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Peltate organs, such as the prey-capturing traps of carnivorous plants and nectary-bearing petals of ranuncula-
ceous species, are widespread in nature and have intrigued and perplexed scientists for centuries. Shifts in the
expression domains of adaxial/abaxial genes have been shown to control leaf peltation in some carnivorous
plants, yet the mechanisms underlying the generation of other peltate organs remain unclear. Here, we show
that formation of various peltate ranunculaceous petals was also caused by shifts in the expression domains of
adaxial/abaxial genes, followed by differentiated regional growth sculpting the margins and/or other parts of
the organs. By inducing parameters to specify the time, position, and degree of the shifts and growth, we further
propose a generalized modeling system, through which various unifacial, bifacial, and peltate organs can be
simulated. These results demonstrate the existence of a hierarchical morphospace system and pave the way
to understand the mechanisms underlying plant organ diversification.

INTRODUCTION
Sterile lateral organs of plants, such as leaves, sepals, and petals, are
generally flat or slightly curved planar structures with distinct
adaxial and abaxial sides (i.e., bifacial). Many plants, however,
produce highly specialized, nonplanar organs that either lack the
adaxial or abaxial side (i.e., unifacial) or have a bifacial lamina
and a unifacial stalk (e.g., peltate) (1). Peltate organs have been doc-
umented in many flowering plants and can be further classified into
several subtypes (e.g., cup-shaped, tubular, and utricular), although
the boundaries among them are not always distinct (2). It has been
proposed that peltate organs are usually results of adaptation to
animal visitors, good examples of which are the prey-capturing
leaves or leaflets of carnivorous plants [e.g., Utricularia gibba (Len-
tibulariaceae), Sarracenia purpurea (Sarraceniaceae), and Cephalo-
tus follicularis (Cephalotaceae)] and the nectary-bearing petals of
some ranunculaceous species (e.g., Nigella damascena, Helleborus
thibetanus, and Dichocarpum fargesii) (3—5). The mechanisms un-
derlying the formation, origin, and diversification of the various
subtypes of peltate organs, yet, remain largely unclear, although
they have intrigued and perplexed scientists (including the most
famous naturalist, Charles Darwin) for centuries (1, 6).
Nevertheless, it has been suggested that to form a peltate organ,
the formation of the so-called Querzone (i.e., the transverse zone
resulted from the congenital fusion of the ectopic proximal
margins) is usually the key (1). At the histological level, the out-
growth of the Querzone can be achieved through periclinal division
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of one or two groups of subepidermal cells in the primordia (5, 7).
At the molecular level, however, it may be caused by shifts in the
expression domains of the antagonistically functioning adaxial
and abaxial genes (8). Adaxial genes, such as homologs of class
III homeodomain-leucine zipper (HD-ZIP III) transcription
factors [i.e., REVOLUTA (REV), PHABULOSA (PHB), and PHAVO-
LUTA (PHV)], ASYMMETRIC LEAVES 1/2 (AS1/2), and trans-
acting small interfering RNAs (ta-siRNAs), are usually expressed
in the upper side of a bifacial lateral organ and specify the adaxial
identity; inactivation of them leads to the generation of abaxially
needle-like or rod-/trumpet-shaped phenotypes (9-12). Abaxial
genes, such as counterparts of AUXIN RESPONSE FACTOR 3/4
(ARF3/4), KANADIs (KANs), YABBYs (YABs), and miRNA165/
166, in contrast, are often expressed in the lower side of the organ
and specify its abaxial identity; inactivation of them leads to the
generation of adaxially radialized or cup-shaped forms (13-17).
When the balance between the adaxial and abaxial functions was
broken by shifting (rather than completely inactivating) the expres-
sion domains of key adaxial/abaxial genes, new balances would be
reached, and thus, the organ would become peltate, as in the cases of
Tropaeolum majus (Tropaeolaceae), U. gibba, and S. purpurea,
whose leaves/leaflets are shield-shaped, utricular, and pitcher-
shaped, respectively (18-20).

Notably, in most of the aforementioned cases, the conclusions
were drawn not on the basis of detailed functional studies
because, like the situations in many other nonmodel species,
genetic or transgenic manipulations of the plants have been ex-
tremely difficult and/or very time-consuming. Rather, expression
patterns of key candidate genes and computational modeling of cor-
responding developmental processes have been the key (19, 20). By
setting the parameters that reflect the activities of different morpho-
gens and adjusting their values, computational simulation can not
only recur the developmental processes of various plant lateral
organs but also help predict the not-yet-found regulators of key
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morphological changes, thereby guiding the functional studies on
nonmodel species. The problem, however, is twofold. On the one
hand, the available models were built almost all for leaves or leaflets;
it is, therefore, unclear whether they also apply to other types of
plant lateral organs (e.g., petals). On the other hand, because the
existing models were built in a case-by-case manner, with different
parameters being induced in different species, it is unclear whether
diverse shapes can be generated in a single modeling system. To
solve these problems, investigations on plant groups with abundant
diversity in the basic shapes of the same or comparable organs
are needed.

