeaf developmentin angiospermgseealso Tsiantis
andHay, 2003).Peaappeargo be an excellentmodelspecies
for revealingadditionalcandidategenesthat contrikute to the
regulation of compoundleaf development.Theseadditional
regulatorsmay be masled by KNOX1 geneswhich might act
redundantlyto control similar pathwaysin otherangiosperms,
suchastomato.Thefactthatmeristemgeneslike KNOXI and
LFY, which regulate indeterminag at the vegetatve and
reproductve SAM, alsoplayarolein makingcompoundeaves
suggestghat the acquisitionof a level of indeterminag is
necessaryor compoundleaf development.This supportsthe
hypothesisthat individual leaRetsof compoundleaves are
similar to simpleleaves.

The role of leaf function genes
Leaf morphology is organized aong three major axes: the
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Box 2. Leaf polarity
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The primordium and its resulting leaf have inherentpolarities
with respectto the meristem,as shavn in these Kalanco’

daigremontianadeaves. The proximal region of the primordium
or leafis theregion thatis closestto the attachmenpointon the
meristem or stem, and the distal region is the tip of the
primordiumor leaf, furthestaway from theattachmenpoint. The
mediolateralaxis spansacrossthe leaf blade,from the middle
region to the edgeof the blade. The adaxialdomainof a leaf,
which correspondgo the top of the leaf, is the side of the
primordiumthatis adjacento themeristemTheabaxialdomain
is derived from the side of the primordium furthestaway from
the meristem,andformsthe bottomof the leaf.

proximodistal axis, the mediolateral axis and the abaxial/adaxial
axis (see Box 2) (Waites and Hudson, 1995; McConnell and
Barton, 1998). It is thought that the juxtaposition of the adaxial
and abaxial domainsisrequired for blade outgrowth (Waites and
Hudson, 1995; McConnell and Barton, 1998).

PHANTASTICA (PHAN) is a MYB-domain transcription
factor that was brst identiPedin snapdragonWaites et al.,
1998). Loss-of-functionphan mutantshave reducedadaxial
domains.The mostsevere mutantshave completeloss of the
adaxial domain and radialized, needle-lile leaves. Axillary
buds,a marker of adaxialidentity, are seenin phan mutants,
suggestinghatsomeadaxialidentityis retainedattheleafbase
(Waites and Hudson, 1995; Waites et al., 1998). However,
mutationsin orthologouggenesROUGH SHEATH2 (RS2 and
ASYMMETRICLEAVES1 (AS), in maize and Arabidopsis
respectiely, usuallydo not causemajoraberrationsn theleaf
adaxial domain in theseplants (Schneebayer et al., 1998;
Serrano-Cartagenat al., 1999). Nevertheless,the as1-101
allele, in the Ler backgroundof Arabidopsis occasionally
producesplants that have lotus-like leaves, with the radial
petiole attachedo the abaxialsurfaceof the leaf lamina,and
themostseverely affectedas1-101Ler plantshave needle-lile
leaves (Sun et al., 2002; Xu et al., 2003). PHAN and its
orthologsare expressedn the incipient leaf primordium,and
in the developing leaves of simpleleafedplants,in a pattern
thatis mutually exclusive to the expressionpatternof KNOX1
geneg(Waiteset al., 1998; Timmermanset al., 1999; Tsiantis
etal., 1999;Byrneetal., 2000;Byrneetal., 2002).

Differencesin the PHAN mutant phenotypesbetween
specieshave raiseduncertaintiesaboutthe role of PHAN in
regulatingthe adaxialdomainof leaf primordia(Timmermans
etal.,1999; Tsiantisetal., 1999;Byrneetal., 2000)andabout
the function of this domainin bladeoutgrovth (McHale and
Koning, 2004).Downregulationof PHAN orthologsin mutant
andtransgeniglantsis alwaysaccompaniedy upregulation
andectopicexpressiorof KNOX1in leaves.This hasled to the
proposalthat, in plantswith decreasedevels of PHAN there
is a KNOX1-mediateddisplacementf stemidentity into the
leaf, causing it to become radial. In tobacco, KNOX1-
expressingeaf bladecells maintainanimmatureidentity, and
juxtapositionof thesecell types,with differentiatectellsin the
vein region of theleaf, leadsto ectopicbladeoutgranvth along
veins,and may alsoexplain normalbladeoutgronth (McHale
andKoning,2004).However, radialleavesandpetiolesdo not
shav astem-like vasculaturdecauséhey aremissingacentral
pith, which is normally presentwithin the stem (Waitesand
Hudson,1995; Sunet al., 2002; Kim et al., 2003c; Xu et al.,
2003). While thesedatasuggesta generalrole for PHAN in
determiningthe adaxialdomain,it is likely that PHAN also
functionsto regulateadaxialmesophylldevelopment.

Recently the role of PHAN orthologsin compoundleaf
developmenthasbeeninvestigatedThetomatogeneLePHAN
is expressedn the SAM, developing vasculattracesandalong
the entire adaxial domain of developing leaves (Koltai and
Bird, 2000;Kim etal., 2003b;Kim et al., 2003c).Transgenic
tomatoplantsthatexpressanantisenséePHANconstruchave
adiminishedadaxialdomain(Kim etal., 2003b).Various leaf
phenotypessuch as needle-lile or cup-shapedeaves, were
generatedlependingon the amountandlocation of LePHAN
production. Interestingly some transgenic tomato plants
producedpeltatepalmateleaves insteadof pinnateleaves. In
situ RNA expressioranalysisof plantswith needle-lile leaves
shaved that they had no LePHAN transcriptsin developing
leaves. Plantswith cup-shapedeavesor with peltatepalmate
leaves had LePHAN expressionrestrictedto the distal region
of theleaf primordium.Themostparsimoniougxplanationfor
these phenotypesis that the PHAN expression domain
coincideswith the adaxialdomain,andthatbladesandleal3ets
only occurwherean adaxialdomainis presentn theseleaves
(Kim etal., 2003b).

Theresultsof alteredLePHANexpressiorin tomatosuggest
that restriction of the adaxial domainin compoundleafed
speciesgnay be a naturalmechanismnio controlcompoundeaf
morphology There is a high degree of sequenceidentity
between PHAN orthologs from mary species, and this
indicates a consered function for PHAN in debningthe
adaxial domain (Kim et al., 2003b). PHAN expression
determineghe placementaindextent of this domain.Indeed,a
broadsuney of compoundeafedspecieshavedthatpinnate
leaves possessa distinct adaxial domainin the petiole and
rachis,andPHAN is expressedilongthe entireadaxialregion
of the leaf primordium. Furthermore,peltate palmate leaf
petiolesareradialanddo not have anadaxialdomain.In these
leaves,PHAN expressiorandthe adaxialdomainarerestricted
to thedistalregion of the primordium(Kim etal., 2003b).The
commonrole of PHAN in simple leaf developmentand in
compound leaf developmentis the regulation of adaxial
domainidentity, which, in the propercontet, leadsto blade
expansion.An additionalrole for PHAN in compoundeaves
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Fig. 4. Model of regulatory relationships betwed&iNOX1 genes, leaf
genes and hormones iegetatie apices. Genes are stioin red and
hormones are shm in blue. Arravs indicate positie regulation and
lines with blunt ends indicate gative regulation. Light blue arnes

shaw the path of polar auxin transport. The dotted line designates the

incipient leaf primordiumSTM SHOOI MERISTEMLESS
ASIAS2 ASYMETRIC LEES12; BP, BREVIPEDICELLUS
KNAT2, KNOTTED-LIKE2in A. thaliang LOB, LATERAL ORGAN
BOUDARIES CK, ¢ytokinin; GA, gibberellic acid.

