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The transductions to initiate and

inthe head. The spiral pattern emerges

pattern were

as new florets form in regular centripetal sequence on the fiat disc. The spiral lines of florets arise as rows of simple

bumps. Each bump splits to become a small bract and a circular

isc flower. This topographical progression was de-

scribed by i lectl ppl

1o living tissue. The suitability of various theorles to explain

the progression was examined. Because no periodic cell

was seen by -electron mit prior

to pattern a ism that pi pattern in uniform tissue by spontaneous physical buckling (folding)
was further. Key changes of were in models using the buckling as-
sumptions. In furthef testing, a young head was i to cause it to grow 1. Pattern was modified
as i organ changed as well. In localized regions, the folding was abnormal; the typical

dyad floret, bract and flower, was replaced by a single large bract. This anomaly is known in mutants of sunflower; hence,
We

the physical induced a p!

producing organ pattern, and (2) the accompanying topographical changes can be prereq

INTRODUCTION

The genetically determined characteristics of shoots may be
placed in three ca(egones that differ in the manner of describ-
ing, and plaini 9. lhe In the first

that (1) buckling s a strong candidate to be the process

te to organ differentiation.

Meyerowitz, 1891). A given whorl in a mutant flower develops
a whole number of organs that differ in geometry (but not
necessarily in number) from the wild type, as well as in bio-
chemical For example, in deficiens of snapdragon

category, here termed bi
lar), the feature is characterized by the amount of a particuiar
substance such as a pigment, hormone, or transcription fac-
tor. In mathematical terms, the trait is a simple continuous
variable. A second category, called geometrical, deals with
form and pattern. In contrast to the first category, the phenotypic
character here is often partly described by whole numbers,
e.g., of organs, a discrete or discontinuous variable. An exam-
ple is the influence on phyllotaxis by the mutation pallida in
snapdragon (Harrison, 1964). The mutation increases the fre-
quency of seedlings with three leaves at a node (angular
separation 120°) compared with the normal pair of leaves
{angular separation 180°). The leaves are presumably biochem-
ically identical. Because this phyliotactic pattern is first evident
at the stem apex as a pattern of primordia (bumps), it is a
topographical feature in three dimensions and can be charac-
terized, quantitatively, only by using several variables. The third
group, called i involves both i and two,
usually in close coordination. In such cases, the geometrical
changes correlate with biochemical ones. Homeotic mutants
of flowers are good examples of the third category (Coen and

1 To whom correspondence should be addressed.

and in green pistillate of tomato, stalked stamens are replaced
by sheetlike carpel walls (Sommer et al., 1990; Rasmussen,
1993).

For the first, or biochemical, category, there is no doubt about
the nature of the transduction chain connecting genome to
phenotype. Here, molecular binding and catalysls are the per-
tinent processes. The “before” and “after” states of each
transduction are molecular (e.g., DNA sequence is transduced
to amino acid sequence). In such chains, the controlling fac-
tors and the responding system are similar; the influence of
controls is explainable by molecular inhibition or promotion.
For the geometrical characters presen( in the second and third

ies, however, the hain is not i
Because these features are ultimately controlled by genes, the
early steps in the causal chain must involve molecules in so-
fution. The diffuse, lacking any pattern.
At some point, however, changes in the nature and activity of
such diffusing molecules must lead to predictable changes
inthe geometry of solid tissue. For this transition, the charac-
ter of the controlling elements and of the responding system
are markedly different. This paper addresses two issues: (1)
the nature of the key transduction step from diffusing chemi-
cal influence to physical form and pattern (topography) and




1726 The Plant Cell

(2) the basis of the typical between bi

and geometrical features seen in the combined category. This
coordination may invoive the reverse of the transduction in is-
sue (1), i.e., an influence of structural configuration upon
subsequent molecular synthesis.

The approach was threefold. First, we described the course
of development of ggometrical detail on the surface of the head
of sunflower using a replica technique for scanning electron

1o explain bands of specil in early Drosophila
development (St. Johnslon and Nsslein anhard 1992) and
has been applied to plants (Holder, 1979).

Reaction-Diffusion Theory

The reaction-diffusion theory (Harrison, 1993} assumes no
initial gradient. It is postulated that evenly distributed activa-

that images livie lis. The details
qualitatively with the predictions from three theories of pai-
tern formation. One theory, based on physical buckting
(bending) as a spontaneous response to uneven stress in a
flat plane, was selected for further testing. Second, we exam-
ined whether the exphclt assumptions of buckling lnsory, weII
in ing, could l

tor and inhibitor interact to produce
a stable undulating concentration profile. This is a chemical
prepattern (e.g., three peaks in a row). This pattern is used
to designate separate groups of special cells whose activity
produces the physical pattern (Figure 1B). This conversion has
the attractive feature that similar concentrations (peaks) give

of configuration change seen on the sunflower head. Thls is
aquantitative test of the plausibility of buckling theory for mor-
is. Third, i physical ints were
applied to the developing head to modify the buckling process.
The effects on pattern and organ identity are described. Our
simplest interpretation of the data is that physical buckling is
akey ion step. Also, of buckling are
likely to influence gene expression and thus be involved in the
coordination seen in the third, or combined, category of shoot
«characters, Background on pattern formation and on morpho-
genesis in sunflower precedes the Results section.

