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     Leaf morphology is a classic botanical interest. The leaf has 
become a model system to dissect lateral organ development in 
plants, and leaf morphogenesis has become a model system to 
study regulation of plant form (e.g.,  Sinha, 1999 ;  Fleming, 
2005 ;  Braybrook and Kuhlemeier, 2010 ;  Efroni et al., 2010 ; 
 Hasson et al., 2010 ;  Moon and Hake, 2010 ). While genetic and 
physiological studies continue to identify molecular regulators 
of leaf shapes, contributions of nonmolecular factors, such as 
the physical constraints acting upon the developing primordia, 
have recently started to be addressed ( Hamant et al., 2008 ; 
 Prusinkiewicz and Barbier de Reuille, 2010 ). In particular, tran-
sient folding of leaf primordia inside the bud can explain the 
palmate leaf shapes of a diverse array of dicotyledon species. 
This observation led to a theoretical characterization of the 

lobed leaf shape formation and formulation of the kirigami the-
ory ( Couturier et al., 2009 ). 

 The theory proposes that this type of leaf morphogenesis 
works like kirigami, the Japanese craft in which a piece of pa-
per is fi rst folded and then cut. At the shoot apex under the 
many layers of older primordia, a young primordium grows via 
cell division and expansion. As the lamina grows, it folds in-
ward along the veins and again outward between two veins, 
forming  folds  and  antifolds . This process describes the paper 
folding part of kirigami. The primordium grows until it fi lls the 
available space, halting growth when it meets the other primor-
dia within the bud. Such space-fi lling growth of leaf primordia 
has been found in all dicotyledon species examined to date and 
thus seems to be a widely relevant phenomenon ( Couturier 
et al., 2011 ). Depending on the species, the geometry of the 
space available for a primordium delimits the lamina growth on 
a nearly fl at plane: this comprises the cutting part of kirigami. 
For example, in some plants with decussate phyllotaxy, two op-
posite leaves grow to meet each other in the middle, mutually 
inhibiting further growth of the facing primordium ( Fig. 1A ).  

 Kirigami is a method to create a repetitive and symmetrical 
outline on a piece of paper. Similarly, the kirigami regulation 
acts on the outlines of the leaf lamina. A sinus is the indentation 
between two lobes ( Fig. 1B ). Each fold and antifold of a young 
primordium corresponds to the lobe and sinus of the mature 
leaf, respectively ( Fig. 1B, C ). The number and position of the 
lobes coincide with vein pattern, and the sizes of the lobes are 
determined by the timing of vein formation. We should note 
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  •  Premise of the study:  How leaf shape is regulated is a long-standing question in botany. For diverse groups of dicotyledon 
species, lamina folding along the veins and geometry of the space available for the primordia can explain the palmate leaf 
morphology. Dubbed the kirigami theory, this hypothesis of fold-dependent leaf shape regulation has remained largely 
theoretical. Using  Acer pseudoplatanus , we investigated the mechanisms behind the two key processes of kirigami leaf 
development. 

 •  Methods:  Cytological examination and quantitative analyses were used to examine the course of the vein-dependent lamina 
folding. Surgical ablation and tissue culturing were employed to test the effects of physical constraints on primordia growth. 
The fi nal morphology of leaves growing without steric constraints were predicted mathematically. 

 •  Key results:  The cytological examination showed that the lamina’s abaxial side along the veins grows substantially more than 
the adaxial side. The abaxial hypergrowth along the veins and the lamina extension correlated with the lamina folding. When 
a primordium was released from the physical constraints imposed by the other primordia, it rapidly grew into the newly avail-
able space, while maintaining the curvature inward. The morphology of such a leaf was predicted to lack symmetry in the lobe 
shapes. 

 •  Conclusions:  The enhanced growth on the abaxial side of the lamina along the veins is likely to drive lamina folding. The surgical 
ablation provided clear support for the space-fi lling nature of leaf growth; thus, steric constraints play a role in determination 
of the shapes of folded leaves and probably also of the fi nal leaf morphology.  

