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Abstract: Leaves show a wide range of shapes that results from the combivetiations

of two main parameters: the relative duration of the morphogenetic phase and the pattern of
dissection othe leafmargin. To further understand the mechanisms controlling leaf shape,
we have studied the interactions between several loci pédlimcreased dissection of the
Arabidopsis leaf margins. Thus, we have u@gdnutants in whichmiR164regulation of

the CUC2 gene is impaired(i) plants overexpressinmiR319miRJAWthat downregulates
multiple TCP genes andiii) plants overexpressing ti®&TIMPYWOX9gene. Through the
analysis of their effeston leaf shape andNOXI gene expression, we show that these loci
act in different pathways. We shoin particular that they have synergetic effects and that
plants combimg two or three of these loci show dramatic modificagioh their leaf
shapes. Finally, we present a working model for the role of these loci during leaf development.
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1. Introduction

Leaves are the main plant photosynthetic organs. They show a large variety in their sizes and
shapesRegardless of their final shgdeaves are initiated as smdihger-like primordia from groups
of undifferentiated cells, the meristeft,2]. These primordia will either grow out and rapidly
differentiate to generate simple leaves, in which the blade forms a unique unit, or go through additional
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morphogenetic events that allow the formation of lateral structures, thus generating the léaflets o
compound leaves. Different leaf shapes can also be seen as the result of different patterns or levels ¢
dissection: large dissection of the blade generate leafletspilessnentdissections of the leaf or
leaflet margins cause lobes or tegh

Recent molecular genetics have revealed a surprising conservation of the regulatory mechanisms
acting at different steps of leaf developmdram their initiation at the meristerto theformation of
leaflets in the case of compound leaveso thedissectiorof the leaf or leaflet margins. ClaskKINOX
(KNOX |, KNOTTED1-LIKE HOMEOBOX genes maintain meristematic cells in an undifferentiated
state[4] but also prevent precocious differentiatmiiprimordiain most compound leaves to allow the
formation of laflets [5i17]. KNOX | proteins actin part through the modulation of hormonal
pathwaysKNOX | proteins promote cytokinibiosynthesig8,9] to prolong the morphogenetic phase
of compound tomato leaves, enabling leaflet formafid]. Conversely KNOX | proteinsrepress
gibberellin biosynthesis[8,11] to prevent differentiation. An increased gibberellin signalling reduces
leaflet formation in tomato and smoothens the serrated margin of tomato leaflets or the lobed margins
of Arabidopsis leaves overexpreagsKNOX Igeneq12,13] Wherea&kK NOX | genes maintain cells in
an undifferentiated state, clasS'ICP genes TEOSINTE BRANCHEDCYCLOIDEAPROLIFERATING
CELL FACTOR promote cell differentiatioil4,15] Five ArabidopsisTCP genes and the tomato
TCP LANCEOLATE gene are targeted by a miRNAIR319or miRJAW[16,17] Expression of
miR319resitantTCP genes leads to smaller leaves in Arabidopsis and a simplification of the compound
tomato leaf.Conversely, inactivation of CP genes, via for instance the oggpression oimiR319
leads to prolonged growth leading to larger and serrated leaves in Arabidopsis and-tosyjzemd
tomato leave§l4i 19].

Altogether, the opposite effects of tHeNOX | and TCP genes, and the balance between the
cytokinin and gibberellin pathways contribute to determine the window during which the leaf
primordium remains undifferentiated and hence is able to respond to morphogenetic clues determining
leaflet or teeth formatiorSimilar to local peaks of auxin response triggering primordium formation at
the meristem[20,21] an increase in auximesponseis also required for the patterning of leaf
primordium to form serrations or leafld@2i 26]. Such an increase in auxin respwr®ntributes to
the repression dNOX I genes in the meristem during leaf primordium formation and in primordia of
compound leaves during leaflet formatif22,25] Proper individualisation of these awtmediated
new growth axes (leaf primordia, leafletimordia and developing teeth) require the activity of the
CUC (CUP-SHAPED COTYLEDONboundary gene$27i 32]. Some CUC genes, likeCUC2 in
Arabidopsis orSINAMGobletin tomato are targeted by a microRNANiR164 Expression of a
miR164resistant CUC2 gere leads to deeply serrated leaf margjB82,33] All these different
regulators are not acting independently each of the other and numerous connections have be&gn reporte
generating an intricate regulatory network. For insta@téC genes and auxin intezg[23,31,34]and
there is a cross talk betweKNOX landCUC geneq29,30,35].