Background: Theory of Pattern

Pattern formation is a long-standing probiem in the theory of
development (Sinnott, 1960; Held, 1992). In each of the three
main theories, the key step, the origin of periodicity of tissue
structure, has a markedly different basis {e.g., biological, chem-
ical, or physical). To facilitate comparison, we present the steps
by which each theory converts a model band of undifferen-
tiated cells into a row of three dnfferemlaied primordia. In each
case, the initial state ical features
derived from antecedent molecular activity. In each case, the
row of primordia arises synchronously.

Positional Information Theory

This theory (Held, 1992) assumes that a gradient of diffusing
molecules is evaluated by cells so that cell position is defined
by a specific concentration, as shown in Figure 1A. Cells at
in concentrations become unique and, through cellular
ity such as periclinal division and growth, bring on overt
mor is. There is no peris in the diffusing com-
pound that serves as reference, but there is development of
a periodic prepattern of special cells anticipating the ultimate
topography. The final step, usually not defined in detail, is a
congruent transfer of pattern from unique cell groups in a plane
to unique three-dimensional morphology. The initiation of pat-
tern is based on cell interpretation of smooth gradients, and
hence is biclogical. A version of this theory is effectively applied

similar Thereisa transfer of pattern from
unique cells to unique morphology. The nature of this last step
is often left undefined (Meinhardt, 1982). Pattern initiation is
chemical.

Buckling Theory

Buckling theory (Green, 1992) assumes that a simple chemi-
cal gradient exists across the initial strip (Figure 1C). This
chemical gradient is first converted congruently to a physical
yielding gradient, just as growth hormone gradients are con-
sidered to produce physical wall loosening gradients (Ray,
1993). The simple nonperiodic expansion gradient in the ini-
tial flat plane is converted by spontaneous physical buckling
(folding or ing) into a periadic thi i con-
figuration of the surface. The conversion is well known in
engineering and is explained by the plate bending equations
of von Karman (Szilard, 1974). The 80° relation between gra-
dient and pattern is appropriate because in piant apices the
histological gradients (e.g., central and peripheral zones) are
radial, whereas the primordia arise along the circumference.
In the buckling proposal for the transduction, the special cells
associated with the tip of each bump are considered to arise
later. This is by mechanisms sensitive to the folding process,
e.g., an activation by stretch receptors (Hsieh et al., 1992) or
to the new topography itself (Green, 1989). Note that pattern
initiation and morphogenesis are combined in a single step.
In contrast to the other theories, no periodic prepattern of spe-
cial cells in the flat plane is necessary for the origin of the
undulating morphology.

Ali three theories can be modified to account for the propa-
gation of pattern because adjacent preexisting structure can
influence the initiation process. To explain pattern extension
in phyllotaxis, it has been traditional to assume that formed
organs produce a diffusing inhibitor. New organs are rapidly
established by special cells when and where new sites of mini-
mum inhibition appear (Mitchison, 1977; Schwabe, 1984). There
are many successful simulations using this chemical inhibi-
tion concept. This mechanism is compatible with the first two
theories for the origin of pattern, which are relatively well es-
tablished. There are several rationales for investigating whether
the newer third theory is also compatible with a “mutual
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repulsion” First, with the possibl of cells
failing to express knotted in corn (Smith and Hake, 1992), spe-
cial cells have not been recognized to anticipate pattern in
shoots. Hence, a theory not requiring them is of interest. Sec-
ond, because shoot organs typically arise from several scores
of cells (Smith and Hake, 1992), a theory that has the initiation
process involving an area, rather than an idealized point (e.g.,
Douady and Couder, 1992), is more appropriate. Third, the
known suppressing effect of a bump in a physical sheet on
the bending nearby may account for the spacing phenomena
normally attributed to chemical inhibition.

Background: Sunflower

The disc region of the capitulum or head of sunflower is an
example of the best-known plant pattern: the famous Fibonacci
array of intersecting spiral rows of organs (Jean, 1988). The
sunflower pattern is unusual because the units, florets, are not
single argans such as leaves. Rather, each floret is a highly
reduced branch system consisting of a peripheral (abaxial)
small bract and an axillary circular flower. The disc is thus a
highly compressed inflorescence developing in a plane. The
issue of expression of pattern applies at three scales. At the
largest scale are the spiral lines of elements. There are two
sets of such spiral parastichies, as shown in Figure 2A. The
inward extension of such lines of florets is the phenomenon
of phyllotaxis. Next is the development of the element itself,
the floret, which splits to become bipartite (Figure 2B). Finally
comes the emergence of the floret's two parts, the bilaterally

ical bract and the radially ical flower (Figure
2C). Atthis smallest scale, patiern is a manifestation of organ

Three proposals are shown for how an initial chemical influence leads
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Figure 1. Potential Transductions To Connect Chemical Influence to
Organ Pattern.