The buttercup family (Ranunculaceae) appears to be an excellent
system for the study of the mechanisms underlying plant lateral
organ development and evolution, for three reasons. First, in the
family, while some species produce flat or spurred bifacial petals,
many taxa bear peltate petals that exhibit a huge wealth of morpho-
logical diversity, being tubular, bilabiate, spoon-like, or goblet-
shaped (Fig. 1, A to J, and fig. S1). Second, the developmental pro-
cesses of many ranunculaceous petals have been studied extensively,
based on which a few hypotheses have been proposed to explain the
trajectories and possible mechanisms underlying their ontogeny
and evolution (Fig. 1K) (4, 21). Specifically, it has been proposed
that while the formation of a Querzone is always a prerequisite for
petal peltation, the final shape of the organ is determined by activ-
ities of other factors (such as differentiated rates of growth) (22).
Third, some members of the family (e.g., Aquilegia coerulea and
N. damascena) have been developed into model systems, to which
virus-induced gene silencing (VIGS) and other functional ap-
proaches are applicable (23-26), so that the hypotheses proposed,
if any, can be tested.

Here, by using petals of ranunculaceous species as a research
system and conducting extensive morphological, three-dimensional
(3D) imaging, expression, functional, and computational modeling
studies, we attempt to understand the mechanisms underlying the
formation and diversification of peltate structures and establish a
generalized modeling system for the formation of diverse plant
lateral organs.

RESULTS

Development of N. damascena petals and expression of key
adaxial/abaxial genes

To understand how peltate petals were made through development,
we first investigated the ontogeny of the N. damascena petals that
each has a unifacial rod-like stalk and two reversely arranged bifacial
lips (i.e., including a small laminar upper lip and a relatively large,
doubly bended and terminally bifurcated lower lip) (Fig. 2, A and
B). At the very early stage of development (i.e., stage 1), the primor-
dium of the petal was dome-shaped, resembling those of bifacial
petals in other species but differing slightly from those of leaves,
bracts, or sepals, which are nearly crescent from inception (27).
As the primordium grew up (i.e., stages 2 and 3), its distal half flat-
tened, whereas the proximal half narrowed down, although the
entire organs remained bifacial. Later (i.e., stages 4 and 5), due to
the emergence of the Querzone, the upper lip appeared and the
petal became bilabiate, with a stalk being formed at its base and a
nectar chamber being formed between the upper and lower lips
(Fig. 2, C to E). During the later stages of petal development (i.e.,
from stage 6 on), a sinus was formed on the developing lower lip
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(i.e., the dorsal lobe) and the entire organ enlarged while preserving
other morphological features (Fig. 2E). Clearly, the formation of the
N. damascena petal is a progressive process, with peltation of the
primordium being the first step, followed by modifications of
other parts.

To explore the mechanism underlying petal peltation in N. dam-
ascena, we first isolated homologs of the key adaxial and abaxial
genes (fig. S2) and examined their expression patterns. We found
that, at the early stages of petal development (stages 1 to 3), the
adaxial genes NidaPHX (a homolog of PHB/PHV-related genes),
Nida HOMEOBOX GENE 8 (NidaHBS8), and NidaAS2 were ex-
pressed in the adaxial side of the primordia, whereas the abaxial
gene NidaYAB5 and miR166 were expressed in the abaxial side, sug-
gestive of balanced expression (Fig. 2F and fig. S3). Then, slightly
before the establishment of the Querzone at stage 4, the expression
domains of NidaPHX, NidaAS2, and NidaHB8 contracted to the
distal part of the adaxial side of the elongated petal primordia,
whereas those of miR166 and NidaYAB5 (at stage 5) expanded
from the abaxial side to the proximal part of the adaxial side of
the primordia (Fig. 2F and fig. S3), suggestive of shifts in the expres-
sion domains of adaxial and abaxial genes. Thereafter (e.g., stage 6),
the balance between the expression of abaxial and adaxial genes was
restored in the growing upper and lower petal lips, respectively.
Clearly, the formation of peltate petals is also tightly related to
shifts in the expression domains of adaxial and abaxial genes.