Here,to investigate the genetic basis of leaf developmerdnalysehe morphogenetic and genetic
effectsof combiningdifferentmutationsthat lead to an increased leaf dissectMe usedCUC2gm4
plants, which expresses miR164resistantCUC2 gene, thanirl64a4 mutant in which theMIR164A
gene controllingCUC2 expression during leaf development is inactivd&?], the jaw-D mutant, in
which the overexpression aiiRJAWMIiR319downregulates fiveTCP geneg17] andstip-D, which
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overexpresseSTIMPYWOX9that maintains cell division and prevents premature differentig@®
We showed previouslthat leaf dissection in these mutantiseefor a large part on a functioralUC2
geneandthat the regulation dUC2by miR164is still effective[30]. Here, wefurther investigate the
relationship between these pathways and how they control leaf development

2. Results
2.1. LeafPhenotypef Jaw-D, Stip-D, Mirl64a-4/CUC2gm4DoubleandTriple Mutants
2.1.1.Jaw-D Stip-D Double Mutant Leaf Phenotype

In the jaw-D single mutant, thelissection of the leaf margican be divided in several orders of
incision (Figure 1AB). The first order consistsof the main teeth of theleaf (we will call hereafter
ifiteetho any <cl ear out gr owt h @ tsecondomler dppeardwith ma r g
incisionsof the main teeth. Additional ordersof incision canoccur and reachan order of five, the
highestorder beingobseved in the proximal teeth of old leaves. Th&tip-D mutantdevelopsnarmow
and wavy leavepresenting a single order of dissection (Figure I®g jaw-D stip-D doublemutant
has the sameorder of incision asthe jaw-D single mutant but the dissections are deeper aza
almostreachthe midrib in the proximal part of the leaf.In addition,the teethof this doublemutant
havea particularform, beingnarmower in the part closeto the midrib andlargertowards theoutsideof
theleaf (Figurel1J).

Figure 1. Geneticinteractionsbetweenjaw-D, stip-D, mirl64a4 and CUC2gm4. Rosette
and sixth leaf at bolting of the correspondinggenotypesRosette from(A) to (K) are
birddos eye (L)is & kteral hiewr of thes rosett€¢Q) is a detail of(L).

(M) and(N) show the formation of a tooth of order 2 (arrow) gaveaD miral64a4 double
mutant. (O) Sometimes ectopic leaves can be observed in the sinasv-&f CUC2gm4
double mutantsTheseectopicleaves alscshow the fractal phenotypeobsevedin the main
leaves. (P) Reiteaative growth of the leaf magin: example of the jaw-D CUC2gm4
double mutant The first lobe formed initiatestwo secondary lobe¢ | a RBdednly dgne
labelledhere). This processs reiteratedo form thelobesof order3 to 5 visiblein this part
of leaf (labeldi3 60 & @) . B a r all panelslexced) and(N) (bars =100pum) and
(Q) (bar=0.5cm).
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2.1.2.Jaw-D Mirl64a-4 andJaw-D CUC2gm4Double Mutant Leaf Phenotype

The mirl64a4 and CUC2gm4 mutants have serrated margins with an order of dissection of
1 or 2(Figure 1DG). jaw-D mirl64a4 [30] andjaw-D CUC2gm4double mutants have curly leaves,
with more pronounced dissections (FigureH)E Compared to the single mutants, the dissections of
the double mutants are wider and deeper, although they never reach the midrib. The order of dissectiol
is also strongly increased: at bolting it can reach JaferD CUC2gm4, and in plants growior six
monthsin shortday conditions the orderof incision reachesl2 and 15for the jaw-D mirl64a4 and
jaw-D CUC2gm4 double mutants, respectively. The pattern of the different ordee&th ishowever
simple, and can beompared tdractals: orma toothof a given orderntwo new teeth appear at the base of
the tooth to create a new order (Figure M This process is reiterated to githee final leaf shape
(Figure 1P). In someases, ectopic leaves are observed in the sinus (RiGYrduinting to the fomation
of ectopic meristems.

2.1.3.StipD Mirl64a-4 andStip-D CUC2gm4Double Mutant Leaf Phenotype

The stip-D mirl64a4 [30] and stip-D CUC2gm4 double mutantssharea similar type of leaf
phenotype characterisdy an extremedissectionof the teeth(Figure 1Fl). In stip-D mirl64a4 the
sinusnearlyreachthe midrib,whereaghe dissections even strongern the stip-D CUC2gm4 double
mutant inwhich theproximal teethare completely separatedine from the other. Theconstrictionat
the baseof the teethis also accentuatedcomparedto stip-D and jaw-D stip-D mutantsand inthe
strongest casthe baseof the teethis limited to the centralvein of the teethresemblinga petiolule
(the petiolelike structure supporting the leaflefpespite tlesestrong phenotypes, the leaf of these
double mutants is still rather flat and not as curled as other double nugaontibed above.
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2.1.4.jaw-D stip-D mirl64a4 andjaw-D stip-D CUC2gm4 Triple Mutant Leaf Phenotype