toth jon of a simple band of cells into a row of three differen-
tiated primordia (stage 5). Action refers (o the stage producing physical
periodicity (undulation).
(R) Positional information. A gradient of a “morphoger’” molecule (1)
s interprated quantitatively (2) by all cells. Those with certain values
become special () and bring on the upward folding of tissue (4). The
periodicity first originates in the cellular interpretation step.
B) Reaction diftsion. A uniform mixture of activator and inhibitor (open
d closed produces three peaks of high con-
centration (1). The peaks define three groups of cells (2 and 3), which
bring on upward folding (4). Periodicity first arises through chemical
kinetics,
(C) Buckiing. The initial chemical gradient is across the band (1) and
leads (o an imbalance of tendency to expand in the flat plane. Dilute
i low yielding; igh yielding. This
unbalanced physical state brings on the spontaneous undulation of
the band, giving perlud\cliy (2). Assurning the cells are Uansversely
(dotted lines) is pos-
sible around the base but not at the tip of dome where slignments
conflict: cells there bacome different (4).
Conc., concentrated; Dil., dilute.
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Figure 2. Casts of Replicas of the Disc Region of Living Sunfiower
Capitula.

(A) Low power. The developmental progression is from tissue without
surtace ditferentiation, below, lo weil-formed dyads, above. The gener-
ative zone (GZ) is an arclike region in between. For the florets at the
periphery, the small spherical object is the tip of the bract; the large
one is the disc flower. A single large involucral bract is above. Two
spiral parastichies (asterisks) and a head radius (dashed lins) are
shown. Bar = 200 um.

(B) Developing fiorets. Each starts as a parallelogram delimited by
pairs of parallel parastichy lines (lowar Ihmh) Al the same haight on
the page. th (C) de-
velops in the upper, oider forets. The upp-r(mmal}pm of each fioret

identity. stages in thi of
detail are encountered as one examines tissue ever farther
from the center of the head, as shown bottom 1o top in
Figure 3A.

The picneering work of J.H. Palmer and his associates (e.g.,
Palmer and Steer, 1985) shows that in young sunflower heads
floret initiation occurs on an expanse of tissue that is devoid
of obvious pattern. The inward passage of a circular “genera-
tive zone” converts this apparently featureless tissue into the
characteristic array of complex organs. Their work has shown,
remarkably, that newgensrauva zones can be initiated by ver-
tical cuts in the undi region. Bi ap
sides of the cut, apparently as a wound response. Compara-
ble large bracts can appear throughout the central area in
certain mutations (Schuster, 1985), so the cuts induce appar-
ent phenocopies. Florets are then made in either a centripetal
or centrifugal direction on the head (Palmer and Marc, 1982;
Hernandez and Palmer, 1988). The florets are normal but their
pattern is irregular. The disc center is therefore demonstrably
labile with regard to the pattern of elements to be formed and
1o the geometrical features within the organs in the pattern
(flowers versus bracts). Thus, the sunflower is attractive for
the study of how pattern is expressed.

at both

RESULTS

Progression in Surface Topography

Development of surface detail within the generative zone is
followed by examining structures outward, radially, from the
center of the developing head, as shown in Figure 3A. The
first evidence of a primordium is its appearance as a subtle
tissue undulation, approximately in line with two rows (parasti-
chis) of older T pattern is roughly
sinusoidal (crest, trough crest) in a circumferential dnrectian.
as well as in th tion. High-resolution i
tran microscopy images of the central region were examined
for any pattern of variation in cell outline, defined by anticlinal
walls, that would anticipate the pattern of the bumps. None
was observed. Another test for an anticipatory prepattern is
to lock for special activity at a primordium site, activity that
might not be evident in an image taken at a single time. In
atime series of surface images, we examined retrospectively
the site of origin of a single bump, looking for unusual surface
histology (Figures 3B to 3D). None was detected.

Soon after initiation, the bump appeared somewhat like a
ccomet, with a high point toward the periphery of the capitulum

becomes a disc flower bract (FB), and the lower part becomes a disc
fiower (DF). Bar = 40 um.

(C) Adyad fioret at hi bract (F

10 a disc flower with a floral w-ul\l (FC). Bar = 50 um.
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Figure 3. Scanning Electron Microscopy Casts of Living Generalive Zanes.

(A) The transition from calls unditferantiated in surtace features, below, to dyad flarsts, above, is a continuous slaboration of topagraphy. There
is no periodic cell configuration anticipating bump formation. The center of the head lies off the image; it would be below the figure. F, florat;
FB, floral bract; DF, disc flowar. Bar = 100 um.

(B) to (D) Sequential daily images of a given generative area. Arrows point to individual cells. Part of the region between them develops into
a floret (). There s no visitle surface cell activity associated with the floret initiation. The flekd bulges with sinusoidal periodicity, C (crest). T
(traugh}. C (crest), horizontally across the field as well as vertically. Bars = 50 um.
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and a vanishing “tail” toward the head center (Figure 3A). The
high pointis the oldest part of the bump, because the genera-
tive zone moves inward. At any given distance from the center
of the head, the sharpness of the creases delimiting the bump
was found to be comparable. With increasing distance of the

bump from lhe cemer, this sharpness accentuated until each
of well

be a long triangle. Its base would be toward the periphery of
the head. Plates of such outline bend more readily in their
broader regions. The growth process itself (producing excess
surface) was incorporated by applying radial compression, as
shown in Figure 4A. After modest compression, an undula-
tion was seen at the broad end; it “vanished” as the narrow

bump bya
(Figure 2B). These parallelograms were in a configuration that
‘extended the large-scale pattern. When a spiral array was ex-
amined, the florets were skew parallelograms (Figure 2B).
‘When simple alternate packing was seen, the florets were
rhomboidal (Figure 3A, center).