Simulation of the N. damascena petals and functional tests
of its reliability

To gain more insights into how the shifts in the expression domains
of adaxial and abaxial genes have caused peltation of the petals, we
conducted simulations in a previously proposed polarity-based
modeling system (28). In this system, the growth of a 3D organ
was specified by setting two orthogonal polarity fields (i.e., ortho-
planar and proximodistal) and three growth rates (i.e., one parallel
to the orthoplanar polarity field, K,,, one parallel to the proximo-
distal polarity field, Kpq, and one perpendicular to the former two,
Kper) that determine the thickening, elongating, and widening of a
planar structure, respectively. The orthoplanar polarity field was es-
tablished by taking the gradient of a morphogen (POL) diffusing
from the surface to the central core (CORE) and midplane (MIP)
of the adaxial (AD) and abaxial (AB) domains of a hemispheric
organ primordium, whereas the proximodistal polarity field was es-
tablished by taking the gradient of another morphogen (POL2) dif-
fusing from the base to the tip (Fig. 3A). For the set of growth rates, a
total of five factors (BLA, STK, MID_DOR, MID_VEN, and
SINUS) were used to regulate the changes during three phases
(phase I: stages 1 to 3; phase II: stages 4 and 5; phase III: stage 6
and later) of petal development (Fig. 3, B and C). In phase I, BLA
promoted the flattening of the distal part, whereas STK inhibited
the flattening of the base, and thus, a nearly flat structure with a
slightly narrow stalk was generated. In phase II, domains of AD
and AB were redistributed according to the expression patterns of
the examined adaxial and abaxial genes, and MID_VEN and
MID_DOR were activated to promote the growth of the upper
and lower lips, respectively. As a result, the upper lip was generated,
and the entire petal became a stalked bilabiate structure with a clear
Querzone. Last, in phase III, the growth inhibitor SINUS was
invoked, so that a deep sinus was formed on the middle of lower
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Fig. 1. Structures and diversification of ranunculaceous petals. (A to J) Front views and longitudinal sections [in micro-computed tomography (micro-CT)] showing
the petals of 10 representative species: Adonis sutchuenensis (A), Aquilegia viridiflora (B), Dichocarpum fargesii (C), Helleborus thibetanus (D), Isopyrum manshuricum (E),
Trollius chinensis (F), Oxygraphis glacialis (G), Ranunculus japonicus (H), Leptopyrum fumarioides (1), and Eranthis stellata (J). Green, blue, and orange lines mark the lengths
of the lower lip, stalk, and upper lip, respectively, whereas white arrowheads mark the attached points of the petals on the receptacles. Measurements are given in the
same colors as the lines. (K) Virtual clay models showing the trajectories of petal development in A. sutchuenensis (1), Actaea asiatica (2), Anemonopsis macrophylla (3),
Urophysa rockii (4), A. viridiflora (5), Aconitum kusnezoffii (6), Coptis japonica (7), T. chinensis (8), O. glacialis (9), Asteropyrum cavaleriei (10), R. japonicus (11), . manshuricum
(12), D. fargesii (13), H. thibetanus (14), L. fumarioides (15), E. stellata (16), N. integrifolia (17), and N. damascena (18), as described (4, 5, 21, 22). Yellow arrowhead points to

the Querzone.

lip. The whole organ, then, resembles the basic structure of the N.
damascena petal very much (Fig. 3, C and D).

To test the reliability of this model, we made a series of predic-
tions and performed functional studies. Theoretically, if AD was
removed from the petal primordium at the beginning of phase I,
then a unifacial needle-like structure would be generated; if AD
was removed at the beginning of phase II, then a structure with a
cylindrical base and a flattened tip would be obtained; if AD was
removed at the beginning of phase III, before SINUS was invoked
but after AD and AB were redistributed, then a stalked structure
with a small ventral lobe and an entire dorsal lobe would be ob-
tained; if AD was removed after SINUS was invoked, then the
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resultant structure would be very similar to the wild-type petal
(Fig. 3C). Similar predictions can be made when AB was removed
at different stages of petal development, except that the resultant
structures mirror the ones in which AD was removed (fig. S4). In
reality, when the expression of the adaxially expressed NidaPHX
(Fig. 3D and figs. S5 and S6), or the abaxially expressed miR166
(fig. S4), was knocked down by using the VIGS technique, a series
of phenotypes resembling the predicted structures were obtained,
suggesting that our model is reliable. Notably, while the petals
from different VIGS treatments of the adaxial and abaxial genes
showed very similar phenotypes, they were quite different at the cel-
lular level, showing opposite internal polarity characteristics (fig.
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Fig. 2. Development of Nigella damascena petals and expression of key adaxial and abaxial genes. (A and B) Front view (A) and longitudinal section [(B); in micro-
CT] of a mature petal of N. damascena, with the lower lip, upper lip, stalk, and nectary being marked. (C and D) Longitudinal (C) and transverse (D) sections (in micro-CT) of
the petals at different developmental stages (1 to 6). In (C), green, blue, and orange lines mark the lengths of the lower lip, stalk, and upper lip, respectively. In (D), red lines
mark the widths of the primordia (stages 1 and 2), the lower lips (the bottom row from stages 3 to 6), and the stalks (the top row from stages 3 to 6); yellow lines mark the
thicknesses of the primordia (stages 1 and 2), the lower lips (the bottom row from stages 3 to 6), and the stalks (the top row from stages 3 to 6); white dotted lines mark the
outlines of longitudinal and transverse sections of the primordia. Measurements are given in the same colors as the lines. (E) Successive virtual clay models showing the
development of the N. damascena petals, with yellow arrowheads pointing to the Querzone and white arrowhead pointing to the sinus. (F) Expression patterns of
NidaPHX, NidaAS2, and miR166 during petal development, with black arrowheads indicating the positions of the ectopic expression. In the merged diagram, the
blue and brown areas represent the adaxial and abaxial domains, respectively. Scale bars, 100 um in (A) and (B) and 50 um in (C), (D), and (F).