Fig. 3. The extent of the adaxial domain determines leaRet placemenKNAT2, in leaf primordia.aslandas2mutantshaze abnormal

in compound leges. (A-C) Scanning electron micrographs of
vegetative apices. The adaxial domain has been colored pink.
(D-F) Mature leaf form. (A) In the deloping leaf blade of wild-type

lobed leaves with ectopic expressionof BP and KNAT2
(Tsukayaand Uchimiya, 1997; Byrne et al., 2000; Ori et al.,
2000;Semiartietal., 2001;Lin etal.,2003).BP andAS1/AS2

tomato, the adaxial domaintends from the base to the tip. (D) The are positive regulatorsof LOB (the founding memberof the
mature tomato leaf has leal3ets arranged along the edge of the adaxi@g family), which is expressedetweerthe SAM andorgan

domain. (B) The adaxial domain of transgenic antis@hs&N

tomato plants is reduced to the tip of the leaf primordium, and these

plants often produce cup shaped/&=(E). (C) The adaxial domain
of Scheflera actinophyllais restricted to the tip of the @&oping
leaf. (F) Consequentlealiets are restricted to the tip of the petiole

primordia(Byrneetal., 2002) (Fig. 4).
Theoverlappingexpressiorof PHANandKNOX1 orthologs

in the SAM, andin developingleavesin tomato(Fig. 5A) and

in othercompoundeafedspeciegKim etal.,2003b),suggests

in this plant. m, meristem; P1, P2, P3 and P4, primordia 1, 2, 3 and that the regulatory relationship between these genes has

respectiely. Asterisks indicate deloping lealRets; red asterisk
denotes rgion forming cup-shaped blade in antiseRsEANtomato
plant. Figure adapted, with permission, from Kim et al. (Kim et al.,
2003).

is the regulation of leaRet initiation and placement, as

determinedy the extentandplacementf the adaxialdomain

(Fig. 3). Theregulation,not only of bladeoutgravth, but also

of lealRetformationby PHAN suggesta commonmechanism
by which thesetwo typesof outgravthsoccur andthatleal3ets
couldariseby interruptionsin bladeoutgronth, supportingthe

hypothesisthat the entire compoundleaf is equivalentto a

simpleleaf.

Altered regulatory networks between meristem and leaf
function genes

A negative regulatory network exists betweenKNOX1 genes
and PHANRSZAS1in simpleleafedspeciesin Arabidopsis
STM repressesAS1 and AS2 in the SAM, conPningtheir
expressionto developingprimordia(Byrneetal., 2000;Byrne
et al.,, 2002). AS2 belongs to the LATERAL ORGAN
BOUNDARIES(LOB) genefamily (Iwakavaetal., 2002),and
the AS2 proteincanbind to AS1 (Xu et al., 2003).AS1and
AS2togetherepressheexpressiorof two otherKNOX1genes,
BREVIPEDICELLUS (BP; formerly called KNAT1) and

been modibed.Insights have come from examining PHAN
expressionin tomatomutants,suchas Mouseears (Me) and
Curl (Cu), that overexpressthe STM ortholog LeTg and by
crossingthesemutantswith antisensd?HAN plants.LePHAN
expressionis reducedin heterozygousMe (Me/+) plants,
indicating that LeT6 repressesPHAN The relationship
betweenLeT6 and LePHAN is dose sensitve (Fig. 5B). In
homozygousMe (Me/Me) mutants, the level of LeT6 is
increasedurther, and a correspondingeductionin LePHAN
expressionin leaf primordia often makes themradial. In the
absenceof LePHAN leal3etsare not initiated, maskingthe
LeT6 overexpressionphenotype suggestinghat somePHAN
activity, alongwith KNOX1 expression|s requiredfor leal3et
initiation (Kim et al., 2003c). Additionally, sometransgenic
plantsthatoverexpresd_eT6atvery highlevelshaveradialized
leaves(Janssemetal., 1998).Furthersupportfor thenotionthat
PHANactity is requiredfor LeT6overexpressiorcomesfrom
crossesetweenCu plantsandtransgenicantisense.ePHAN
plants that make cup-shapedeaves: the Cu phenotypeis
restrictedto the distal region of the leaf, which coincideswith
the region of PHAN expression(Fig. 5C) (Kim et al., 2003c).
Therefore,normal developmentof the tomatocompoundeaf
requires a balance of these two antagonistic genes in
overlapping domains (Kim et al., 2003c). Given that the
relationshipof KNOX1 genesandPHAN orthologsis modibed
in compound leafed species, ibwd be interesting to seewio
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Fig. 5. KNOX1genes an®PHANgenes are A LePHAN

expressed inerlapping rgions in deeloping
tomato leaes. (A) TheKNOX1geneLeT6and
LePHANare expressed in the same domain in
wild-type tomato leaf primordia. In situTRPCR
detection olL.,ePHANexpression in a leaf
primordium (left) and in situ hybridization with
LeT6in a comparable leaf primordium (right).
The small arrars shav expression (green
Buorescence in left, and purple in right, panel
leaRRet primordia, and the & arrovs shav
expression in the deloping \ascular trace.

(B) Heterozygoudouse eas (Me/+) mutant
tomato has increased/ids ofLeTq decreased
amounts of.ePHAN and an increased numbel

KNOX1

C KNOX1 function depends on_LePHAN

g W

B KNOX1downregulatesLePHAN

Cu antisense  Cu; antisense
PHAN PHAN
KNOX1 PHAN Leaf phenotype

lealRets KNOX1 overexpression phenotype).
Homozygousle/Me) mutants hee even higher

Increased leaflets

levels ofLeT§ causing a greater decrease in Me/+
LePHANIevels. Consequentlyhe leaes of thes
plants cannot produce blades (reduceBHAN Me/Me

expression phenotype). Aag adapted, with
permission, from and Kim et al. and Janssen et au.

No blade
outgrowth

LI

(Kim et al., 2003; Janssen et al., 1998). T6¢ Curl (Cu) phenotype (due to miggression oL.eT6), an antisenseePHANphenotype (with
cup-shaped leaf), and ti phenotype in an antisensePHAN(with cup-shaped leaf) background. The mBession phenotype &uin the
antisensé.ePHANbackground is restricted to thegien of LePHANexpression.

this has affected the regulation of LOB orthologs. These
analyses indicate a role for genes regulating SAM

indeterminag, aswell asbladeoutgravth, in compoundeaf
development. Studiessuch as these suggestthat compound
leavessharefeatureswith both branchesandsimpleleaves.

Hormone netw orks in compound leaf de velopment

Plant growth regulators (PGRs) are small molecules that

regulatemary aspect®f plantgrowth anddevelopmentPGRs
suchasgibberellicacid (GA), cytokinin andauxin have been
implicatedin controllingleaf morphology Meristemgenedik e

KNOX1 and FLO/LFY orthologsmay be regulatedby plant

hormonesaindmay coordinatehormonenetworks (Fig. 4). For

example, KNOX1 misexpressionphenotypesare similar to

cytokinin overexpressionphenotypes(Estruch et al., 1991;

Sinhaet al., 1993). In addition, there are several examples
of overexpressionof KNOX1 genes stimulating cytokinin

synthesigKusabeaet al., 1998b;Frugiset al., 1999;Ori et al.,

1999; Hewelt et al., 2000). A clearrelationshipbetweenGA

andKNOX1 geneshasalsobeenestablishedTheir interaction
was brstnotedin studiesthat shaved that ectopicexpression
of KNOX1 in various speciesresultedin decreasedevels of

GA (Tamaokietal., 1997;Kusabeet al., 1998a;Kusabeet al.,

1998b; Tanaka-Uguchi et al., 1998). Subsequentlyit was

demonstratedhat the tobaccoKNOX1 geneNTH15 directly

bindsto, andrepressethe transcriptionof, a GA20-OXIDASE
gene,whichis involved in GA biosynthesig{Sakamotcet al.,

2001).KNOX1genedrom Arabidopsisandtomatoalsorepress
GA20-OXIDASE(Hay et al., 2002).Thus,onerole of KNOX1

geness to inhibit GA biosynthesisn the meristem.