As the abovalescribed genetic analysis indicates thi@p-D, jaw-D and mirl64a4/CUC2gm4
control leaf development through different pathways, we constructgdvikie stip-D mirl64a4 and
jaw-D stip-D CUC2gm4triple mutants (Figure 1K). Thejaw-D stip-D mirl64a4 triple mutanthasa
leaf phenotype resembling tjav-D stip-D double mutant with a higher order of dissection (Figure 1K).
A clear constriction is observed at the base of the teeth @whP stip-D mirl64a4 triple mutant. The
jaw-D stipD CUC2gm4 triple mutant displays anven stronger leaf phenotype (Figure,Q). The
incision of thefirst proximal teethof the leaf are so deep that they reach the midrib and that the
structure islooking more like leaflets than teeth. In some cases,secondaryleaflets with a clear
petiolulestructurecanbe obseved on the primary petiolulelike structures (FigurdQ). The laminais
alsowidely affected,with a higherorderof incisions, whichgivesriseto strongflatnessdefects.As a
result,the leaveslook like parsky andthe rosette, insteadf beingflat like in the wild type, adoptsa
hemispherichapgFigurell).

2.1.5.Stip-D Promoteghe Formationof Petiole

The progressive formation of petidie structures irstip-D and multiple mutants containirggip-D
suggest thastip-D may promote the formation of a petiole further test this hypothesis, we examined
the shape of the epidermal cells by scanning electronic microscopy (SEM). In the wilithéygetjole
is covered byelongatedandrectangular cells. Similar elongated cells are present in the lamina above
the midrib. Other parts of the lamina are coveredidsav-shapedpavementcells and a progressive
increase in the complexity of the epidermal shapes is observed from the midrib to lateral
domains (FigureAi D). In the stip-D single mutant,the baseof the teeth containsomeelongated
cells (Figure 2E,H). The region that containedsuchcells is enlagedin the stip-D mirl64a4 double
mutantand in thejaw-D stip-D mirl64a4 triple mutant(Figure 2F,G,I,J) suggesting that the base of
the teeth have acquired petiole characteristics.

2.2. Floral Phenotypef jaw-D, stipD, mirl64a4/CUC2gm4Doubleand Triple Mutants

Floral organs are modified leaves. To investigate if the incision defects observed in leaves are
conserved in floral organs, the sepals and petals shapes of the diffextaris combinations
involving stip-D, jaw-D and mirl64a4 were analysedThe numbers of floral organs in the different
combinations of mutants varied slightly but these variations are not statistically significant except an
increased number of sepals in gtigp-D mirl64a4 double mutant (Figure 3K).
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Figure 2. The stip-D mutation promotesthe formationof petiolulelike structues atthe
baseof the teeth.(AiD) Epidermalcell structue of the wild-type leaf. The epidermal
cells of the petiole arelong and narrow, orientedalongthe proximo-distal axis (B). At the
junction betweenthe petioleand the laminasome cells are jigsaw-shaped(C). On the
lamina,threetypesof cells are obseved: jigsaw-shapeccells, stomatacells andlong cells
along the margin (D). (EiJ) The stip-D mutation allows the formation of a petidike
structure at the base of the tooth: Inskip-D single mutantii andE) andstip-D mirl64a4
double mutant (I and F), the baseof the first teethis almostentirely covered by long
narrow epidermalcells, but rapidly jigsaw-shapedells cover the tooth egion thatformsa
laminalike structure.In thejaw-D stip-D mirl64a4 triple mutant(J andG) the region of
the tooth withlong and narow cellsis longerand forms irthis casea real petiolewithout
any lamina.Bars:500um (B, C, Hil) 250um (Di G).