  Key words:  abaxial growth;  Acer pseudoplatanus ; Aceraceae; biomechanics; leaf folding; leaf shape determination; maple 
leaf development; palmate leaf; space-dependent growth; steric constraints. 
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dicotyledon leaves or contact-dependent growth inhibition are as 
yet unknown. To gain a greater biological basis for the theory, we 
have conducted cytological and surgical examinations of kiri-
gami leaf development, using a maple,  Acer pseudoplatanus , as 
an example. The results suggest that a common mechanism—
asymmetric growth across the abaxial–adaxial axis along the 
veins—drives the lamina folding and guides the physical con-
straints acting in the space-dependent growth, emerging as the 
key process in the kirigami regulation of lobed leaf shape. 

 MATERIALS AND METHODS 

 Plastic sections —   Apical buds of  Acer peudoplatanus  were collected from 
the campus of les Cezeaux of the University Blaise Pascal in Clermont-Ferrand, 
France. After dissection to 2–3 mm in length, they were fi xed in ice-cold FAA 

that we call all tips on the leaf margin  lobes , regardless of the 
more precise terminologies applicable ( Fig. 1B ). The lobes in a 
more traditional sense, which we call large lobes, form along 
the primary veins. The smaller lobes, which are often referred 
to as serrations or crenations, develop along the secondary and 
tertiary veins. This generalization stems from the observation 
that all tips and indentations are indistinguishable in how they 
form according to the kirigami model. It also is supported by 
the recent fi ndings that the different degrees of lamina indenta-
tions, from leafl et formation to serration, result from a common 
molecular mechanism ( Nikovics et al., 2006 ;  Barkoulas et al., 
2008 ;  Blein et al., 2008 ;  Koenig et al., 2009 ;  Kawamura et al., 
2010 ). 

 The kirigami theory is contingent on two processes of lamina 
development: folding along the veins and space fi lling growth. 
However, the mechanisms underlying transient folding of 

 Fig. 1. Morphology and folding of  Acer pseudoplatanus  leaf. (A) A pair of young leaves. The lamina of the opposite leaves fold and form a near 
mirror-image set of lobes that press against one another. The lamina margins are positioned along a plane in the middle with fl uctuations, indicating recipro-
cal limitation of growth between the opposite leaves. The lamina folding and mutual inhibition between facing leaves together comprise kirigami leaf 
morphogenesis and produce the lobed shape of mature, opened leaves. (B) Typical lamina morphology of lobed mature leaf, which correlates with the or-
ganization of the developmentally transient folds. The abaxial side of the leaf is shown. (C) Folds and antifolds in an opening leaf, pictured from the adaxial 
side. (D) Fold formation in a young leaf visualized by scanning electron microscopy. The lamina has already folded along the primary veins, but not 
yet along the secondary veins. Nicks delimit future small lobes (marked with asterisks) on the lamina margin prior to folding along the secondary veins. 
Close-up of the lamina before folding (E). Scale bars = 100 µm.   
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in long-day condition (16 h day/8 h night). Many did not grow well in cul-
ture and died within 5 d, while others survived longer than 20 d. Those 
lasting samples were analyzed ( N  = 25). Growth was recorded daily 
using Nikon stereoscope SMZ 1500 and Nikon Digital Sight DS-Fi1 camera 
with the software NIS-Elements (Nikon Instruments Europe, Amsterdam, 
Netherlands). 

 Image analysis —   Images were processed and assembled using Adobe Il-
lustrator (San Jose, California, USA) and Microsoft Powerpoint (Redmond, 
Washington, USA). Noises, such as original scale bars and uneven background 
signals, were fi xed, and the image was processed for similar orientations and 
the best brightness and contrast. 

 Data were quantitatively analyzed with the programs Image J (http://rsbweb.
nih.gov/ij/) and Matlab 7.7 (MathWorks, Natick, Massachusetts, USA). For 
 Figs. 2 and 3 ,   we used a complete set of transverse plastic sections of two op-
posite maple leaves (Appendices S1 and S2, see Supplemental Data with online 
version of article). We analyzed 3–19 successive sections from the mid-height 
region of the lamina. For  Fig. 2 , the fold opening angle  α , the lamina thickness 
 L , and the lamina thickness at the vein  V  were measured for each vein, and the 
mean was calculated and graphed. The variations in the measurements are 
shown for a representative vein, as crossed standard deviation lines. For  Fig. 3 , 