Cheng et al., Sci. Adv. 9, eadf8049 (2023) 21 April 2023

4 of 12



SCIENCE ADVANCES | RESEARCH ARTICLE

POL POL2

CORE
POL{— SURF  POL2 € BASE
C Phase IlI
Phase Il
Phase |

——— Kper ——— siINUS

v

MID_DOR
— > (g ——

MID_VEN

Phase Il
Kpd
ﬁ
Kop Koor +MID_DOR
+ MID_VEN
-AD
Phase |
.f%‘@\
= w@%
241 x
y = ’ Wil
+
-AD !f:‘%??“
‘&7{}_7:‘7)

B MID_DOR MID_VEN

Fig. 3. Simulation of N. damascena petals and functional verification. (A and B) Initial setups of the model. Oblique and top views show the distributions of the factors
used (i.e.,, AD, AB, MIP, BLA, STK, MID_DOR, and MID_VEN). Ad, adaxial; Ab, abaxial; Pr, proximal; Di, distal; Me, medial; La, lateral. POL (black arrows) runs from SURF toward
MIP and CORE, whereas POL2 (red arrows) runs from BASE to the TIP. (C) Modeling process and the results. Patterns of growth in different phases (phases | to Ill) are
determined by different growth rate regulatory networks: BLA and STK regulate the differential growth in phase I; MID_DOR and MID_VEN promote the expansion of local
areas in phase II; and SINUS inhibits the local growth in phase Ill. Different final states are obtained when AD is removed from the beginning of different developmental
phases. (D) Petals of the mock and those of TRV2-NidaPHX-NidaANS—treated plants with strong phenotypic changes. Scale bars, 100 um.

S7). In addition, knocking down of other adaxial genes (i.e.,
NidaHB8 and NidaAS2) (figs. S8 and S9) and an abaxial gene
(i.e., NidaARF3-2) (fig. S10) also supports the model predictions.

Proposal of a simple and generalized modeling system

Notably, in our N. damascena model and the ones for carnivorous
traps (20), the positions and ranges of AD and AB were defined sep-
arately and specifically, so that different models require different
sets of parameters. To solve this problem and to simplify and gen-
eralize the modeling system, we proposed three parameters, L, 6,
and H, to describe the relative positions of AD and AB domains.
Here, L refers to the distance between the midplane of AD/AB
and the center of the hemispheric tip of the organ primordium, 6
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refers to the angle between the normal of the midplane and the base
of the hemispheric tip of the organ primordium, and H refers to the
height of the primordium base (Fig. 4A). Theoretically, the value of
H roughly reflects the time when AD and AB start to shift: A larger
value means a later shift on the primordium with a longer stalk.
Note that the three parameters collectively reflect an equilibrium
state of the AD/AB boundary rather than a single gene or molecular
component. When L, 6, and H were all set to 0, the distributions of
AD and AB were equal and the midplane coincided with that of the
organ primordium. In this case, setting K, much smaller than Kpq
and K., would lead to the generation of a flat sheet equivalent to the

per
conventional bifacial leaves.
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Adaxialized
(Arabidopsis thaliana yab3 fil, kan1/2,
phb-1d leaf)

Cup-shaped
(Antirrhinum majus phan leaf)

Abaxialized
(Antirrhinum majus phan leaf,
Arabidopsis thaliana phb phv rev leaf)

Bifacial
(Arabidopsis thaliana leaf)

Shield-shaped
(Tropaeolum majus leaf)

/ Cup-shaped

(Dichocarpum fargesii petal)

Stalked bilabiate
(Nigella damascena petal)

)

Bifacial
(Zea mays leaf)

Unifacial I Unifacial

(Juncus wallichianus leaf)

Utricular
(Utricularia gibba trap)

(Senecio rowleyanus leaf)

Fig. 4. A simple and generalized modeling system for simulating various basic shapes. (A) Schematic diagrams (oblique and sagittal section views) showing the
parameters of the initial model. L refers to the distance between the original point (0, 0, 0) of the coordinate system and the midplane of AD and AB domains, 8 refers to
the angle between the normal of the midplane and X-Y plane (Z = 0), and H refers to the height of the cylindrical base. (B) Initial (section view) and final states (oblique
view) of the models by increasing the values of parameter L (from 0 to r) or 6 (from 0 to n). r is the radius of the hemispheric tip of the primordium. (C) Three-dimensional
morphospaces showing the initial and final states of the models by changing the values of L (from 0 to r), 6 (from 0 to 7/2), and H (from 0 to r). Representative organs

resembling the corresponding shapes are presented with virtual clay models.