Whereas wiletype sepals have a smooth tip, sepals of the diffenetdins show serrations at their
tips (Figure 3AE,L). The frequency and level of serration is particularly high injalaeD single
mutant and thgaw-D mirl64a4 double mutant (Figure 3B,0). Additionally, two types of margin
serration could be observed in the petals of the different mutants (Figure 3F) compared to the smootf
margin of the wild type. First, fine serrationseasbserved at the base of the petal in all mutant
combinations (Figure 3@). Second, serrations also form on the distal part of the petal. A first order
of incision is present in all mutant combinations involvjag-D or stip-D, but not in the single
mirl64a4 mutant. In addition to this first order, a second order of incision can form in mutants
carrying thejaw-D allele. Almost half of the petals of thjaw-D mutant show a second order of
incision, whereas almost all petals of double and triple mutantging thejaw-D mutation show this
phenotype (Figure 3L).
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Figure 3. Floral phenotypes(Ai E) Sepal phenotypes The wild-type sepal does not
exhibit any serrationof its margin (A). The differentmutantcombinationsshow serration
of thesepalgarrows)ikein jaw-D (B), jaw-D mirl64a4 (C), jaw-D stip-D (D), jaw-D stip-D
mirl64a4 (E). (Fi J) Petal phenotypesThe wild-type petaldoesnot exhibit any serration
of its margin (F). The differentmutantcombinationsshow serratiors of the petalslike in
jaw-D (G), jaw-D mirl64a4 (H), jaw-D stip-D (1), jaw-D stip-D mirl64a4 (J). The
serrationcan occur atthe base ofthe petal (arow tips) or on the distal endof the petal
(arrows). At the distal end, wo orders(1 and 2 in I) can be distinguishedasin leaves.
(K) Organ number: The number of organs are indicated. 20 flowers from rank 20 to 30 were
countedfor eachgenotype. Bars SE. (L) Proportionof serationof the sepalsandpetals
20 flowersfrom rank 20 to 30 werecountedfor eachgenotype. Bars SE.

Organ number Serration proportion

- Sepals ~ Petals ~ Stamens ° Sepals " Petals  Petal tip Petal tip
base level 1 level 2

D Col-0 z stip-D mirl64a-4
D mirl64a-4 z jaw-D mirl64a-4
- stip-D - jaw-D stip-D

- jaw-D - jaw-D stip-D mirl64a-4

2.3. LeafPhenotypef TCP2 and TCP4hsertion Lines

The miR319mMIRNA targets fiveTCP genes:TCP2 TCP3 TCP4 TCP10and TCP24[17]. To get
some insight into the contribution of individuBCP genes to the phenotype of tjaev-D mutant, we
analysed the leaf phenotype of two insertion lineB@FP2andTCP10(Figure 4A). At boltingtcp2-101
and tcplG1l single mutants exhibit a weak increase of leaf serration, compared to wild
type (Figure 4BiD), in agreement with previousbservations[19]. This phenotypeis more
pronounced wo weeksafter bolting, while the wild-type leaf is not modified during thesetwo
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weeks(Figure4Ei G). Theseobsevations suggedhat the down-regulationof any of thesetwo TCP
genesleadsto a prolongedgrowth periodduring which the serrationof the mutantsbecomes more
pronounced.The tcp2-101 tcplG1 double mutant shows a strongerleaf phenotype tharthe two
parentalsingle mutants, withanincreased leaserrationalreadyclearly visible at bolting (Figure4H).
Like for the single mutantsthis phenotypebecomesmore pronouncedwo weekslater (Figure 4L).
Furthermorethe distaimarginsof theteetharecurleddownwards.

We next combinedeithertcp2-101 or tcp101 with CUC2gm4 The two resultingdouble mutants
show a similar increased leakerrationcomparedio CUC2gm4 single mutant (Figure 41K). The
sarationsare deeperand moreteethpresentsecondaryncisionsthanin the CUC2gm4 mutant.Like
for thetcp2101 andtcplG1 singlemutantsthe phenotype othe doublemutantsis morepronounced
two weeksafter bolting whereaghe leaf phenotypeof the CUC2gm4 mutantdoesnot becomemore
pronounced aftepolting (Figure 4M O). In someleavesof the doublemutants the proximalteethare
almost separatelom the restof the lamina.

Figure 4. Leaf phenotype oT CP2and TCP10insertion lines(A) Position of the T-DNA
insertionin the tcp2101 andtcp101 mutantsaccading to the FST: Rectanglesepresent
the exons. (Bi G) tcp2101 andtcplG1 single mutantsincreasedheir seration whenthe
wild typestoppedyrowing: At bolting,the 6thto 8thleavesof tcp2101 (C) andtcplG1 (D)
show a slight increasein serrationdepth comparedto wild type (B). This difference is
accentuatedwo weekslater (Ei G). H andL The effectsof the tcp2 andtcp10 mutations
are additive 6th to 8th leavesof tcp2101tcpl0G1 doublemutantsat bolting(H) andtwo
weekslater (L). ITK, M-O tcp2101 andtcp101 increasethe seration of the CUC2gm4
trangienicmutants:At bolting the6th to 8th leavesof tcp2-101 CUC2gm4(J) andtcplG1
CUC2gm4 (K) show an increasedserrationdepth comparedto CUC2gm4 (1). This
difference isaccentuatetivo weekslater (M1 O).