solution (3.7% formaldehyde, 50% ethanol, 5% acetic acid, all v/v), vacuum 
infi ltrated for 1 h and incubated at 4 ° C for 3–5 h. Tissues were then dehydrated 
through ethanol series and then gradually embedded into LR White Resin 
(Sigma Aldrich, St. Louis, Missouri, USA) as reported earlier ( Azri et al., 
2009 ). Infi ltration was completed in 100% LR-White resin overnight at 4 ° C. 
The samples were then placed in gelatin embedding capsules, fi lled with fresh 
resin, and heat polymerized at 55 ° C for at least 15 h before semithin (3–4 µm) 
sectioning with a OMU2 microtome (Reichert Technologies, Depew, New 
York, USA). Semithin sections were stained with Astra blue and safranin. Ob-
servations were performed with a light microscope Zeiss Axioplan 2 (Zeiss, 
Jena, Germany), and data were recorded using a digital camera AxioCam HR 
with AxioVision digital imaging software (Zeiss). 

 Surgical ablation experiments  —    Actively growing axial branches were col-
lected from the Aare river bank in Bern, Switzerland. They were fi rst dissected 
down to the shoot apex (the meristem and 3–4 pairs of young leaves smaller 
than 2 mm), and some were further dissected for ablation. After dissection, 
plants were placed onto the growth medium containing 1/2 ×  Murashige-Skoog 
medium, 1% (w/v) sucrose, and 0.5–0.6% (w/v) agarose. To prevent infection, 
Plant Preservative Mixture (Plant Cell Technology, Washington, D.C., USA) 
was also added to 0.1% (v/v). Plants were cultured at 21 ° C and 80% humidity, 

 Fig. 2. Correlation between abaxial growth along the vein and fold formation. Because the different orders of veins mature at different times during 
leaf development, and the size of the veins varies along the proximo-distal axis, we can fi nd a collection of different stages of folding dynamics in one leaf. 
Transverse sections along the proximo-distal axis were examined. (A) Successive stages (a–d) of vein growth. The cells in the region of the lamina abaxial 
to the veins grow much more than the adaxial cells. (B) The fold angle follows the vein development. The ratio  L / V  of the folds normal to the plane of the 
section was measured from one leaf (•) and its pair leaf ( ). Standard deviations are shown as crossed bars. We collected measurements from two opposite 
leaves within a bud, for which we could obtain every section along the entire leaf. The data collapse on the same curve. (C) Dashed boxes highlight epider-
mal cells on the adaxial and abaxial sides of the folds and antifolds, respectively. Epidermal cells appear compressed on the adaxial side of the fold and the 
abaxial side of the antifold, while they appear extensively expanded on the opposite side. Vasculature is marked with an orange line (A, C).   



1292 AMERICAN JOURNAL OF BOTANY [Vol. 99

remaining leaf was measured, whereas for the control samples both intact 
leaves were measured. The leaves were monitored every 2 to 3 d over the 18 d 
after the surgery. 

 RESULTS 

 Lamina folding along the vein  —     At the shoot apex of 
 A. pseudoplatanus , two primordia emerge in decussate phyllotaxy 

the distance  A  between the vein and the antifold (the most curved place) and the 
lamina thickness at the vein  V  were measured for each antifold, as well as the 
antifold angle  β  and the sum of the lamina thickness of the two adjacent veins 
 V  1  +  V  2 . To determine the antifold angle  β , we chose the approximate mid-point 
of the curved region farthest from the two adjacent veins as the central vertex 
and where the adaxial side of the lamina meets the two adjacent veins as the 
lateral vertices. For  Fig. 5 , the central vein contour was plotted with the Seg-
mented line tool of ImageJ at different time points of growth, and the total 
turning angle of the vein (the sum of the successive angles between the seg-
ments) and the length of the leaf were calculated. For the ablated samples, the 