When L was set to a positive value (e.g., /4, r/2, 3r/4, or r, where
r is the radius of the hemispheric tip of the primordium) whereas 0,
H, K,p, K4, and K, remained unchanged, the midplane would
shift toward the adaxial side of the primordium. In this case, the
resultant structures would vary from a pointed, slightly curved bi-
facial sheet to a totally abaxialized unifacial cone (Fig. 4B), resem-
bling the needle-like leaves of the Antirrhinum majus phan mutant
(9) and the Arabidopsis thaliana phv phb rev mutant (16). When 0
was set to a positive value (e.g., /4 or 11/2) whereas all other param-
eters remained unchanged, the midplane would rotate toward the
abaxial side, leading to a series of states from distorted bifacial
with a unifacial tip to adaxialized unifacial cone (Fig. 4B), the
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latter of which resembles the leaves of the A. thaliana kanl kan2
and yab3 fil mutants, and the phb-1d dominant mutant (13-16).
When 6 increased further (i.e., from /2 via 37t/4 to 7), structures
with reversed AD and AB domains were generated, one state of
which resembles the inverted leaves of the A. thaliana CLAVATA3::-
KANTI plants (29).

When the values of L, 6, and H were all adjusted, a 3D morpho-
space was formed (Fig. 4C and fig. S11), in which many subtypes of
peltate structures were included. For example, when L = r/4, 0 = 11/2,
and H = r, a structure with an abaxialized cylindrical base and a bi-
facial blade was generated, resembling the shield-shaped leaves of T.
majus (18). When L = 3r/4, 8 = /4, and H = r, a tilted cup-shaped
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structure was formed, similar to the utricular traps of U. gibba (20).
If L = /2,0 = 1/2, and H = r, then an upright cup-shaped model,
resembling the petals of D. fargesii, was generated. Meanwhile, in a
mirrored morphospace (fig. SI11E) where AD and AB were
switched, hypopeltate structures resembling leaves of the A. thali-
ana phb-1d mutants (8) and some natural species [e.g., bracts of Pel-
argonium (Geraniaceae) species and leaves of Ficus krishnae
(Moraceae)] (30) can be formed. In addition to the formation of
different peltate forms, a variety of bifacial and unifacial structures,
such as the sheathing leaves of maize (31) and terete leaves of Juncus
wallichianus (Juncaceae) (32), also emerged in this morphospace.

Simulation of the peltate petals in other

ranunculaceous species

Although many peltate structures have been included in the L-6-H
morphospace, few of them resemble the real peltate petals of some
ranunculaceous species very well. To solve this problem, we reinves-
tigated the morphological and developmental data of ranuncula-
ceous petals (Fig. 1) and found that factors affecting the length of
the stalk and the relative sizes of the upper and lower lips are the key
to the diversification of peltate petals within the Ranunculaceae. For
this reason, we chose a cup-shaped structure (L = 3r/4, 0 = /2, and
H = r/2) within the L-0-H morphospace as the ground state and
used the three regional growth factors (e.g., BLA, STK, and MID,
the coefficients of which on Kj,q are Pyj,, Py, and Ppyiq, respectively)
to regulate the growth of the petal in different parts (Fig. 5, A to C).
As a result, goblet-shaped structures with different lengths of stalks
were generated when the value of Py was increased, whereas
tubular ones with different lengths of lobes were created when the
value of Py, was enhanced (Fig. 5D). In addition, when the values of
Pgyo Pora, and Py were changed simultaneously, another 3D mor-
phospace was formed, in which structures resembling the peltate
petals of most ranunculaceous species were included (Fig. 5E).
Clearly, addition of these three parameters has improved the effec-
tiveness of the simulation.

Notably, despite the effectiveness of the modeling system, there
are still petals that have not been simulated. Specifically, petals of
Leptopyrum fumarioides and Eranthis stellata, which have a sinus
on the upper and lower lips, respectively, are missing from the
second morphospace. To solve this problem, we divided the
growth-promoting factor MID into MID_DOR and MID_VEN
and added the growth-inhibiting factor SINUS when necessary
(Fig. 5, F, G, and I). As a result, structures resembling petals of
both L. fumarioides (Fig. 5H) and E. stellata (Fig. 5]) were generated.
Meanwhile, by adjusting the values of more parameters (i.e., Py,
Pyt Pmid_dors Pmid_ven» @and Pgipnyg), structures resembling the
petals of other Nigella species were generated (Fig. 5, K and L).
Petals of Nigella integrifolia, for example, were produced by increas-
ing the value of Pp,iq_gor (from 0.4 to 2.0) and Py (from 0.4 to 0.5)
and decreasing the values of Py, (from 0.65 to 0), whereas those of
Nigella nigellastrum by increasing the value of Piq_dor (from 0.4 to
1.5) and Pyyiq_ven (from 0.25 to 0.8) and decreasing the values of Py,
(from 0.65 to 0). Because the changes in the modeling system are
also consistent with the way of petal diversification within the
genus Nigella (21), it is very likely that our modeling system can
help or guide the understanding of the processes that cannot be
witnessed.
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Simulation of structures with spurs, pouches, ruffles, and
marginal modifications