Me and Cu tomato mutants both exhibit ectopic expression
of LeT6, the tomato STM orthol og, and a concomitant reduction
in GA20-OXIDASE, leading to reduced GA levels. The
exogenous application of GA, or constitutive GA signaling (as
exhibited in the tomato procera mutant), results in a reduction
in leaf compounding in wild-type and Me backgrounds,

indicating that leaf complexity in tomato is regulated by GA
(Hay et al., 2002; Hay et a., 2004). Recruitment of KNOX1
genes into developing primordia, and the preservation of the
interaction between KNOX1 genes and GA biosynthesis, may
have been a mechanism that has been used several times in
evolution to promote the partially indeterminate state that is
required for compound leaf development.
Polarauxintransporandauxingradientgegulatethe site of
primordiaformationon a SAM, and control the arrangement
of leaves on the stem (phyllotaxy) (Reinhardtet al., 2000;
Kuhlemeier and Reinhardt, 2001; Stieger et al., 2002;
Reinhardtet al., 2003). In maize, a polar auxin transport
inhibitor, calledN-1-naphthylphthalamieacid (NPA), prevents
leaf initiation and inhibits the downregulation of KNOX1
proteins in the incipient primordium of cultured shoots
(Scanlon2003).1t is possiblehatKNOX1 genesn simpleand
compoundleaves are downregulatedin responsgo an auxin
gradient(Scanlon,2003; Hay et al., 2004). Recently the role
of auxin in pealeaf developmenthasbeenexamined.Wild-
type anduni-tac (a mild allele of uni) plantletswere cultured
on auxin transportinhibitors and an auxin antagonist.Both
wild-type and mutant plantlets displayed reduced leaf
compleity, and hadreducedUNI transcriptlevels within the
shootapex (DeMasorandChawla, 2004).In youngpealeaves,
auxin concentrationare highestat the tip. Pinnatype (either
leaRetor tendril) is primarily determinedy the positionof the
pinna along the rachis, and thus may respondto the auxin
gradient DeMasonandChawla speculatehatUNI is regulated
by auxin concentrationgradientsand/or auxin transport.In
wild-type pea, UNI expressioncorrelateswith the predicted
site of auxin action (DeMason and Chawla, 2004).
Interestingly in Arabidopsis LFY is regulated by GA via
MYB-domain proteins (Gocal et al., 2001). DeMasonand
Chawla proposethat auxin may regulateLFY/UNI expression
throughGA in pea(DeMasonand Chawla, 2004), as it has
beenestablishedhatauxinsregulate GA biosynthesis.



Future resear ch in compound leaf de velopment
Evolution of meristem and leaf genes
The evolution of expression domains

Changesin the expressiondomainsof key morphogenetic
regulators, such as KNOX1 genes and PHAN orthologs,
correlatewith, and may have contriktutedto, the evolution of
compoundeaves.Changeghat might have this effectinclude
thoseto promotersandregulatoryregionsof thesegened(cis-
alterations),and/orchangesn the proteinsthat interactwith
the regulatory regions of these genes (trans-alterations).
Phylogeneti@analysesandcomparison®f non-codingregions
from genessuchas KNOX1, FLO/LFY and PHAN orthologs
might helpaddresghisissue At this time, thereareno known
proteinsthat directly interactwith the promotersof KNOX1
genes.In Arabidopsis,a MYB domain protein (AtMYB33),
which mediatesesponsdo GA, bindsto a specibcsequence
in the LFY promoter(Gocaletal., 2001). Theidentibcatiorof
trans-fActorsthat interactwith the promotersof KNOX1 and
FLO/LFY orthologswill becrucialto ourunderstandingf how
the expressiondomainsof thesegenesare controlled.

Two other mechanismghat may control where important
regulators are expressedare RNA and protein movement.
KNOX1 RNA and protein movement has been well
documentedKN1 mRNA expressiorin maizewasnotdetected
in thetunicalayer of the meristem althoughexpressiorof the
KN1 proteinwasobseredin thesecells(Jacksoretal., 1994).
Lucas et al. used microinjection studiesin both maize and
tobaccao demonstrat¢éhatlabelledKN1 proteinis transported
betweencells via plasmodesmatg@lucas et al., 1995). The
movementof GFP-labelledKN1, BP andSTM is differentially
regulatedwithin leaftissueandthe meristem(Kim etal., 2002;
Kim et al., 2003a).Additionally, the long-distancemovement
of a LeT6fusiontranscriptfrom a tomatoMe mutantstockto
awild-type scionacrossa graft unionhasbeenreportedandis
developmentallysignibcantKim etal., 2001).Likewise, LFY
is also capable of moving between cells. In wild-type
Arabidopsis LFY mRNA is expressedin all cell layers of
young RBower primordia. Using a promoter that restricts
transcriptionof LFY to the outer cell layer of the meristem
rescueslfy mutants,indicating that LFY protein can move
betweencell layers (Sessionset al., 2000). Movementof a
LFY-GFPfusion proteinacrossseveral layersis consideredo
be non-tagetedanddriven by diffusion (Wu et al., 2003).Wu
etal. suggesthatdiffusionof macromoleculewvithin the ape
of Arabidopsismay be the default stateand the retentionof
certainmacromoleculesnay be signibcant(\Wu et al., 2003).
Movement(or retention)of RNA andproteinbetweercellsand
over long distancescould have multiple points of regulation,
which, if altered, could inf3uence the localization of
transcriptionfactorsandthe regulationof downstreantargets.

The role of meristem signals and polarity genes

Changesn the timing, concentratiorand location of signals
thatestablishpatternsandgradientasmay alsocontrikute to the
expressiondomainsof factorsthat regulate leaf morphology
A prime candidatefor investigationis auxin, which may
control the expression of KNOX1 and LFY orthologs.
Additionally, signalsthat emanatefrom the meristemact to
promote development of the adaxial domain of leaves.
Incisionsthat isolate the incipient leaf primordium from the
meristenresultin radializedeavesthatlackanadaxialdomain
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(Sussg, 1954; Sussg, 1955; Snav and Snav, 1959). This
suggestshatin theabsencef the signal(s)from the meristem,
thedefault stateis developmentf theabaxialdomain.To date,
the identity of the adaxial-promotingsignal(s) hasremained
elusive.

In Arabidopsis PHABULOSA(PHB), PHAVOLUTA (PHV)
and REMOLUTA (REV), a group of closely relatedClasslll
HD-ZIP proteinswith sterol/lipid-bindingdomains,promote
the adaxialdomain.Onehypothesids thatthesegeneswhich
positively regulate adaxial identity, act as receptorsfor the
meristemsignal. Upon receving the signal,they promotethe
adaxial domainand SAM maintenanceand repressabaxial
identity (Talbert et al., 1995; McConnell and Barton, 1998;
Eshedetal., 2001;McConnelletal.,2001;0tsugaetal., 2001,
Bowman et al., 2002). Two groups of genesthat promote
abaxial cell fate appearto be the likely targets of such
repressionthe YABBY family of putative transcriptiorfactors
(Siegfried et al., 1999) and the three GARP transcription
factors called KANADI1, 2 and 3 (Eshed et al., 2001;
Kerstetteret al., 2001; Eshedet al., 2004). All YABBY genes
are expressedn abaxialdomains,and all asymmetriclateral
organsexpressatleastoneYABBYgene(Bowmanetal., 2002).
Gain-of-functionkan allelesresultin radialized organswith
abaxialtissuein place of adaxialtissue(Eshedet al., 2001;
Kerstetteretal., 2001).Interestingly expressiorof PHB, PHV
and REV are regulated by microRNAs, and this regulation
occursin all land plants(Reinhartet al., 2002;Rhoadest al.,
2002;Emeryetal., 2003; Floyd and Bowman,2004).To our
knowledge, the roles of theseother polarity genesremain
uninvestigated in compound leafed species. It will be
fascinatingto seewhetherchangesin PHB, PHV and REV
expressioncorrelatewith compoundleaf morphologyand, if
so, whether the altered expression patterns are mediated
throughmicroRNAs.