 Fig. 3. Antifold formation correlates with lamina growth. The same set of transverse sections of folding leaves as in  Fig. 2  were used for examination 
of antifold formation. (A, C) The lamina thickness along a vein  V  is plotted as a function of the lamina length  A  between the vein and the closest antifold. 
The lamina extension (medio-lateral growth) is proportional to the lamina thickening (abaxial-adaxial growth). Note that most of the lamina thickening is 
due to abaxial growth. (B, D) The antifold angle  β  is plotted against the sum of the lamina thickness at the two closest veins  V  1  +  V  2 . Antifold formation 
correlates with the abaxial growth along the vein. Each dot represents the mean of 3–19 measurements made for each vein at different proximo-distal posi-
tions. : data from one leaf; : data from the pairing leaf. Standard deviation is shown by the crossed error bars for two representative veins.   
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mordia margin in the middle of two future lobes ( Fig. 1D, E ). 
First, the three folds appear along the primary veins, and later 
more folds form along the secondary veins. Furthermore, fold-
ing spreads in the proximal to distal direction. Therefore, a 
primordium contains folds and antifolds at varying stages of 
fold formation. 

and grow at the same rate opposite to one another ( Fig. 1A ; 
 Couturier et al., 2009 ). The lamina of mature leaf typically con-
sists of three large lobes and numerous smaller lobes within a 
large lobe ( Fig. 1B ). The apex of each lobe corresponds to the 
tip of a vein. Lamina folding occurs along the veins ( Fig. 1C ), 
initiating around the time when small nicks are visible at the pri-

 Fig. 4. Ablation of one leaf induces growth and curving of the opposite leaf. (A) Maple leaves form in pairs with a 90 °  lateral shift in position. A pair 
of primordia (a’s) develop inside the previous pair (b’s). One leaf from the pair (b) was removed to reveal the younger pair (a) growing inside. (B) Longi-
tudinal sections of young primordia. The cells in the abaxial side are much larger than ones on the adaxial side. (C, D) Shoot apices were dissected and then 
tissue cultured. Both leaves in a pair were left intact for the control samples (C), or one leaf was removed in the ablated samples (D). In the ablated samples, 
the remaining leaf grew into the space previously occupied by the ablated leaf. The leaf grew curving inward; within a leaf, each lobe curved independently. 
Numbers indicate days after surgery. Scale bars = 500 µm.   
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adjacent veins  V  1  +  V  2  ( Fig. 3B, D ). There was a negative cor-
relation between the two parameters ( r  = −0.6862,  P  = 0.0096, 
 N  = 21), indicating that the larger the abaxial side of the veins 
grows, the more folded the lamina becomes, leading to the 
antifolds. 

 Space-dependent growth of the primordia  —     We next exam-
ined the effects of physical constraints on kirigami leaf mor-
phogenesis. The space available for a primordium’s growth is 
determined by other primordia in the vicinity, which we re-
moved by surgical ablation. Maple leaves emerge in decussate 
phyllotaxy inside the older leaves or bud scales ( Fig. 4A ).  
Young primordia are curved slightly inward, so that the lamina 
of the two opposite leaves meet each other in the middle. The 
curvature indicates that the abaxial side grows more than the 
adaxial side. Longitudinal sections show that the cells on the 
abaxial side begin to expand early in development ( Fig. 4B ). 
We dissected actively growing buds down to the youngest 3–4 
pairs of primordia, cultured them on a solid medium, and ob-
served the growth of the outermost primordia. We fi rst verifi ed 
that they could survive and grow in the cultured condition. Al-
though fungal and bacterial infection consumed the plants in 
long-term incubations, we could observe leaf growth over sev-
eral days to a few weeks. 

 One of the two pairing leaves was removed by surgical abla-
tion, and the development of the remaining leaf was monitored. 
Of 25 samples total, two clearly unfolded within a day, indicat-
ing that physical constraint keeps folds in their place and is im-
portant for proper folding. The remaining 23 showed a common 
behavior in which the intact leaf grew extensively, especially 
on the abaxial side of the primordia, and curved into the space 
where the ablation took place ( Fig. 4D, 5A, 5B ).  The increase 
in the total turning angle measured along the abaxial side of the 
central lobe in side view, is signifi cantly correlated with the 
ratio between the fi nal to initial length of the leaf ( r  = 0.51,  P  = 
0.01,  N  = 23). There was no signifi cant change in the control 
without the ablation ( r  = −0.28,  P  = 0.27,  N  = 17) ( Fig. 4C, 5A, 
5B ). There was no correlation between the mean turning angle 
variation (mean taken along the vein) and the increase in leaf 

 To gain more insights into what drives lamina folding, trans-
verse sections of two primordia in the process of folding were 
examined. The areas of the lamina near the veins were observed 
at different stages of fold formation ( Fig. 2A ). The lamina on 
the abaxial side of the veins grows much more than the adaxial 
side. This hypergrowth seems to occur through more cell divi-
sion and expansion. The differential growth may exert a com-
pressive force on the adaxial side, since the epidermal cells on 
the adaxial side of the folds (the upper panel) and the abaxial 
side of the antifolds (the lower panel) are narrower toward the 
surface ( Fig. 2C ). Enhanced growth on the outer side of the leaf 
could impose folding on the lamina. 