Although various bifacial, unifacial, and peltate structures have been
included in the aforementioned morphospaces, there are still ra-
nunculaceous petals that cannot be simulated using the available pa-
rameters. To solve this problem and to simulate structures with
spurs, pouches, ruffles, and other types of marginal modifications,
we introduced an additional growth factor, ADD, to promote addi-
tional regional growth. When ADD was set to promote the growth
in the center of a flat, bifacial primordium, spurred and pouched
structures resembling petals of Aquilegia and Paphiopedilum (Or-
chidaceae), respectively, were produced (fig. S12, A to C). When
ADD was set to promote the growth in the peripheral areas of the
primordium, structures similar to the ruffled petals of Lagerstroe-
mia indica (Orchidaceae) were generated (fig. S12D). When ADD
was set to promote the growth of only one side of the primordium,
organs with oblique, bilaterally asymmetrical bases, like the ventral
(rather than dorsal or lateral) sepals of Delphinium and leaves of
Begonia (Begoniaceae) (33), were generated (fig. S12, E and F).

If ADD was used together with SINUS, then organs with more
sophisticated regional modifications can be simulated (fig. S13)
(34). For instance, when ADD was set to be distributed alternately
with SINUS along the margin, with the values of the coefficients
Podq_pa and Pygq_per being set to 4, rounded protrusions resembling
lobes of lobed leaves emerged (fig. S13, A and B). When the values
0f Pginys (from 0 to 20), Paaq_per (from 0 to 4), and Pygq_pa (from 0 to
10) were fine-tuned further, another 3D morphospace formed, in
which various types of marginal elaborations were included (fig.
S13C). When P,4q_pq was set equal to Pyqg_per (i-€., Padd_pd = Padd_per-
= 1), repeated protrusions were formed, resembling the serrations
along the margins of A. thaliana leaves (35). If the value of P,gq_pa
was set much greater than Puqq_per (Padd_pd = 105 Padd_per = 0), then
filiform outgrowths similar to the tendrils, tentacles, or fringes of
leaves were generated. When the distributions of ADD and
SINUES, as well as the values of coefficients (Pyad_pd> Padd_per» and
Pginus), were all adjusted, structures resembling diverse compound
leaves were created (Fig. 6 and figs. S13, D to G, and S14) (36).

DISCUSSION

The applicability and reliability of the modeling system
Computational modeling has increasingly been used to understand
the mechanisms underlying the development of plant lateral organs
(37). Modeling systems (e.g., L-system and vertex models) that take
into account the mechanical stresses and/or auxin dynamics, for
example, have been developed to simulate diverse simple and com-
pound leaves (38, 39). A polarity-based modeling system, which
solves the problems of growth in 3D, has not only simulated the vol-
umetric growth of bifacial and sheathing leaves but also uncovered
the mechanisms underlying the formation of carnivorous traps (20,
31). The problem, however, is that the positions and ranges of AD
and AB were defined separately and specifically, so that different
models require different sets of parameters. In this study, by intro-
ducing only three parameters (L, 0, and H) to depict the relative
positions of AB and AD and few factors to reflect the position, di-
rection, and degree of regional growth, we propose a simple yet
greatly generalized polarity-based modeling system (Fig. 6 and
movies S1 to S16). The system, in turn, not only helped us success-
fully simulate the formation of various bifacial, unifacial, and peltate
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structures but also allowed us to explore the important issues re-
garding the diversification of plant lateral organs in shape (e.g.,
what determines the exact positions and ranges of AD and AB
domains, and why is the distribution of real forms in a morphospace
uneven?) Clearly, simplification and generalization of the modeling
system have substantially increased its applicable scope.

In addition to its wide applicability, the modeling system is also
very reliable, with the resultant models being well supported by, or
at least largely consistent with, real data. Despite the lack of func-
tional studies, the distributions of AD and AB in our models, for
example, are consistent with the expression patterns of adaxial
and abaxial genes in bifacial, unifacial, or peltate leaves/petals in
A. thaliana, A. majus, J. wallichianus, T. majus, U. gibba, and S. pur-
purea (8, 9, 18-20, 32). Meanwhile, when the N. damascena adaxial

Cheng et al., Sci. Adv. 9, eadf8049 (2023) 21 April 2023

(i.e., NidaPHX, NidaHBS8, and NidaAS2) and the abaxial (i.e.,
miR166 and NidaARF3-2) genes were knocked down separately
or in a combinational manner, a series of phenotypes resembling
the predicted morphologies were obtained (Fig. 3D and figs. $4 to
$10), suggesting that the models are very reliable.