Competence to respond

Theevolution of downstreantargetsof key regulators,suchas
KNOX1 genes,FLO/LFY orthologsand polarity genes,may
alsodrive modibcationdo leaf shape The acquisitionor loss
of targets of thesegenesthroughchangesn their regulatory
regionswould be signibcantfor leaf evolution. Even changes
in the affinity of aregulatorfor its targetsequenceould alter
the amountof productproducedIf the productis requiredat
acertainthresholdevel to be effective, this alterationcouldbe
importantas well. In addition to directly regulating GA20-
OXIDASE KNOX1 genes also appear to regulate the
biosynthesiof lignin, a componenf the cell wall (Mele et
al., 2003). Apart from thesegenesilittle is knowvn aboutthe
targetsof KNOX1 transcriptionfactors.More is knovn about
the genesregulated by LFY in Arabidopsis For example,
AGAMOUS APETALA3 and APETALAL are direct targets of
LFY (Buschet al., 1999; Wagner et al., 1999; Lamb et al.,
2002). Microarray analysis has identiped 15 additional
candidatesthat respondto LFY (William et al., 2004).
However, tamets of FLO/LFY orthologs have not been
investigatedin compound leafed species. Comparisonsof
KNOX1 andLFY tamgetsbetweersimple andcompoundeafed
speciesshouldbe a usefulfuture researcravenue.

The regulation of target genesby factorsthat control leaf
compleity is alsosubjectto epigeneticcontrol thatis exerted
by chromatinremodelingfactors.asl andas2 single mutants
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in ArabidopsismisexpressBP and KNAT2, and have mild

KNOX1 overexpressiorphenotypegOri etal., 2000).Ori etal.

foundthatcrossingeachsinglemutantwith eitherserrate (s

or pickle (pkl) dramatically enhancedthe overexpression
phenotypeof the progery (Ori et al., 2000). PKL encodesa

CHD chromatin-remodelinactor(Eshedetal., 1999;Ogaset

al., 1999).SEencodes putative single 2Cys-2Hiszinc bnger
transcription factor which also might modify chromatin
structure(Priggeand Wagner, 2001).BP and KNAT2 are not

misexpressedn se single mutants,nor were BP and KNAT2

expressionlevelsincreasedn sdaslor séas2doublemutants
(Ori et al., 2000). It is possiblethat SE and PKL negatively

regulate KNOX1 target genes.In support of this, GA20-
OXIDASEtranscriptlevels arereducedn the pkl mutant(Hay

etal., 2004).This suggestshatotherKNOX1 targetsmay also
be subjectto epigenetiacontrol.

In addition,the presenceor absencef interactingpartners
couldtempertheresponséo transcriptionfactorsthatregulate
leaf compleity. KNOX1 proteinsbelongto the TALE (three-
amino acid loop extension) family of homeodomain
transcription factors. In simple leafed species, KNOX1
proteinscan form heterodimersvith anothergroup of TALE
proteinsbelongingto the BELL (BEL) family (Bellaouietal.,
2001;Muller etal.,2001;Smithetal.,2002;Chenetal., 2003;
Smith andHake, 2003). This interactionoccursin compound
leafed speciesas well. The potato KNOX1 protein POTH1
interactswith several BEL-like proteins(Chenet al., 2003).
StBEL5-PAH1 heterodimershind to the GA20-OXIDASE
promoter with greateraffinity than the individual proteins
(Chen et al.,, 2004). It is possible that KNOX1/BEL
heterodimeré simpleandcompoundeafedspeciesnayhave
a different subsetof targets. The availability of interacting
partners could limit the actvity of KNOX1 transcription
factors.Additionally, differentinteractingpartnersmay allow
the complex to behae asan activator or a repressar

Secondary morphogenesis

Final leaf morphology provides only an incomplete picture of
the true nature of the leaf. Studies that analyze all stages of
leaf development are crucial for obtaining an accurate view of
leaf morphogenesis (see Box 3). Cell division and cell
expansion both contribute to growth. One way to control the
spatial and temporal distribution of growth is to regulate cell-
cycle arrest. If cell-cycle arrest is precocious, morphogenesis
would rely solely on cell expansion. The delay to or absence
of cell-cycle arrest could result in abnormally shaped leaves,
or leaves that grow indeterminately. Mutations have been
isolated in Arabidopsis and snapdragon in which entry into
cell-cycle arrest has been perturbed. The CINCINNATA (CIN)
gene from snapdragon encodes a TCP transcription factor
(that belongs to a group of plant-specibc basic helix-loop-
helix DNA binding proteins) that promotes cell-cycle arrest.
It is expressed in a dynamic pattern in actively dividing cells,
in front of, or overlapping with, the arrest front. The perimeter
of cin mutant leaves grows faster than can be accommodated
in Bat leaves, resulting in crinkled, uneven leaves (Nath et al.,
2003). Studies in Arabidopsis reveal that a microRNA
encoded by the JAW locus can cleave several TCP mRNASs that
control leaf development. jaw mutant plants are reminiscent
of the cin mutant in that they have uneven leaf shape and
abnormal curvature (Palatnik et al., 2003). The JAGGED

Box 3. Secondarymorphogenesis

The ultimate morphology of aleaf is aculmination of both the primary
elaboration of primordia and secondary morphogenesis. For example,
leaves that have a single blade at maturity may develop from simple
primordia, or from compound primordia that are simplibed by
secondary morphogenesis (Bharathan et al., 2002). Interestingly, plants
that have secondary simplibcation of compound primordia resulting in
simple leaves also have KNOX1 expression in primordia (Bharathan et
al., 2002). Both anise (A) and carrot (B) have compound primordia, as
shown in these scanning electron micrographs. Carrot has compound
leaves at maturity. However, through a process of secondary
morphogenesis, anise leaves become simple. Leal3et primordia have
been colored green, and the remaining primordium magenta, for
comparison across the developmental stages. Therefore, KNOX1
expression patterns correlate with the morphology of developing
primordia and not Pnal leaf shape.
Thepalmspresentninterestingcaseof asimpleprimordiumgiving

rise to a compoundleaf by secondarymorphogenesishat includes
folding andabscissiorof partof theprimordium(Kaplanetal., 1982a;
Kaplanetal., 1982b).Palmleaves(C; viewedfrom oldestto youngest)
developfrom asimpleprimordium.As theleafgrows, the primordium
folds, and, at later stagesthe abscissionof cells along one surface
producea compoundleaf. Similarly, non-peltatepalmatecompound
leaves canbe considereda variation of pinnatecompoundeaves,as
the two differ from one anotheras a result of differential rachis
expansion during secondarymorphogenesigKim et al., 2003b).
Therefore,pnalleaf morphologydoesnot necessarilycorrelatewith
initial primordiummorphologybut is alsoa consequencef thespatial
and temporaldistribution of post-primordialgronth. A and B were
adaptedyith permissionfrom Baratharet al. (Baratharetal., 2002).




(JAG) gene in Arabidopsis also functions to control entry into
cell-cycle arrest. JAG encodes a putative CoHz zinc-bnger
transcription factor that suppresses cell-cycle arrest. Lateral
organs do not develop completely in loss-of-function jag
mutants. As a consequence, leaves have serrations, especially
in distal regions. Dinneny et al. speculate that the serrations
could be due to a reduction in growth in regions of blade
between the hydathodes (pores that exude water) (Dinneny et
al., 2004).

The regulationof cell-cycle arrestandcell expansioncould
contritute to compoundleaf evolution. It is possiblethat the
inhibition or promotion of cell-cycle arrestcould result in
the formation of leal3ets,or the growth of entire mamgins,
respectiely. It would be interestingto evaluateand compare
the roles of genesthat control the cell cycle in simple leafed
specieswith simple primordia,in simple leafed specieswith
compoundprimordia that undego secondarysimplibcation,
andin compoundeafedspecies.