 To quantify the correlation between the abaxial growth and 
the lamina folding, we measured the lamina thickness away 
from the veins  L , the lamina thickness at the veins  V , and the 
fold angle  α  ( Fig. 2B ). The fold angle was plotted as a function 
of the ratio  L / V . When  L / V  is close to 1, which is when the 
abaxial hypergrowth has not happened yet,  α  is close to 180 ° , 
or the lamina is fl at. When the ratio is small,  α  approaches 0 °  
(i.e., the fold is closed). Around the  L / V  ratio of 0.4, the fold 
does not close further but the abaxial side of the lamina along 
the veins continues to grow and form the rib. Overall, the bigger 
the rib becomes, the more folded the lamina ( r  = −0.96,  P  < 
10 −4 ,  N  = 39). Fold formation coincides with the corresponding 
vein’s differential growth across the abaxial–adaxial axis. Inter-
estingly, the rib cell differentiation that leads to the abaxial hy-
pergrowth initiates before the onset of folding ( Fig. 2Aa ). 

 The dynamics of the antifold formation were also quantita-
tively examined from the same transverse sections. We mea-
sured the lamina thickness at vein  V , which mostly refl ects the 
abaxial growth, and the distance  A  between the vein/fold and 
the nearest antifold ( Fig. 3A, C ). For each antifold, we plotted 
A as a function of V. They were strongly linearly correlated ( r  = 
0.6846,  P  < e −4 ,  N  = 42). The distance between the vein and the 
antifold is directly proportional to the lamina thickness at the 
vein; in other words, the lamina extends proportionally to the 
rib enlargement. Next the relationship between the antifold for-
mation and the vein thickness was examined. The antifold angle 
 β  was plotted against the sum of the lamina thickness at two 

 Fig. 5. Quantitative assessment of ablation induced growth and curving of the leaf. The total turning angle  Γ  of the abaxial side of the midvein from 
the intact leaf along the central lobe (radian) as a function of (A) days after surgery  T  or (B) length of the leaf  L  (mm). Two biological replicates are indi-
cated in red and green (for ablated samples) or black and blue (for nonablated controls).  ○ , ◊, *,  × , and + denote value on 1, 3, 6, 9, 18 (red) and 1, 3, 8, 
12, 16 (green) days after surgery.   
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A leaf grown without steric constraints would be different; the 
sizes of the lobes and sinuses could be more random ( Fig. 6B ). 
Moreover, morphology could vary leaf to leaf within an indi-
vidual plant. 

 To gain more detailed information on the ablation effects, we 
examined longitudinal sections of the apices that were cultured 
for 3 d after the surgery ( Fig. 7 ).  In the control samples, in which 
the primordia were left inside the bud, one can draw an almost 
straight line between the two pairing primordia, between the or-
dered rows of lamina folds ( Fig. 7A ). When the leaves were cul-
tured without the bud, the lamina folds lost some of the even and 
uniform organization ( Fig. 7B ). In ablated samples, the remain-
ing leaf of the pair, as well as the younger primordia inside, grew 
into the newly available space ( Fig. 7C-7E ). The lamina of the 
remaining leaf lost its ordered pattern of folding and was un-
folded in some places, being twisted almost 90 °  and resembling 
transverse sections. Therefore, the physical constraints from the 
older primordia and the opposite primordium enforce the proper 
lamina folding. Interestingly, the excess growth still conformed 
to the space-fi lling rules ( Couturier et al., 2011 ) and stopped 
when the lamina came close to the new boundary of physical 
constraints even at the wounded sites ( Fig. 7D, 7E ). 

length (r = −0.01,  p  = 0.94, N = 23), indicating that the curva-
ture was constant and that only the growing tip curves during 
the growth. The petiole of the leaf was already curved at the 
time of ablation and did not curve farther ( Fig. 5B ). When the 
leaf survived beyond 3 d, all the lobes curved independently 
from one another ( Fig. 4D ). 