Each parallelogram developed a transverse crease (top of
Figures 2B and 3A). Its long axis was parailel to the circumfer-
ence of the head, in contrast to the creases that delimited the
parallelogram, which were oblique. The subdividing crease
was thus parallel to the generative front and across the length
of the floret. The peripheral (older) bump became a bilaterally
symmetrical small disc bract, arching toward the head center.
The inner bump was round, becoming a circular flower with
five petals (Figure 2C). There is thus a continuous cascade
of folding that transforms an apparently featureless field of sur-
face cells into bumps that extend a large scale pattern of
complex elements.

Simulation of Certain Steps in the Progression

We investigated the possibility that the observed sequence
in sunflower reflects phenomenolagy known in engineering
for inanimate sheets. Buckling, often a sudden yielding, is the
bulging response of a flat sheet to an imbalance of surface
expansion in its plane. An inanimate plate, when confined at
its margin and subjected to increasing pressure from below,
will develop a ion of bulges in a well-defined pattern
(Szilard, 1974; Green, 1992). In plants, it is posslble that the

end was (Figure 4B). As
was applied, the surface retained the original bumps and ex-
tended the undulation inward (Figure 4C). This resembled the
inward radial advance of the generative front as seen in suc-
cessive images in Figures 3B to 3D.

The propagation of a two-dimensional array with alternat-
ing elements, as seen in nature and as shown in Figure 3A,
was simulated under different boundary conditions for tech-
nical reasons. Here, two bumps were artificially added at the
start, as shown in Figure 4D. The expansion activity of the
generative zone was simulated by adding the equivalent of
heat to a localized regicn interior to the pair of bumps. This
gave a band of uniform local expansion. The resulting undu-
lation produced three new bumps exactly out of phase with
the original two. This simulation showed in an inanimate sys-
tem that configuration per se (the initial bumps) can influence
adjacent areas to fold so as to extend an alternating pattern.
In the model, the “inhibitory” action of the initial bumps, rela-
tive to positioning the new bumps (Figure 4E), was brought
on by the plate's tendency to minimize the rate of change in
curvature over space. The descending side of a bump con-
tinued as the descending side of a depression. The minimal
strain energy response could thus propagale alternating pat-
tern. Note that whole numbers of old bumps induced whole
numbers of new bumps. Thus, physical undulation can pro-
vide discrete numbers of structures.

In these simulations, the surface was free on both sides.
Inthe plant, the tunica layer has oorpus oon one side and noth-
ing on the other. Thi diti dditi
of pressure and an “elastic foundation” to one side of the sheet.

tunica layer (Esau, 1953) beh: an sheet, the
corpus exerts pressure, and the patterned primordia are the
resulting bulges.

Although buckling is an exceedingly common phenomenon,
e.4g., giving rise to the saddle shape in a potato chip and to
wrinkles in wet skin, quantitative prediction of shape change
by buckling requires very advanced mathematics. To make the

practical, there the format used
(e.g., boundaries need to be straight; i must be

Thi y the bumps and reduces the depres-
sions to give a more realistic topography. Primordia can arise
in widely separated fashion. However, when only an isolated
excerpt of the patte be simulated, thy

the slope and phase of the undulation anhe |ateral boundary,
an artifact. Hence, until the completion of the simulation of
an entire circular dome where an artificial lateral boundary
doesn't exist, the undulations are presented in their simplest,

small). Hence, the simulations will deal only with excerpts of
the developmental progression.

The gradual emergence of pattern from “nothing,” as shown
in Figure 3A, is characteristic of shoot meristems (e.g., Green,
1992). The corresponding origin of a graded lvw of bumps in
aplate, as an ion with the i ing from
zero, can be simulated. In the simulation, the tissue is trea(ed

form.
Finally, the subdivision of a model floret was s|mula|ed An
Initially skew bjected to (to

generate excess surface) along the head radius (Figure 4F).
The resulting buckling into two similar bumps (Figure 4G)
mimicked crease formation in vivo. The bumps arose simul-
taneously. In the plant, however, the abaxial bump forms first
and nss adifferent fate from the adaxial bump. Selected con-

as a continuum with properties only of

were thus under the simpl

Adefactoil gradient in
to time since passage of the generative front (6.g., bottom to
top in Figure 3A), was incorporated by making the tissue patch

that the response i ofa i react-
ing to conditions where, locally, it has excess surface. No
assumptions involving diffusion or cell behavior were involved.
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Flgure 4. Selected Topographical Transitions on the Capitulum
Surface.

Transduction for Expression of Pattern 1731

In Vivo Responses to Altered Head Geometry

As shown in Figures 5A and 5B, young round heads, which
were confined between fixed parallel bars, grew into ovals. The
generative zone separating the smooth inner head region also
became oval. The new rows of primordia, instead of being spi-
ral, became relatively straight (Figures 5C and 5D). The rows
were roughly paratlel to the constraint.