Discovering other loci that regulate leaf complexity

Researcherdave used the knowledge gained from model
organismslike Arabidopsis maizeandrice to identify genes
thatmightplayarolein compoundeafdevelopmentHowever,
theremustexist geneghathave, asyet, unknavn functionsin
thesemodelspecieghatcouldbeimportantfor compoundeaf
morphogenesisThe presentchallengeis to identify these
unknavn genesOnepossiblefruitful approachnvolvesusing
the geneticvariation in naturallyoccurringspeciedo identify
quantitatve trait loci (QTL) that might regulate leaf
complity. The analysis of segmental introgressionlines
betweentwo tomato species,Lycopesicon esculentumand
Lycopesiconpennellii led to theidentibcatiorof 30 QTL that
contrituteto leafsizeandcompleity (HoltanandHake, 2003).
These,and other QTL studiescould eventually lead to the
discovery of relevant genesand add to our knowledge of
compoundleaf development. Tomato and pea have sened
as useful model species for studying compound leaf
development.Numerousmutationsthat alter the compound
leaf exist in both species(Marx, 1987; Kessleret al., 2001).
For instancethesemi-dominanmutationLanceolateegulates
leafmorphogenesiandshootmeristemactivity. Heterozygotes
have simple leaves, whereashomozygousmutantshave no
SAM (Mathan and Jenkins, 1962). Continued genetic and
molecularstudiesof thisandothermutationsshouldeventually
identify new pertinentgenesandprovide additionaltools with
which to studycompound-leagvolution.

Conclusions

Theancestralngiospernis thoughtto have hadsimpleleaves,
and compoundleaves are believed to have arisennumerous
timesin this group,with several reversionsbackto the simple
state. This suggeststhat the corwversion from simple to

compoundeavesandbackcanbe attainedwith relative ease.
Yet saturatiormutagenesié Arabidopsishasnotyieldedary

single mutation that can cornvert the simple leaf into a

compoundone. Certainmutantcombinationsproducedeeply
lobed leaves that often have accompaping KNOX1 gene
expressionin the leaves, therebymimicking the situation of

KNOX1 geneexpressionseenin most compoundleaves. A

mutationin the UNI genecanleadto an almostsimple leaf.

Collectively, thesedatasupportthe partial shoothomologyof
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compound leaves by indicating that genes regulating
indeterminag are required to make compound leaves.
However, PHAN/RS2/AS1(a gene that regulates blade
developmentin simple leaves) also regulatesadaxialidentity
in tomato and determines leal3et placementin various
compound leaves. In addition, although PHAN/RS2/AS1
expressions excludedfrom the SAM in simpleleafedspecies,
all compound leafed species examined thus far shav
PHAN/RS2/ASExpressionin the SAM (Kim et al., 2003b).
Thesedatasuggesthattheremaybeablurring of theboundary
betweenthe determinatdeaf and the indeterminateSAM, as
suggestetby Arber (Arber, 1950).Becausé&KNOX1andPHAN
are mutually antagonisticbut may also be co-dependentn
manifestingphenotypegFig. 5), studiesof thesegenesdo not
allow us to clearly distinguish betweenthe two proposed
hypothesesfor compoundleaf development. Perhapsother
geneghatplay specibaolesin eitherbladeoutgronvth or SAM
function needto be analyzedin orderto understandhe true
natureof compoundeaves.
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developmentis supportedoy the National ScienceFoundation.

References

Arber, A. (1950). The Natural Philosophy of Plant Form. Cambridge
University PressCambridge UK.

Bellaoui, M., Pidkowich, M. S.,Samach,A., Kushalappa,K., Kohalmi, S.
E., Modrusan, Z., Croshy, W. L. and Haughn, G. W. (2001). The
ArabidopsisBELL1 and KNOX TALE homeodomainproteins interact
througha domain consered betweenplants and animals. Plant Cell 13,
2455-2470.

Bharathan, G., Goliber, T. E., Moore, C., Kessler S.,Pham, T. and Sinha,
N. R. (2002). Homologies in leaf form inferred from KNOXI gene
expressionduring development.Science296, 1858-1860.

Bowman, J. L., Eshed,Y. and Baum, S.F. (2002).Establishmenof polarity
in angiospermateralorgans.TrendsGenet.18, 134-141.

Busch, A. and Gleissbeg, S. (2003). EcFLO, a FLORICAULA-lik e gene
from Eschscholziacalifornica is expressedduring organogenesisat the
vegetatie shootapec. Planta217, 841-848.

Busch, M. A., Bomblies, K. and Weigel, D. (1999). Activation of a Roral
homeoticgenein Arabidopsis.Science285 585-587.

Byrne, M. E., Barley, R., Curtis, M., Arr oyo, J. M., Dunham, M., Hudson,
A. and Martienssen, R. A. (2000). Asymmetric leaves1 mediatesleaf
patterningandstemcell functionin Arabidopsis.Nature 408 967-971.

Byrne, M. E., Simorowski, J. and Martienssen, R. A. (2002).
ASYMMETRIC LEAVESL1 revealsknox generedundang in Arabidopsis.
Developmentl29 1957-1965.

Chen, H., Rosin, F. M., Prat, S. and Hannapel, D. J. (2003). Interacting
transcriptionfactorsfrom the three-aminoacid loop extensionsuperclass
regulatetuberformation.Plant Physiol.132 1391-1404.

Chen,H., Banerjee,A. K. and Hannapel, D. J. (2004).Thetandemcomple
of BEL and KNOX partnersis requiredfor transcriptionalrepressionof
ga20ox1PlantJ. 38, 276-284.

Chen,J.-J., JanssenB.-J., Williams, A. and Sinha,N. (1997).A genefusion
at a homeoboxlocus: alternationsin leaf shapeand implications for
morphologicalevolution. Plant Cell 9, 1289-1304.

Chuck, G., Lincoln, C. and Hake, S. (1996). KNAT1 induceslobed leaves
with ectopicmeristemswhen overexpressedn Arabidopsis.Plant Cell 8,
1277-1289.

Coen, E. S., Romero, J. M., Doyle, S., Elliott, R., Murphy, G. and
Carpenter, R. (1990). Boricaula: a homeotic gene required for RBower
developmentin antirrhinummajus.Cell 63, 1311-1322.

DeMason, D. A. and Chawla, R. (2004). Roles for auxin during



4410 Development 131 (18)

morphogenesisf thecompoundeavesof pea(Pisumsativum).Planta218
894.

DeMason,D. A. and Schmidt, R. J. (2001).Rolesof the uni genein shoot
andleaf developmentof pea(Pisumsatvum): phenotypiccharacterization
andleaf developmentin the uni anduni-tacmutants.Int. J. Plant Sci. 162,
1033-1051.

Dinneny, J. R., Yadegari, R., Fischer, R. L., Yanofsky, M. F. and Weigel,
D. (2004).Therole of AGGEDIn shapindateralorgans Development31,
1101-1110.

Emery, J. F, Floyd, S. K., Alvarez, J., Eshed, Y., Hawker, N. P,, 1zhaki,
A., Baum, S. F. and Bowman, J. L. (2003). Radia patterning of
Arabidopsis shoots by class II1 HD-ZIP and KANADI genes. Curr. Biol.
13, 1768-1774.

Eshed, Y., Baum, S. F. and Bowman, J. L. (1999). Distinct mechanisms
promotepolarity establishmenin carpelsof ArabidopsisCell 99, 199-209.

Eshed,Y.,Baum,S.F.,, Perea,J. V.and Bowman, J. L. (2001).Establishment
of polarity in lateralorgansof plants.Curr. Biol. 11, 1251-1260.

Eshed,Y., Izhaki, A., Baum, S.F., Floyd, S.K. and Bowman, J. L. (2004).
Asymmetric leaf developmentand blade expansionin Arabidopsisare
mediatedby KANADI and YABBY actvities. Development131, 2997-
3006.

Estruch, J. J., Prinsen, E., van Onckelen, H., Schell, J. and Spena, A.
(1991). Viviparousleaves producedby somaticactivation of an inactive
cytokinin-synthesizingyene.Science254, 1364-1367.