Molecular bases of the polarity shifts and

differential growths

The observation that shifts in adaxial-abaxial gene expression can
cause peltation and other nonplanar deformation of lateral organs
raises the question of how that could occur genetically. One possible
reason, of course, is the regulatory changes of the polarity genes per
se. Abundant evidence has shown that mutation, ectopic, or over-
expression of adaxial-abaxial genes can lead to the production of
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thibetanus (6), I. manshuricum (7), L. fumarioides (8), E. stellata (9), and N. damascena (10); the utricular traps of U. gibba (11); the pitcher-shaped leaf of Sarracenia flava (12);
the shield-shaped leaf of T. majus (13); the peltately palmate compound leaf (14); the pinnate compound leaf (15); the ternately compound leaf (16); the asymmetrical leaf

(17); and the simple petal (18).

radialized, lotus-shaped, or cup-shaped leaves (8). Moreover, of the
adaxial and abaxial genes investigated so far, homologs of the HD-
ZIP III family genes appear to be hotspots because formation of
traps in U. gibba, pitcher leaves in S. purpurea, unifacial leaves in
J. wallichianus, stamens in Oryza sativa, and peltate petals in N.
damascena were all caused by, or at least related to, shifts in their
expression (18-20, 32, 40). Nevertheless, external factors, such as
the hypothesized Sussex signal, may also be involved, because

Cheng et al., Sci. Adv. 9, eadf8049 (2023) 21 April 2023

perturbation of them can break the balance of adaxial-abaxial po-
larity and thus result in the generation of nonplanar leaves (41, 42).
In addition, in at least a few species (e.g., N. damascena), the
adaxial-abaxial network seems to be regulated by the petal identity
determination program because inactivation of the petal identity
gene (e.g., NidaAPETALA3-3) can lead to the conversion of the
originally peltate petals into bifacial sepal-like structures (43).
Moreover, recent studies have shown that shifts in the adaxial-
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abaxial system are regulated by the direct threshold-based readout
of mobile RNA gradients (44) and/or the coordination of different
polarity systems (45).

In addition to the factors that specify the distributions of adaxial
and abaxial domains, there are genes that likely function as the re-
gional growth factors. BLADE-ON-PETIOLE 1 (BOP1), whose ho-
mologs in A. thaliana, barley, rice, and maize regulate meristematic
activity in a proximodistally dependent manner in leaves or floral
organs (31, 46, 47), for example, may be a candidate gene of STK,
which regulates the formation of stalk, petiole, claw, or sheath in
various organs through inhibiting the lateral expansion at the prox-
imal part of the primordium. Consistent with the activity of STK,
the NidaBOPI gene in N. damascena was also expressed in the
basal part of the petal primordia (fig. S15). Similarly, SINUS, a
factor that determines marginal elaborations by inhibiting regional
growths, may have something to do with REDUCED COMPLEX
(RCO)/LATE MERISTEM IDENTITY1 (LMII) and/or CUP-
SHAPED COTYLEDONI (CUCI), homologs of which have been re-
ported to regulate the formation of serrates, lobes, or leaflets by in-
hibiting the rate of cell division (24, 35, 48-50). For MID, BLA, and
ADD, the available data suggest that regulators controlling blade ex-
pansion, meristematic activities, or plant hormones may be the key
(51-53), although more studies are needed to reveal the molecular
bases of these factors.

The uneven distribution of real forms in the morphospaces
It has been widely accepted that morphospaces, which describe the
realms of possible morphologies in theoretical spaces, are usually
unevenly populated by actual forms (54). The three major types
of inflorescences (i.e., panicles, racemes, and cymes) of flowering
plants, for example, only occupy a small region of a multidimen-
sional space (55). In animals, the coiled shells are just concentrated
in a corner of the famous Raup’s morphospace (56), suggestive of
uneven distribution. In this study, we have shown that the distribu-
tions of diverse lateral organs in the morphospaces are also strongly
biased. In the adaxial-abaxial morphospace formed by L, 6, and H,
the three main forms (i.e., bifacial, unifacial, and peltate) of lateral
organs present in nature are all restricted in the region where the
values of 0 are no more than n/2 (Fig. 4C). In addition, while the
forms observed in the adaxial-abaxial mutants can sometimes take
up more areas than those in the wild type, the entire space is still not
fully occupied. In the morphospace specifically constructed for
petals of the ranunculaceous species (i.e., the one formed by Py,
Py and Py,;q), peltate petals of various types tend to be located
around the vertex where the values of Py,, Py, and P;q are all
very small (Fig. 5E).