In certain regions, particularly those near the long sides of
the oval, the details of surface folding were unusual. Instead
of primordia being delimited by parallel creases of equivalent
clarity and depth (Figure 2B), the two sets of creases differed.
One set was strong and delimited rows of primordia; the other
set of creases, "breaking up” the row, was extremely weak in
ccomparison (Figure 5D). The strong creases were roughly par-
allel to the constraint, d assuming surf i

tinued between the fixed i new folds.
This was seen in all five heads given the experimental con-
straint. It was not seen in five controls. In regions with such
folding, many primordia formed as rows of single large bracts,
the blades nesting roughly normal to the row, with no indica-
tion of flower formation, as shown in Figures 6A and 6B. The
bracts were roughly twice the normal size. In regions at the
ends of the oval, normal bipartite florets were seen (Figures
6C and 6D). The very central region of constrained heads had
parallel rows of organs (Figure 6E) or had disorganized florets
(Figure 6F). Individual heads imaged when small, as shown
in Figure 7A, were examined later. They showed mature bracts
in the unusual location and in an unusual stacking pattern
{Figures 7B to 7D).

On three of the five manipulated heads, individual trumpet
flowers that were the size of ray florets but had the symmetry

The th

derived on thatan
inanimate surface folds to accommodate excess surface within it in
away that minimizes the strain energy of the sheet. There are no as-
sumptions involving cell activity or diffusion.

(A) A long triangular strip, inside the darl , will be subject to an
in-plane load along its axis. The triangularity gives a gradient of re-
sponse (high at right). This simulates the presumed gradient of
extensibllity in the generative zone, which in this example would be
moving from right to left.

(B) At low load (arrows), the broader part buckles into an undulation
that falls to zero to the left.

(C) Ata higher load, i far
ing amplitude. This prodt of
the development of natural undulations in Figures 3B to 3D.

(D) The initial surface has two bumps artificially built in as shown.
Nonperiodic expansion is artificially generated in the indicated zone.
(E) The resulting minimal energy surface has three new bumps alter-
nating with the original two, The latter set the phase of the new
undulation. This parallels the spacing process in Figure 3.

P Th i the floret i C

16 growth) is applied along a radius to an initially flat skew parallelo-
gram (dark lines).

(G) The three-dimensional image of the resulting minimal energy re-
sponse is shown. Note that the new crease is at right angles to the
radius. This is the case in nature (Figure 28).

, still with d
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Figure 5. Constraint Experiments on Capitulum Development.

The flower heads and primordia are casts from living plants. Soma casts are trimmed by straight cuts (the plant is nat cu).

{A) Initial round configuration with central undifferentiated region.

(B) Large oval shape after § days of capitulum growth. “&" denotes the area seen in detail in Figures 6A and 6B.
(C) Detailed view to the right of *A" in {B) showing that, at left and right. the parastichy lines are relatively straight and in the horizontal direction.

roughly paralleling the constraints.

(D) The same region 48 hr later, showing that many new bulges do not form parallelograms (arrow).

Bars in () and (B) = 1 mm; bars in (C) and (D) = 250 um.

of disc flowers appeared (Figure 70). Trumpet flowsrs have
been reported as genetic anomalies for the ray area, but ap-
parently not for the disc region of the head (Fick, 1976).

DISCUSSION

Interpretation of Normal Development and the
Physical Simulations

Qur study of the normal development of topography on the
capitulum surface showed that the large-scale structural

pattern is initiated as a gradual undulation of surface to form
bumps. This pattern was not anticipated by a corresponding
pattern of special cells with features detectable by scanning
electron microscopy. Itis possible that an anticipatary prepat-
tern of activity not involving surface featuras exists prior to the
undulation. The anticipation of a primordium by a periclinal
division below the site is sometimes assumed (Esau, 1953),
but this is not widespread. Bump formation can frequently pre-
cede such divisions (Tiwari and Green, 1991). The statement
that divisions in deeper layers initiate floret formation in sun-
flower (Hernandez and Palmer, 1988) was based on an image
of a clearly developed floret and, hence, we interpret the term
“initiate” to mean “accompany”
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S i oA s
Figure 6. Anomalous Pattern and Organ Formation in Constrained Capitula.

(&) and (B} Sequential daily images. Nots that ane set of creases, roughly horizontal, is pronounced. This pronounced set runs paralel to the
constraint and tha generative front. The other set is seen only as subtle undulations on & ridgs. The structure bucklss into primordia, which
are unusual in that they become single large bracts (b) rather than dyad florets. The bracts are in register (arrows) rather than alternating with
disc flowers. Bars = 100 um.

(€) and (D) Development aver 2 days of the central region of the receptacle. Note that many normal dyad flarets are formed at right (arrows).
In this region the generative frant would pass roughly at right angles to the prominent folds as in untreated heads. Bars = 250 um.

(E) Central region with paraliel folds. Bar = 250 pm.

(F) Central region with many bract primordia. Note that ina are at ri 0 itulum center (black dot). This presumably refiects
a causal relation batween orientation of the line of the ganarative front and that of the blade. Bar = 250 um.
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Figure 7. Experimental Setup and Resulting Abnarmalities.

{A) Tha device used to constrain young capitula, saen after 9 days
of treatment, showing the head's oval shape.

(B) Anomalies in a mature capitulum with flowar corollas removed.
Three bracts subtend two ovaries (upper arow). Bracts nest together
(lower arrows). This s the same head depicted earlier in Figures 6A
and 68.