Floyd, S.K. and Bowman, J. L. (2004).Generegulation:ancientmicroRNA
targetsequences plants.Nature 428 485-486.

Frugis, G., Giannino, D., Mele, G., Nicolodi, C., Innocenti, A. M.,
Chiappetta, A., Bitonti, M. B., Dewitte, W., van Onckelen, H. and
Mariotti, D. (1999).Are homeoboxknotted-like genesand cytokinins the
leaf architectsPlant Physiol. 119 371-374.

Gallois, J. L., Woodward, C., Reddy, G. V. and Sablowski, R. (2002).
Combined SHOOT MERISTEMLESS and WUSCHEL trigger ectopic
organogenesis Arabidopsis.Developmentl29, 3207-3217.

Gocal, G. F., Sheldon, C. C., Gubler, F., Moritz, T., Bagnall, D. J.,
MacMillan, C. P, Li, S.F, Parish, R. W., Dennis,E. S.,Weigel,D. etal.
(2001). GAMYB-lik e genes, Rowering, and gibberellin signaling in
Arabidopsis.Plant Physiol.127, 1682-1693.

Gourlay, C. W., Hofer, J. M. and Ellis, T. H. (2000). Peacompoundleaf
architectureis regulatedby interactionsamongthe genesUNIFOLIATA,
cochleataabla,andtendril-lessnPlant Cell 12, 1279-1294.

Hareven, D., Gutbnger, T., Parnis, A., Eshed,Y. and Lifschitz, E. (1996).
The making of a compoundeaf: geneticmanipulationof leaf architecture
in tomato.Cell 84, 735-744.

Hay, A., Kaur, H., Phillips, A., Hedden, P., Hake, S. and Tsiantis, M.
(2002). The gibberellin pathway mediatesKkNOTTED1-type homeobox
functionin plantswith differentbody plans.Curr. Biol. 12, 1557-1565.

Hay, A., Craft, J. and Tsiantis, M. (2004).Planthormonesindhomeobogs:
bridgingthe gap?Bioessay26, 395-404.

Hewelt, A., Prinsen, E., Thomas, M., van Onckelen,H. and Meins, F., Jr
(2000). Ectopic expressionof maize knotted1 resultsin the cytokinin-
autotrophicgrowth of culturedtobaccotissuesPlanta210, 884-889.

Hofer, J., Turner, L., Hellens,R., Ambrose,M., Matthews, P., Michael, A.
and Ellis, N. (1997). UNIFOLIATA regulates leaf and Rower
morphogenesis; pea.Curr. Biol. 7, 581-587.

Hofer, J., Gourlay, C., Michael, A. and Ellis, T. H. (2001).Expressiorof a
class1 knotted1-like homeoboxgeneis down-regulatedin peacompound
leaf primordia. Plant Mol. Biol. 45, 387-398.

Holtan, H. E. and Hake, S. (2003). Quantitatve trait locus analysisof leaf
dissectionin tomatousing Lycopersicorpennellii sggmentalintrogression
lines. Geneticsl65 1541-1550.

Ingram, G. C., Goodrich, J., Wilkinson, M. D., Simon, R., Haughn, G. W.
and Coen,E. S.(1995).ParallelsbetweerlJNUSUAL FLORAL ORGANS
andFIMBRIATA, genescontrolling Rower developmentin arabidopsisand
antirrhinum.Plant Cell 7, 1501-1510.

Iwakawa, H., Ueno, Y., Semiarti, E., Onouchi, H., Kaojima, S., Tsukaya,
H., Hasebe,M., Soma,T., Ikezaki, M., Machida, C. et al. (2002). The
ASYMMETRIC LEAVES2 gene of Arabidopsis thaliana, required for
formation of a symmetricRat leaf lamina, encodesa memberof a novel
family of proteinscharacterizedy cysteinerepeatsand a leucine zipper
Plant Cell Physiol.43, 467-478.

Jackson, D., Veit, B. and Hake, S. (1994). Expressiorof maizeKNOTTED
1 relatedhomeoboxgenesn the shootapicalmeristempredictspatternsof
morphogenesis the vegetatize shoot.Developmentl20, 405-413.

Janssen, B.-J., Lund, L. and Sinha, N. (1998). Overexpressionof a

Homeobox Gene, LeTq reveals indeterminatefeaturesin the tomato
compoundeaf. Plant Physiol.117, 771-786.

Kaplan, D. R. (1975). Comparatie developmental evaluation of the
morphologyof Unifacialleavesin themonocotyledonsBot. Jahrh. Syst.95,
1-105.

Kaplan, D. R., Dengler, N. G. and Dengler, R. E. (1982a).The mechanisms
of plication inception in palm leaves: histogeneticobsenrations of the
palmateleavesof Rhapisexcelsa Can.J. Bot. 60, 2999-3016.

Kaplan, D. R., Dengler, R. E. and Dengler, N. G. (1982b).The mechanisms
of plication inception in palm leaves: problem of developmental
morphology Can.J. Bot. 60, 2939-2975.

Kerstetter, R. A., Bollman, K., Taylor, R. A., Bomblies,K. and Poethig, R.
S. (2001). KANADI regulatesorgan polarity in Arabidopsis.Nature 411,
706-709.

KesslerS.,Kim, M., Pham, T., Weber, N. and Sinha, N. (2001).Mutations
alteringleaf morphologyin tomato.Int. J. Plant Sci. 162 475-492.

Kim, M., Canio, W., Kessler S. and Sinha, N. (2001). Developmental
changeglueto long-distancenovementof a homeoboxusiontranscriptin
tomato.Science293 287-289.

Kim, J.Y., Yuan, Z., Cilia, M., Khalfan-Jagani,Z. and Jackson,D. (2002).
Intercellulartrafficking of aknotted1greenBuorescenproteinfusionin the
leaf and shoot meristemof Arabidopsis.Proc. Natl. Acad. Sci. USA 99,
4103-4108.

Kim, J.Y., Yuan, Z. and Jackson,D. (2003a) Developmentategulationand
signibpcanc®f KNOX proteintrafficking in Arabidopsis Development30,
4351-4362.

Kim, M., McCormick, S., Timmermans, M. and Sinha, N. (2003b).The
expressiondomain of PHANTASTICA determinesleal3et placementin
compoundeaves.Nature 424, 438-443.

Kim, M., Pham, T., Hamidi, A., McCormick, S.,Kuzoff, R. K. and Sinha,
N. (2003c).Reducedeaf complity in tomatowiry mutantssuggestsrole
for PHAN andKNOX genesin generatingcompoundeaves.Development
130, 4405-4415.

Koltai, H. and Bird, D. M. (2000).Epistaticrepressiorof PHANTASTICA
andclassl KNOTTED geness uncoupledn tomato.PlantJ. 22, 455-459.

Kuhlemeier, C. and Reinhardt, D. (2001). Auxin and phyllotaxis. Trends
Plant Sci.6, 187-189.

Kusaba,S., Fukumoto, M., Honda, C., Yamaguchi, |., Sakamoto, T. and
Kano-Murakami, Y. (1998a). DecreasedGAl content causedby the
overexpressionof OSH1is accompaniedyy suppressiomf GA 20-oxidase
geneexpressionPlant Physiol.117, 1179-1184.

Kusaba,S.,Kano-Murakami, Y., Matsuoka, M., Tamaoki, M., Sakamoto,
T., Yamaguchi, I. and Fukumoto, M. (1998b). Alteration of hormone
levels in transgenictobaccoplants overexpressinga rice homeoboxgene
OSH1.Plant Physiol.116 471-476.

Lamb, R. S., Hill, T. A, Tan, Q. K. and Irish, V. F. (2002). Regulation of
APETALA3 Roral homeoticgeneexpressionby meristemidentity genes.
Developmentl29, 2079-2086.