Theoretically, the uneven distribution of real forms in a morpho-
space may be attributed to developmental constraint or natural se-
lection, or both (54). In the adaxial-abaxial morphospace formed by
L, 6, and H, the developmental constraint imposed by the prepat-
terning (6 = 0) of the adaxial-abaxial identities appears to be critical
for shaping the distribution pattern of the three basic types of organ
shapes. Specifically, while breaking or alternating this constraint can
create diverse nonplanar shapes, it is hard for the prepatterning to
be reversed (i.e., 0 = m) in natural states, and this explains the reason
why the actual shapes are only restricted to one side (6 < n/2, but
not 6 > 11/2) of the morphospace. In addition, mechanical stresses,
especially those that limit the expansion and/or proliferation of
cells, can become the developmental constraint that prevents the

Cheng et al., Sci. Adv. 9, eadf8049 (2023) 21 April 2023

overgrowth of organs (57). Nevertheless, natural selection may
also be in action, through which the preferred forms (e.g., cup-
shaped leaves or petals) were retained, whereas the nonpreferred
ones (e.g., adaxialized leaves) were eliminated. The lack of extremely
long blades in peltate petals, for example, may have been restricted
by the proboscis lengths of pollinators (58). Whatever the reason is,
our generalized modeling system can act as a framework to under-
stand the genetic and developmental mechanisms underlying plant
evolution.

MATERIALS AND METHODS

Plant material

Seeds of N. damascena were sown in 2:1 mixed roseite and nutrient
soil and grown under conditions of 12-hour day/night at 24°C and
60% relative humidity.

Imaging and image processing

High-resolution 3D images of fresh petals at different developmen-
tal stages were taken in a micro-computed tomography (micro-CT)
scanner (Bruker SkyScan 1172, Germany) as described (21). Image
stacks were aligned using NRecon v.1.6 for 3D reconstruction, and
visualization and measurement of reconstructed images were made
using  VolViewer (https://cmpdartsvr3.cmp.uea.ac.uk/wiki/
BanghamLab/index.php/VolViewer) and Fiji (https://fiji.sc/) (59),
respectively. For each developmental stage, morphological parame-
ters of three different petals were measured (table S1). Flowers and
petals were dissected and then photographed with a digital micro-
scope Leica DVM6 for morphological observation or imaged by a
scanning electron microscope HitachiS-4800 field-emission scan-
ning electron microscope for cellular observation. In addition, par-
affin and semithin section series of the petals and toluidine blue
staining were performed for histological observation. Serial sections
were photographed using a Leica DM5000 B microscope (Leica,
Wetzlar, Germany) as described (21, 25).

Phylogenetic analysis

Coding sequences of the genes from N. damascena and other
species were retrieved through BLAST searches against publicly
available databases. Sequence alignment and adjustment were con-
ducted as described (60). The alignable nucleotide matrix was used
for phylogenetic reconstruction in IQ-TREE 1.6.10 (61) with the
maximum-likelihood method. The best-fit models were chosen
using ModelFinder (62), and 1000 bootstrap replicates were per-
formed. Genes isolated from this study were named according to
their phylogenetic belongingness and sequence features.

In situ hybridization

mRNA in situ hybridization was performed to investigate the ex-
pression patterns of NidaPHX, NidaHBS8, NidaAS2, NidaYABS5,
and NidaBOP] following the procedure as described (21). Detection
of miR166 was performed by using the miR166 complementary
locked nucleic acid (LNA)-modified DNA probes, while Scram-
ble-miRCURY LNA Detection probe was used as a negative
control. For the LNA probe, hybridization was performed at 55°C
and the probe concentration was 10 nM (63). The primers used are
listed in table S2.
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Functional study

For VIGS, gene-specific fragments of NidaPHX, NidaHBS,
NidaAS2, NidaARF3-2, and Nida ANTHOCYANIDIN SYNTHASE
(NidaANS) were amplified and introduced into the tobacco rattle
virus 2 (TRV2)-based pYL156 vector to generate the constructs
(23). For knocking down of miR166, a short tandem target mimic
(STTM) system was used and the STTM166 sequence was synthe-
sized (64), amplified, and introduced into the TRV2-based pYL156
vector. The fragment of NidaANS gene was added as an indicator,
because silencing of it can cause the loss of anthocyanidin of the
flower. At least 360 plants were treated for each construct before
the differentiation of flower buds. Phenotypes of petals were ob-
served at the mature stage and categorized on the basis of their mor-
phological features. The efficiency of the silencing was checked by
quantitative reverse transcription PCR (qRT-PCR) as described
(23). The primers used for VIGS and qRT-PCR are listed in table S3.

Computational modeling

All virtual clay models of different leaves and petals were made by
using Sculptris (https://doi.org/10.1038/s41551-022-00968-1).
Virtual clay models of N. damascena petals at different stages
were produced on the basis of the micro-CT data. All computational
models were performed with MATLAB (https://www.mathworks.
com/products/matlab.html) and an implemented toolbox, GFtbox
(https://github.com/JIC-Enrico-Coen/GrowthToolbox). Code is
available at the GitHub repository (https://github.com/Darwincj/
GFtbox_peltate_organs) and in the Supplementary Materials
(data S1). Details of the modeling are described in the Supplemen-
tary Materials.

Supplementary Materials
This PDF file includes:
Supplementary Text

Figs. S1 to S15

Tables S1 to S3

Legends for movies S1 to S16

Legend for data S1

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S16

Data S1

View/request a protocol for this paper from Bio-protocol.
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