(€) Comparable o (B), but in ancther region of the capitulum. Be-
tween the arrows is an anomalous row of bracts.

Anticipation of a pr by
ical activity is indicated by the report that cells about to form
a leaf in maize fail to express the knotted-1 gene (Smith and
Hake, 1982). Such a prepattern could be generated by a reac-
tion-diffusion mechanism. However, anticipatory periadic
activity was not evident in scanning electron microscopy
studies in sunflower and at present is not widely evident by
other criteria in other systems. For example, homectic genes
for floral organ identity are usually described as acting in a
ring rather than as spots. The buckling theory, which does not
require a periodic prepattern of any sort, is thersfore a plausi-
ble format for interpretation.

In sunflower, we observed an increasingly intricate folding
of the surface. The ion was i
with a repeated buckling process. The product of one round
of folding, creases, could serve as the initial boundary condi-
tions {local constraint at the periphery) for the next round of
bulging (Green, 1992). We suggest that in nature this qualita-
tive cycle is capable of repeating on a large scale, in the
generative front, to extend the double spiral pattern. It could
repeat at ever smaller scales to produce topographical fea-
tures within the slements of the pattern.

Simulations

The simulations using buckling theory were interpreted to show
thal selected episodes in the natural pattern-forming progres-
sion can be reproduced, as far as epidermal configuration is
concerned, on the basis of explicit physical properties of sheets.
The simulation required input only with regard to yielding prop-
erties, thickness, and boundary conditions for an inanimate
plate. Thus, although the plant epidermis is living and cellu-

lar, ty idental to the i tism.

The g of the prereq would of bi

ological. Our proposal is that simple expression gradients are
ical yieldi i and that

the response to the yielding gradient is the process that initi-
ates periodicity. Thus, variation in expression of pattern would
become manifest through variation in the anlecedents to the
buckling process. In contrast to most theories for phyllotaxis
(Schwabe, 1984), the key event would nat be a local activation
at a point on a uniform field, but rather the emergence of a
tissue undulation over an area. This process could wark equally
well at the intracellular level, e.g., producing the rays in the
cap of the alga Acetabularia (Harrison, 1993) and the undula-
tions often seen in anticlinal epidermal walls of leaves. The
qualitative description and the quantitative simulations com-
bine to suggest that a mechanism involving buckling and
creases is plausible for pattern formation.

(D) An unusual "disc trumpet” apparently no previously seen on other
discs. It has the dimensions of a ray floret with the radial symmetry
of a normal disc flowar.

Bars in (A) and (B) = 5 mm; bar in (D) = 3 mm.



A Generative Front in the Drosophila Eye?

The development of the facet pattern in the eye of the fruit
fly presents a striking parallel to that seen for the florets in the
sunflower head. In the eye, a moving furrow is equivalent to
the generative front in that its passage converts a field of un-
organized cells into a highly regular alternating pattern of
recognizable units. The array becomes the hexagonally packed
oommatidia (Wolff and Ready, 1991). Whereas transduction for
cell differentiation in the eye is well understood once the over-
all pattern is clear (number 8 cells induce their neighbors),
how the pattern starts is cbscure. A prepattern grid of appropri-
ately spaced number 8 cells has apparently not been reported.
The pattern arises gradualiy “from nothing,’ as in the sunflower.
The first sign is an alternating pattern of rosettes of cells on
the surface; some cells assume a pie-section shape around
& point to make the rosette. Assuming rosette formation is sen-
sitive to topography, it is possible that the alternating pattern
is propagated through a buckling process, as shown in Figures
4D and 4E.

of the

The treatment of simply constraining expansion in one direc-
tion is expected to accentuate folds normal to that direction
(parallel to the constraint boundaries). This apparently occurred
on the sunflower head. Straight rather than spiral rows devel-
oped. Because diffusion processes are not directly affected
by curvature (or stress), one would expect a reaction-diffu-
sion mechanism to perpetuate the double spiral pattern despite
the constraint.

In further contrast to the normal head, in which all folds at
the same distance from the head center have eguivalent clar-
ity, the constrained heads had strong folds roughly paralle!
to the constraint and weak folds at right angles to it (Figures
6A and 6B). This imbalance appeared to have maximal con-
sequences at local areas in which the generative front ran
roughly parallel to the strong creases. Here, the subdivision
of the floret failed. The floral cascade, both geometrical and
molecular, did not take place. Alternative scenarios for the

folding, e.g., that th int generally activates
stretch receptors that alter transduction chains to bringon the
changed topography, are considered unlikely. The reason is
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mound. This end made a small bract; its axil was the normal
site for flower initiation. In localized regions in the physically

dified th front broad side
of the forming parallelogram, possibly stimulating growth along
this entire side and hence transforming the whole bump into
abract. Any folding appropriate to splitting the primordium and
initiating the flower might be precluded. This failure to split
would not occur generally in the head; hence, most florets
would be normal.