 Since technical diffi culties prevented full maturation of the 
leaves in the cultured condition, we theoretically deduced the 
fi nal morphology of the maple leaves growing with or without 
the physical constraints from the opposite leaf ( Fig. 6 ).  The 
number of lobes and sinuses and the angles in between them are 
fi xed due to vein pattern. Each lobe could grow indefi nitely and 
independently from the others. It has been observed for natural 
maple leaves, however, that the fi nal sizes of the lobes and si-
nuses are not random, but follow numerical relations that make 
them foldable to align their margins on one plane ( Couturier 
et al., 2009 ). If we remove the constraint of the opposite leaf, 
the lamina does not grow on a plane, as observed in the ablation 
assay. The resulting mature leaf will no longer hold these rela-
tionships among the shapes of the lobes and sinuses. The kiri-
gami effects separate the successive lobes and sinuses at the 
same angle, making them also nearly equal in size ( Fig. 6A ). 

 Fig. 6. Mathematical prediction of leaf morphology. Shapes of a hypothetical fi ve-lobed leaf unfolded (left) and folded (right). The lobes/folds are 
marked green, the sinuses/antifolds red. (A) A leaf that respects the kirigami constraints and can be folded to align the lamina margin on a plane, as in natu-
rally growing maple leaves. The most lateral lobes  L  1  and  L  5  have the shape of lamina characterized by  α  >  β . The heights of the lobes have the relation-
ships:  L  1  <  L  2 , and  L  5  <  L  4 . The three central lobes ( L  2 ,  L  3 ,  L  4 ) have the same angle  α  with respect to the sinuses/antifolds  S  1 ,  S  2 ,  S  3 ,  S  4 ; so  L  2  =  L  3  =  L  4 , and 
 S  1  =  S  2  =  S  3  =  S  4 . (B) A leaf that does not respect the kirigami constraints and cannot be folded to align the lamina margin on a plane, as observed in the 
ablation experiment. The most lateral lobes  L  1  and  L  5  have the shape of lamina characterized by  α  >  β , but the heights of the lobes have the relationships: 
 L  1  =  L  2 , and  L  5  >  L 4  . The three central lobes ( L  2 ,  L  3 ,  L  4 ) hold the same angle  α  with respect to sinuses/antifolds  S  1 ,  S  2 ,  S  3 ,  S  4 ; however, it is not coherent with 
their respective lengths. For example, in this case,  L  2  <  L  3 ,  L  4  <  L  3 ,  S 2   <  S  1 ,  S  2  <  S  3 , and  S  4  <  S  3 .   
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the two phenomena. The rib cell differentiation that will drive 
the enhanced growth on the abaxial side of the vein begins prior 
to lamina folding ( Fig. 2A ). Therefore, the abaxial hypergrowth 
along the vein can be the driving force for fold formation and 
probably imposes folding on the lamina. As folds tighten, the 
lamina grows and creates the antifolds. The positions of the 
folds are specifi ed by the pre-existing venation, whereas the po-
sitions of antifolds may be decided by the spontaneous folding 
of the extending lamina in the midline between the two folds as 
a topological consequence. The physical constraints from the 
other primordia restrict the space in which the lamina can ex-
tend and would facilitate antifold formation. Small nicks were 
observed on the lamina margin that mark the midpoint between 
two adjacent veins prior to folding ( Fig. 1D, 1E ); such incisions 
could demarcate antifold formation to start at that specifi c 
location. 

 Surgical ablation also indicated the importance of the en-
hanced growth on the abaxial side of the lamina in regulation of 
the space-dependent growth. Because of the excess abaxial 
growth in the proximo-distal direction, a primordium curves 
toward and meets the opposite leaf on the middle plane. Once 
free from the physical constraints imposed by the other leaves, 
a primordium quickly grew into the newly available space while 
maintaining its curvature ( Figs. 4, 5 ), suggesting that physical 
constraints limit the growth at the both adaxial and abaxial sides 
of the lamina. The geometrical calculation predicts that without 
the growth inhibition from the opposite primordium, the lobes 
and sinuses would become less even in shape and size ( Fig. 6 ). 