Lee, I, Wolfe, D. S., Nilsson, O. and Weigel, D. (1997). A LEAFY co-
regulatorencodecby UNUSUAL FLORAL ORGANS. Curr. Biol. 7, 95-
104.

Lenhard, M., Jurgens, G. and Laux, T. (2002). The WUSCHEL and
SHOOTMERISTEMLESSgenedulbl complementaryolesin Arabidopsis
shootmeristemregulation. Developmentl 29, 3195-3206.

Lin, W. C., Shuai,B. and Springer, P. S.(2003).The ArabidopsiS.ATERAL
ORGAN BOUNDARIES-domain gene ASYMMETRIC LEAVES2
functionsin therepressiorof KNOX geneexpressiorandin adaxial-abaxial
patterning.Plant Cell 15, 2241-2252.

Lincoln, C., Long, J., Yamaguchi,J., Serikawa, K. and Hake, S. (1994).A
Knottedtlike homeoboxgenein Arabidopsisis expressedn the vegetative
meristemand dramaticallyaltersleaf morphologywhen overexpressedn
transgeniglants.Plant Cell. 6, 1859-1876.

Long, J. A. and Barton, M. K. (1998).Thedevelopmentf apicalembryonic
patternin Arabidopsis.Developmentl25 3027-3035.

Long, J. A., Moan, E. I., Medford, J. I. and Barton, M. K. (1996). A
memberof the KNOTTED classof homeodomairproteinsencodecy the
STM geneof Arabidopsis.Nature 379, 66-69.

Lucas,W. J., Bouche-Pillon,S.,Jackson,D. P.,, Nguyen, L., Baker, L., Ding,
B. and Hake, S.(1995).Selectve trafficking of KNOTTED1 homeodomain
proteinandits mMRNA throughplasmodesmat&cience270, 1980-1983.

Marx, G. A. (1987).A suiteof mutantsthat modify patternformationin pea
leaves.Plant Mol. Biol. Rep.5, 311-335.

Mathan, D. S. and Jenkins, J. A. (1962). A morphogeneticstudy of
lanceolatea leaf-shapemutantin the tomato.Am. J. Bot. 49, 504-514.



McConnell, J. R. and Barton, M. K. (1998). Leaf polarity and meristem
formationin Arabidopsis Developmentl25, 2953-2942.

McConnell, J. R., Emery, J., Eshed,Y., Bao, N., Bowman, J. and Barton,
M. K. (2001).Role of PHABULOSA and PHAVOLUTA in determining
radial patterningin shoots.Nature 411, 709-713.

McHale, N. A. and Koning, R. E. (2004). PHANTASTICA regulates
developmentof the adaxialmesophyllin nicotianaleaves. Plant Cell 16,
1251-1262.

Mele, G., Ori, N., Sato,Y. and Hake, S.(2003).Theknotted1-like homeobox
gene BREVIPEDICELLUS regulatescell differentiation by modulating
metabolicpathways.GenesDev. 17, 2088-2093.

Molinero-RosalesN., Jamilena, M., Zurita, S., Gomez,P., Capel, J. and
Lozano, R. (1999). FALSIFLORA, the tomato orthologue of
FLORICAULA and LEAFY, controls Rowering time and [3oral meristem
identity. Plant J. 20, 685-693.

Muehlbauer, G. J., Fowler, J. E., Girard, L., Tyers, R., Harper, L. and
Freeling, M. (1999). Ectopic expressionof the maize homeoboxgene
Liguleless3alterscell fatesin the leaf. Plant Physiol.119, 651-662.

Muller, J., Wang, Y., Franzen, R., Santi, L., Salamini, F. and Rohde, W.
(2001).In vitro interactionsbetweenbarley TALE homeodomairproteins
suggesarolefor protein-proteirassociationg theregulationof Knox gene
function. Plant J. 27, 13-23.

Nath, U., Crawford, B. C., Carpenter, R. and Coen, E. (2003). Genetic
control of surfacecurvature.Science299, 1404-1407.

Nishimura, A., Tamaoki, M. and Matsuoka, M. (1998).Expressiorpattern
of KN1-type tobaccohomeoboxgenesPlant Cell Physiol.39, S60.

Nishimura, A., Tamaoki, M., Sato, Y. and Matsuoka, M. (1999). The
expressiornf tobaccoknotted1-typeclassl homeoboxgenescorrespondo
regionspredictedby the cytohistologicalzonationmodel.Plant J. 18, 337-
347.

Ogas,J., Kaufmann, S.,Henderson,J. and Somewille, C. (1999).PICKLE
is a CHD3 chromatin-remodelindgactor that regulatesthe transitionfrom
embryonicto vegetatve developmentin ArabidopsisProc. Natl. Acad.Sci.
USA96, 13839-13844.

Ori, N., Juarez,M. T., Jackson, D., Yamaguchi, J., Banowetz, G. M. and
Hake, S. (1999).Leaf senescencis delayedin tobaccoplantsexpressing
the maize homeoboxgene knotted1 under the control of a senescence-
activatedpromoter Plant Cell 11, 1073-1080.

Ori, N., Eshed, Y., Chuck, G., Bowman, J. L. and Hake, S. (2000).
Mechanismshat control knox geneexpressionin the Arabidopsisshoot.
Developmentl27, 5523-5532.

Otsuga, D., DeGuzman, B., Prigge, M. J., Drews,G. N. and Clark, S.E.
(2001).REVOLUTA regulatesmeristeminitiation atlateralpositions.Plant
J. 25, 223-236.

Palatnik, J. F., Allen, E., Wu, X., Schommer C., Schwab,R., Carrington,
J. C. and Weigel,D. (2003).Controlof leaf morphogenesiby microRNAs.
Nature 425 257-263.

Parnis, A., Cohen,O., Gutbnger, T., Hareven, D., Zamir, D. and Lifschitz,
E. (1997).The dominantdevelopmentaimutantsof tomato,Mouse-earnd
Curl, are associatedwith distinct modes of abnormal transcriptional
regulationof a Knottedgene.Plant Cell 9, 2143-2158.

Prigge,M. J. and Wagner, D. R. (2001).Thearabidopsiserrategeneencodes
azinc-pPngemproteinrequiredfor normalshootdevelopmentPlant Cell 13,
1263-1279.

Reinhardt, D., Mandel, T. and Kuhlemeier, C. (2000). Auxin regulates the
initiation and radial position of plant lateral organs. Plant Cell 12, 507-
518.

Reinhardt, D., Pesce,E. R., Stiegetr P., Mandel, T., Baltenspemger, K.,
Bennett, M., Traas,J., Friml, J. and Kuhlemeier, C. (2003).Regulation
of phyllotaxisby polarauxintransport.Nature 426, 255-260.

Reinhart, B. J., Weinstein, E. G., Rhoades,M. W., Bartel, B. and Bartel,
D. P. (2002).MicroRNAs in plants.GenesDev. 16, 1616-1626.

Rhoades, M. W., Reinhart, B. J., Lim, L. P, Burge, C. B, Bartdl, B. and
Bartel, D. P. (2002). Prediction of plant microRNA targets. Cell 110, 513-520.

Sakamoto, T., Kamiya, N., Ueguchi-Tanaka, M., Iwahori, S. and
Matsuoka, M. (2001).KNOX homeodomairproteindirectly suppressethe
expressionof a giberellin biosyntheticgenein the tobaccoshoot apical
meristem.GenesDev. 15, 581-590.

Sattler, R. and Rutishauser R. (1992). Partial homologyof pinnateleaves
andshoots:orientationof leaf3etinception.Bot. Jahrb. Syst.PRanzengsd.
PRanzengagr. 114, 61-79.

Scanlon, M. J. (2003). The polar auxin transport inhibitor N-1-
naphthylphthalamiacid disruptsleaf initiation, KNOX proteinregulation,
andformationof leaf maiginsin maize.Plant Physiol.133 597-605.