How physical processes could influence later gene expres-
sion is an open question, but the evidence here for such a
link suggests \hat coordmaled davelopmam can be consid-
ered a: Ontheone
hand, chemical patterns are transduced into morphology; on
the other, morphology influences chemical activity, including
gene expression. A scheme of this sort for sunflower, incor-
porating the buckling cycle between two steps in a biochemical
cycle, is given in Figure 8. A key feature in the scheme is that
a new bump in the generative zone has two actions. By its

the bump the posltlon of
later bumps. By its and ion of
i the bump that new bumps will

form nearby. In the proposed scheme, the physical aspect de-
termines where primordia form; the chemical aspect governs
whether they will form. The two main reciprocal activities will
now be discussed with reference to other systems.

Gene Expression Influencing Structure via Buckling

That gene expression can influence structure is attested to
by every morphological mutant. In some cases, a specific role
for buckling phenomena can be readily envisioned. As noted,
in the pallida mutation of snapdragon the normal pairs of leaves
(cotyledons) are replaced by nodes of three leaves. This oc-
curs in up to 21% of the cases (Harrison, 1963). In buckling
theory, the number of bumps (wavelengths) in a strip or annu-
fus is roughly determined by the ratio of length to breadth of
the band. Variation in whole numbers of organs in a whorl
could, thus, be brought on by a change in the propoartions of
the active region. Many flowers with unusually large numbers
of parts are big. Tomato flowers with the mutation fasciated
have roughly four times the wild-type number of carpels; the
gynoecium region has four times the area of the wild type
iak and Sussex, 1992). In perianthia of Arabidopsis,

that the response was localized and dit It

weil with oriented features of the treatment and the genera-
tive zone. That stretch reception could be involved as a
consequence of the abnormal folding (organ identity) is quite
passuble It is proposed that folding pnenamena are likely to
be i early steps in i gan identity as well
as in determining large-scale pattern.

In this study, the origin of the unexpected large bracts could
have a biophysical explanation. In the normal head, the gener-
ative front, presumably an expansion stimulating region, first
interacted with the narrow end of a parallelogram-shaped

larger peripheral floral zones could simply give more sepals
and petals (Chasan, 1993). Alternatively, increasing the ex-
panding tendency could reduce the wavelength for bucl
and give added tions within a constant di icks
and Sussex, 1970).

Interesting cases potentially involving buckling are found
among homeotic floral mutants. In deficiens (globifera allele)
of snapdragon, the third whorl of the flower, instead of form-
ing five isolated stamens, expands into an undulating band
that becomes carpeloid (Figure 26 in Sommer et al., 1990).
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Figure 8. Summary of the Proposal for Key Steps in the Expression of Pattern.

There are four stages (A 10 D), connacted by three converslon sisps. A chemica influence (A) s convertad 1o  ocal imbalance in tendency

bystep 1. Th ical infl d the exp:

periodic. Instep2,a | process,

buckling, produces a periodic bump pattern 10) which ralieves the previous physical lmbalance This buckling process is influenced by preexist-
ing bumps so that new bumps alternate with the old, propagating a pattern. In step 3, the bump (C) matures to its mature configuration (D),
which has transverse reinforcement by cellulose {horizontal lines). This final stage produces the chemical influence that reinitiates the cycle.
The activity of the generative zone in sunflower is proposed to reflect the repetition of such a scheme, which is cyclic for both chemical and

physical components.

In a mutant of petunia (shown as “pin" in Figure 5 of Green,
1992), a more extreme case of failure of whorls to produce in-
dividual organs is seen. Some whorls persist as circular ridges;
others develop as collars. A similar collar structure is seen in
the pin-formed mutant of Arabidopsis and in embryos where
auxin transport has been inhibited (Liu et al., 1993). In all cases,
the failure of an annulus to “break up” into di Id

suggestion to explain the repeated production of florets by a
moving generative front involves a diffusing “tissue softening”
influence coming from recently made primordia. This gener-
ates a zone of increased yleldlng Also, to explam lur(hev cycles
of ‘within a pri

trol of yielding properties on smaller scales seems unavoidable.
In the a role for structure acting on ex-

result from the failure of normal buckling to occur in the cir-
cumferential direction.

in the above instances, genetic variation would act through
its influence on the initial conditions for buckling. In other mu-
tants, there could be an interplay with organ identity factors
already present. For example, in the biind mutation of petu-
nia, stamen tips appear on petals. Assuming applicability of
the concentric annulus model for floral organ identity (Caen

pression is needed to explain the apparent phenocopies where
the expected gene expression for a flower s eliminated.
There are two plausible classes of mechanism for this in-
fluence by structure. The transduction could involve either the
structure per se or the actlvnty that makes the structure. In the
first category are i
(e.g., better gas exchange at crests rather than troughs ofan
undulating surface). There is also the pnsslhll\ty that a static

and itz, 1991), it ible that the organ
set by buckling in this mutant do not coincide with the bound-

hape can be i by torecog-
nize unique sites in tcpogrephy As shown in Figure 1C,
h

aries of the annuli of g Folds could

columns of parallel: csllscan ali have their tra-

mare than one organ identity zone and thus give thy bined
phenotype. Variations in buckling phencmena, superimposed
on other forms of spatial specification, could thus be involved
in various morphological mutants.

Structure ing Gene

To deal effectively with development in sunflower, it is neces-
sary to postulate an influence of new structure on gene
expression, or at least biosynthesis. Two reasons for the postu-
late are based on normal development. The simplest

verse rei ig arrays) paraile!
atthe base of a dome, as shown by dotted circles. This is not
possmle at the top where alignments conflict. Cells able to have

of their with nei would have
one fate. Those unable to coalign, i.e., those at the top, would
have another (Green, 1989).