 The newly gained mechanistic information supplemented the 
original kirigami model ( Couturier et al., 2009 ), which is now 
revised as follows ( Fig. 9A ).  The enhanced growth on the abax-
ial side of the lamina along the veins causes lamina folding. The 
same enhanced growth on the abaxial side curves the primordia 
slightly inward so that the two opposing primordia meet each 
other at the plane in the middle. Proper folding also depends on 
the geometry of the space available for the new primordia to 
grow, which are defi ned by the older primordia in the vicinity 

 A priori this phenomenon could be a wound effect due to the 
surgery. To address this concern, we conducted a partial abla-
tion experiment by removing only the central lobe from one of 
two pairing leaves, leaving all the lateral lobes ( Fig. 8A ).  In this 
case, the central lobe of the intact leaf curved toward where 
ablation took place. The lateral lobes, which were still con-
strained by the lateral lobes of the opposite leaf, grew normally 
and did not curve ( N  = 4) ( Fig. 8B ). Even when the leaf did not 
grow much over several days, a clear curving occurred within 
the fi rst day without any growth ( N  = 8) ( Fig. 8C ), which may 
indicate the presence of residual stresses (i.e., the inhomoge-
neous growth of the different layers of the lamina creates stress 
inside, which was released upon the ablation). If curving were 
a wound effect, the whole leaf would have been affected, as 
well as the half-ablated leaf itself. Moreover, similar curving 
growth is found naturally, when the leaves grow outside of the 
bud and without physical constraints during their development 
( Fig. 8D ). Therefore, ablation-induced leaf curving is a physi-
ological response. 

 DISCUSSION 

 To uncover the biological mechanisms behind the kirigami 
regulation of palmate leaf shape, we observed how maple leaves 
fold and grow during their development. A fl at tissue that ex-
tends more on one side than on the other is geometricaly equiv-
alent to curving or folding the tissue toward the side of less 
expansion. We observed in cytological sections that this abaxial 
growth is concentrated behind the veins and that the asymmet-
ric growth of the lamina along the veins and the fold formation 
are correlated. These correlations point to the possibility of co-
regulation; in other words, abaxial growth along the vein, lam-
ina extension, and folding are all controlled by a common 
regulator. Alternatively, lamina growth may regulate folding or 
vice versa. The fact that folds are not positioned randomly but 
are always localized on the veins suggests dependency between 

 Fig. 7. Histological examination of the ablation effects. Longitudinal sections of tissue-cultured maple shoot apices. The apices were cultured for 3 days 
after surgery. (A) Representative of controls, in which leaves were left inside the bud. The apices were dissected down to 3–4 pairs of primordia before fi xa-
tion. Opposite leaves meet each other in the middle, and the lamina ( L ) is folded in a uniform and ordered manner. (B) Representative of another kind of 
controls in which the apices were dissected down to 3–4 pairs of primordia before culturing. The opposite leaves still meet each other in the middle, but the 
order of the folds is disturbed. (C) Representative of ablated samples in which one leaf was removed from a pair. Ablation resulted in induction of growth 
toward the ablated area. The lamina showed clearly abnormal folding. (D, E) Close-ups of the remaining leaf near the ablation wound. Space-dependent 
growth regulation is apparent even at the wound sites (marked  W ).   
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 Fig. 8. Ablation affects growth locally. (A) Schematics of total and partial ablation. Either the entire leaf or only the central lobe was removed from a 
pair of facing leaves and tissue cultured for a day. Lobes curve into the newly available space independently. (B, C) The central lobe was removed from a 
leaf at two different heights, at lower (B) and higher (C) positions. The central lobe of the intact leaf grew and curved into the newly available space. The 
remaining parts prevented the curving of the corresponding lateral lobes of the intact leaf. Arrows point at the ablation sites. Numbers indicate day(s) after 
dissection. Scale bars = 500 µm. (D) Naturally occurring neo-morphed leaf of  Acer pseudoplatanus , which grew outside the bud. Naturally free from sur-
rounding physical constraints, lobes were loose, and the leaf curved without any ablation. Scale bar = 1 mm.   
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( Fig. 7 ). In normal apices, the division plane between two pair-
ing primordia appears almost fl at, but slightly fl uctuates on 
close inspection ( Fig. 1A ), indicating reciprocal growth limita-
tion all along the margins of the primodia. Two opposing leaves 
inhibit growth of each other and stabilize at the central plane by 
mutual contact, exerting the cutting effect of kirigami. 