Review 4411

Schneebeger, R. G., Becraft, P. W., Hake, S. and Freeling, M. (1995).
Ectopic expressionof the knoxhomeoboxgenerough sheathl alterscell
fate in the maizeleaf. GenesDev. 9, 2292-2304.

Schneebeger, R., Tsiantis, M., Freeling, M. and Langdale, J. A. (1998).
The rough sheath2gene negatively regulateshomeoboxgene expression
during maizeleaf development Developmentl 25 2857-2865.

Semiarti, E., Ueno, Y., Tsukaya, H., lwakawa, H., Machida, C. and
Machida, Y. (2001). The ASYMMETRIC LEAVES2 geneof Arabidopsis
thaliana regulates formation of a symmetric lamina, establishmentof
venationand repressionof meristem-relatechomeoboxgenesin leaves.
Developmentl28 1771-1783.

Serrano-Cartagena,J., Robles, P., Ponce,M. R. and Micol, J. L. (1999).
Geneticanalysisof leaf form mutantsfrom the Arabidopsisinformation
Servicecollection.Mol. Gen.Genet.261, 725-739.

SessionsA., Yanofsky, M. F. and Weigel,D. (2000).Cell-cell signalingand
movementby the Roral transcriptionfactors LEAFY and APETALAL.
Science289, 779-781.

Siegfried, K. R., Eshed, Y., Baum, S. F., Otsuga, D., Drews, G. N. and
Bowman, J. L. (1999).Membersof the YABBY genefamily specifyabaxial
cell fate in Arabidopsis.Developmentl26, 4117-4128.

Simon, R., Carpenter, R., Doyle, S.and Coen,E. (1994).Fimbriatacontrols
RBower developmentby mediating betweenmeristemand organ identity
genesCell 78, 99-107.

Sinha,N., Williams, R. E. and Hake, S. (1993).Overexpressiorof themaize
homeobox gene, KNOTTED-1, cause a switch from determinateto
indeterminatecell fates.GenesDev. 7, 787-795.

Smith, H. M. and Hake, S. (2003).Theinteractionof two homeoboxgenes,
BREVIPEDICELLUSandPENNYWISE,regulatesinternodepatterningin
the Arabidopsisinf3orescencePlant Cell 15, 1717-1727.

Smith, L. G., GreeneB., Veit, B. and Hake, S.(1992).A dominantmutation
in themaizehomeoboxgene Knotted-1 causets ectopicexpressionn leaf
cellswith alteredfates.Developmentl16, 21-30.

Smith, H. M. S., Boschle, I. and Hake, S. (2002). Selectve interactionof
plant homeodomainproteins mediateshigh DNA-binding affinity. Proc.
Natl. Acad.Sci.USA99, 9579-9584.

Snow, M. and Snow, R. (1959).The dorsientrality of leaf primordium.New
Phytol.58, 188-207.

Souer E., van der Krol, A., Kloos, D., Spelt, C., Bliek, M., Mol, J. and
Koes,R. (1998). Geneticcontrol of branchingpatternand Roral identity
during PetuniainBorescencelevelopment.Developmentl 25 733-742.

Stieger P. A., Reinhardt, D. and Kuhlemeier, C. (2002). The auxin inf3ux
carrieris essentiafor correctleaf positioning.Plant J. 32, 509-517.

Sun, Y., Zhou, Q., Zhang, W., Fu, Y. and Huang, H. (2002).
ASYMMETRIC LEAVESL, an Arabidopsisgenethat is involved in the
control of cell differentiationin leaves.Planta 214, 694-702.

Sussex,l. M. (1954). Experimentson the causeof dorsiventrality in leaves.
Nature 167, 651-652.

Sussex,l. M. (1955). Morphogenesisin Solanum tuberosumL. Apical
structureanddevelopmentapatternof the juvenile shoot.Phytomorpholgy
5, 253-273.

Talbert, P. B., Adler, H. T., Parks, D. W. and Comai, L. (1995). The
REVOLUTA geneis necessanfor apical meristemdevelopmentand for
limiting cell divisions in the leaves and stemsof Arabidopsisthaliana.
Developmentl21, 2723-2735.

Tamaoki, M., Kusaba,S., Kano-Murakami, Y. and Matsuoka, M. (1997).
Ectopicexpressiorof atobaccchomeoboxgene NTH15 dramaticallyalters
leaf morphology and hormonelevels in transgenictobacco.Plant Cell
Physiol.38, 917-927.

Tanaka-Ueguchi,M., Itoh, H., Oyama, N., Koshioka, M. and Matsuoka,
M. (1998). Overexpression of a tobacco homeobox gene, NTH15,
decreasetheexpressiorof agibberellinbiosynthetiqggeneencodingGA 20-
oxidase Plant J. 15, 391-400.

Taylor, S., Hofer, J. and Murfet, |. (2001). Staminapistilloida, the Pea
orthologof Fim and UFO, is requiredfor normal developmentof Rowers,
inRorescencesindleaves.Plant Cell 13, 31-46.

Timmermans, M. C. P.,, Hudson, A., Becraft, P. W. and Nelson,T. (1999).
Roughsheath2aMyb proteinthatrepresseknoxhomeoboxgenesn maize
lateralorganprimordia.Science284, 151-153.

Tsiantis, M. and Hay, A. (2003). Comparatie plant development:the time
of theleaf?Nat. Rev. Genet.4, 169-180.

Tsiantis, M., Schneebeger, R., Golz, J. F, Freeling, M. and Langdale, J.
A. (1999). The maizerough sheathgeneand leaf developmentprograms
in monocotanddicot plants.Science284, 154-156.

Tsukaya, H. and Uchimiya, H. (1997).Geneticanalysef the formationof



4412 Development 131 (18)

the serratedmagin of leaf bladesin Arabidopsis: combination of a
mutationalanalysisof leaf morphogenesisvith the characterizatiorof a
specibPanarkergeneexpressedn hydathodesndstipules Mol. Gen.Genet.
256, 231-238.

Vollbrecht, E., Veit, B., Sinha, N. and Hake, S. (1990). The developmental
geneKnotted-1lis amemberof a maizehomeoboxgenefamily. Nature 350,
241-243.

Vollbrecht, E., Reiser L. and Hake, S. (2000). Shoot meristemsize is
dependenoninbredbackgroundandpresencef themaizehomeoboxgene,
knotted1 Developmentl27, 3161-3172.

Wagner, D., Sablowvski, R. W. and Meyerowitz, E. M. (1999).
Transcriptionahctivation of APETALAL by LEAFY. Science285 582-584.

Waites, R. and Hudson, A. (1995). phantastica a gene required for
dorsarentrality of leavesin Antirrhnum majus Development121, 2143-
2154,

Waites, R., Sehadurai, H. R. N., Oliver, I. R. and Hudson, A. (1998).The

Phantasticgeneencodeg MYB transcriptiorfactorinvolvedin growth and
dorsaventrality of lateralorgansin Antirrhinum Cell 93, 779-789.

Weigel,D., Alvarez,J., Smyth, D. R., Yanofsky, M. F. and Meyerowitz, E.
M. (1992).LEAFY controlsRoral meristemidentity in Arabidopsis.Cell
69, 843-859.

William, D. A., Su, Y., Smith, M. R., Lu, M., Baldwin, D. A. and Wagner,
D. (2004). Genomicidentipcationof direct target genesof LEAFY. Proc.
Natl. Acad.Sci.USA101, 1775-1780.

Wu, X., Dinneny, J. R., Crawford, K. M., Rhee, Y., Citovsky, V.,
Zambryski, P. C. and Weigel, D. (2003). Modes of intercellular
transcriptionfactor movementin the Arabidopsisape. Developmentl30,
3735-3745.

Xu, L., Xu, Y., Dong, A., Sun,Y., Pi, L. and Huang, H. (2003).Novel as1
and as2defectsin leaf adaxial-abaxiapolarity reveal the requirementor
ASYMMETRIC LEAVES1and2 andERECTA functionsin specifyingleaf
adaxialidentity. DevelopmentL30, 4097-4107.