The other category, in which physical activity influences ex-
pression, currently receives much attention. A prime candidate
in the present context would be an action of local expansion
and shear on stretch receptors (Hsieh et al., 1992). Shear is
predicted at leaf sites (Selker et al., 1992). Shear could influence
ion fluxes and start transduction chains, which could readily
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influence gene expression. Touch can induce the
of calmodulin-related genes (Braam and Davis, 1990). There

electron tubs, and sputter coated. They were examined
in a scanning electron microscope {model 505; Philips, Eindhoven,
The

are many pl

in animals. Most tissue culture cells will not divide without me-
chanical to a solid ; bone ication is
promoted by shear acting on (Carter

etal., 1988), and subtle shear forces can stimulate the me(ab~
olism of cells (Frangos et al., 1988). has

at 10 KV and photographed. This replica method
was applied daily to 20 flowering plants for a period of 15 days. Struc-
ture on such plants was indistinguishable from that seen in piants
exposed to the method for the first time.

been shown to occur at the cell surface (Wang et al., 1993).
There is thus no scarcity of potential links from physical
phenomena to gene expression. With plausible links in both
directions (chemistry to physics, physics to chemlsvy), one
be-

of Lateral

In five plants, lateral constraint was applied to capitula by a specially
devised clamp made with paraliel plastic bars supported by metal pins,
as shown in Figure 7A. This treatment was applied after removing the

can view morphogenesis as involving cyclic it
tween expression and morphogenetic activity. We conclude
that the buckling phenomencen, occurring after blolcgucsl ac-
tivity has established the appropriate physical i is

last formed d involucral bracts in capitula at floral state
(36 to 38 days after emergence). Over a period of 9 days, this proce-
dure induced the growth of an initially circular capitulum (Figure 5A)
into an oval-shaped one (Figures 5B and 7A). Molus and casts were

acandidate to be a key process in the transductions that initi-
ate and propagate pattern. Further, the undulation process,
or the resulting structure, is likely to have an influence on sub-
sequent synthesis. Such reciprocal exchanges, occurrlng in
a cascade, could explain how ical and bi

features normally develop in tight coordination.

METHODS

Plant Cultivation

Sunflower plants (Helianthus annuus cv Cargill 208A) (Cargill Hybrid
Seeds, Fargo, ND) were grown in 2-L plastic pots containing a soil-peat
mixture (1:1) In chambers at Stanford University (Stanford, CA). The
growth conditions were an 18-hr photoperiod at 580 umol m~2 sec™
lightintensity at the canopy height, with 28°C day-night temperature.
Plants were watered daily and fertilized to maintain an optimal level
of nutrients.

Starting at floral stage 5 of Palmer and Marc (1982), 1.e., 33 to 35
days after seedling emergence, the last formed apical leaves and in-
volucral bracts were removed and the incipient fioral meristem
(receptacie) exposed. The generalive zone was separated by 8 to 10
normal florets from the area of removed bracts. Hernandez and Palmer
(1988) have shown that bract removal does not affect the subsequent
development of the inflorescence to maturity.

Sequential Scanning Electran Micrographs of the Meristem

Using the technique of Gresn and Linstead (1990), sequential replicas
of a single reespmcle surface were obtained durlng floret formation.
This ot affect periods
of more than Iodays( etal., 1991). T!

meristem surface was covered daily with a viscous impression mix-
ture (Kerr's Mirror 3; Kerr Manufacturing Co., Romulus, M) to make
aprimary replica. After 15 min of polymerization, the now firm replica
was gently removed wlm Meezevs. To protect the apex from desicca-
tion, with a cap made
from wet tissue paper and aluminum foil. The mold was inverted and
affixed to a slide, and a cast was made. The molds were completely
filled with resin (Spurr, 1969) and placed in an oven at 60°C for 48
hr. After hardening, the casts were trimmed, mounted on scanning

made daily and

tron &

as they grew.

Computer

Minimal satisfy the two differential equa-

tions of von Kérman (Szilard, 1874). The simulations involve the
spacification of an initial configuration and load as the “before” situa-
tion. The transduction to the “after” condition is the production of the
surface that is the minimal energy configuration that accommodates
the load. The deformation is elastic and is assumed 1o correspond
10 & small step of growth.

The von Karman equations involve fourth derivatives and are non-
linear. Their solution is expedited by use of the fast Fourier transform
The initial topography, yielding properties, and boundary conditions
are translated into Fouriar space. That is, surface topography is en-
coded in the form of an interference pattern between evenly spaced
grid lines in perpendicular directions. Once in the Fourier domain, the
response of the surface to load is more.readily caleulated. Succes-
sive approximation methods have to be used. Once convergence is
obtained, the new Fourier coefficients are used to construct the topog-
raphy of the resulting surface (C-H. Wu, unpublished data). The
methodology is evolving and current procedures are available upon
request. They are the Ph.D, dissertation project of Mr. Cheng-Hsiu W,
Department of Mechanical Engineering, Stanford University, Stanford,
CA. The work is under the direction of Prof. Charles Steele.
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