 A common mechanism—abaxial hypergrowth along the 
vein—mediates the ways by which the leaves fold their lamina 
and determine the geometry of the space inside the bud and thus 
surfaced as the critical developmental process for the kirigami 
model of leaf morphogenesis. The fact that a common process 
underlies both folding and space-fi lling growth of the primordia 
could explain why folding and the kirigami property coincide in 
evolution ( Couturier et al., 2009 ). Lamina folding along the 
veins in the primordial stages occurred many times indepen-
dently during the angiosperm evolution ( Couturier et al., 2009 ), 
indicating that this evolutionary transition probably does not 
require complicated genetic changes. The observations in the 
maple could apply generally to the other dicotyledonous spe-
cies with kirigami leaves. 

 Surgical ablation also revealed some mechanistic clues on 
how the steric constraints inhibit growth of the primordia. It 
requires fi ne regulation that probably involves perception and 
response to physical contacts ( Williams, 1975 ;  Couturier et al., 
2011 ). The fact that partial ablation could induce local growth 
indicates that spatial exploration takes place locally in each 
lobe and sinus, if not all over the lamina or primordia. Perhaps 
the simplest explanation would be to draw an analogy between 
growth of the lamina in the bud and expansion of a piece of gel 
confi ned inside a box. The gel absorbs water and increases its 
volume until it reaches the surface of the box. The pressure ex-
erted by the wall of the box stops the fl ux of water into the gel. 
It is a passive, spontaneous phenomenon and can occur when 
the force exerted by growth is smaller than that from the physi-
cal barrier. 

 Alternatively, growing primordia may actively recognize 
physical contact with chemical or physical signals. A primor-
dium could sense physical constraints when it is exposed to a 
chemical signal present on the other primordia. Interestingly, 
the maple leaf primordia do not seem to require mutual com-
munication, since primordia showed contact-inhibited growth 

even at the wound sites that lack a normal surface ( Figs. 7D, 
7E, 9B ). The contact regulation could also be mediated by me-
chanical stimuli. Touch stimuli and physical stresses are known 
to infl uence plant growth via modulation of gene activities 
( Braam, 2005 ;  Coutand and Moulia, 2000 ). Repetitive touch 
application inhibits growth throughout the plant body ( Braam, 
2005 ), while a site-specifi c application of loads induced a more 
local response ( Coutand and Moulia, 2000 ). What we observed 
in the maple leaf primordia resembles the latter, since growth 
could be inhibited even at the suborgan levels ( Fig. 8 ). 

 The kirigami model of palmate leaf development entails both 
molecular and nonmolecular regulation of morphogenesis. 
While steric constraints oversee the size and the shapes, the 
numbers and the positions of the lobes are determined by vena-
tion, which is patterned by the dynamic fl ow of the phyto-
hormone auxin ( Nelson and Dengler, 1997 ;  Sieburth, 1999 ; 
 Scarpella et al., 2006 ). The initiation of a lobe or leafl et on a 
primordium starts with local accumulation of auxin, just like 
leaf initiation ( Reinhardt et al., 2000 ;  Nikovics et al., 2006 ; 
 Barkoulas et al., 2008 ;  Blein et al., 2008 ;  Koenig et al., 2009 ; 
 Kawamura et al., 2010 ). It promotes outgrowth, and  CUC  genes 
are expressed on the surrounding area to mark the border of the 
outgrowth. Since the kirigami leaves develop through repetitive 
reiteration of outgrowth (lobe) and border (sinus), it would be 
interesting to see if folds and antifolds can induce or maintain 
auxin accumulation and  CUC  gene expression, respectively. 
Physical forces also infl uence the direction of cell growth and 
division, probably through regulation of the microtubule orga-
nization ( Lintilhac and Vesecky, 1984 ;  Hamant et al., 2008 ). 
We anticipate that future investigations of kirigami leaf mor-
phogenesis will address the integration of chemical and physi-
cal regulation of biological form. 
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