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ABSTRACT

The mechanism for initiation of lateral organs in the
shoot apical meristem is still unknown. In this article
we investigate one critical component of a buckling
mechanism of organ initiation (that is, the presence
and distribution of compressive stresses in the mer-
istem). Direct evidence for compression in the sun-
flower capitulum was obtained from the gaping pat-
tern of shallow cuts and the propagation of frac-
tures. Cuts gaped widely in the central region of the
capitulum but remained closed, or nearly so, in the
generative and differentiation regions, suggesting
the presence of circumferential compression at these
locations. Fractures were initiated in the generative
region and propagated circumferentially over most

of their length. They did not cross the generative
region perpendicularly, suggesting again the pres-
ence of compressive stresses in the circumferential
direction. This conclusion was confirmed by the
stress distribution computed from the geometry of
the capitulum at three stages of development. One
interpretation of these results is that the generative
region corresponds to a zone of compression that
could control the initiation of new primordia by
means of buckling of the tunica layer.
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INTRODUCTION

To say that organisms experience mechanical forces
is as much a truism as to say that they are made of
chemicals. However, the significance of these forces
remains, for the most part, to be established. This
situation reflects not so much the fact that mechani-
cal forces have a minor role in biology but rather
that they have received much less attention com-
pared with, for example, biochemistry and molecu-
lar biology, where phenomenal advances have been
made. Nevertheless, there is growing evidence for

the importance of mechanical factors in many as-
pects of biology (see, for example, Beloussov 1998;
Chen and others 1997; Hejnowicz and others 2000;
Lintilhac and Vesecky 1984).

The role of mechanical factors in plants has been
considered from a variety of standpoints. One im-
portant standpoint deals with the mechanical con-
straints imposed on plant growth, especially those
pertaining to the stability of supporting structures
(stem, petiole, and so on) (Niklas 1992; Romberger
and others 1993). These considerations show how
the laws of physics and mechanics set the limits
within which plant structure can evolve and remain
mechanically stable. A second standpoint considers
how plants, during their evolutionary history, have
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“discovered” and made use of some engineering
principles to achieve specific purposes. A familiar
example is the use of turgor pressure for the opening
and closing of stomata, a direct application to guard
cells of the principles dictating the deformation of
pressure vessels (Aylor and others 1973; Cooke and
others 1976).

Of special interest here is how plants may have
evolved to make use of mechanical factors during
development. This has been a major theme in Paul
B. Green’s career (see, for example, Green 1994,
1999) and places his work in line with the tradition
established by S. Schwendener (1874, 1878) and
D’Arcy W. Thompson (1942). One application of
continuum mechanics to plant development con-
cerns the initiation of lateral organs in the shoot
apical meristem. We consider in this article how me-
chanical buckling can explain primordium initiation
in the sunflower capitulum. As background to our
work, we briefly review the development of the sun-
flower capitulum and the buckling model for pri-
mordium initiation.

DEVELOPMENT OF THE
SUNFLOWER CAPITULUM

The development of the sunflower inflorescence
(capitulum) has been subdivided into 10 floral stages
(Marc and Palmer 1981) during which the shape of
the meristem changes substantially (Figure 1). Be-
tween floral stage 1 (FS1) and floral stage 2 (FS2),
the meristem starts enlarging and is dome-shaped.
At floral stage 3 (FS3), the first involucral bracts are
initiated at the periphery while the meristem dome
becomes more shallow (flatter). Starting with floral
stage 4 (FS4) the meristem takes on a saucer-like
shape and keeps this characteristic shape for the re-
maining stages. The initiation of the first florets
marks the beginning of floral stage 5 (FS5), and by
the end of floral stage 7 (FS7) the whole capitulum
is covered with floret primordia. The florets are ini-
tiated in an annular region, the generative region, that
moves slowly toward the center of the meristem. At
the same time, expansion of the central region pushes
cells toward the periphery. For a period of several
days, encompassing FS5 to FS7, these two processes
balance each other and the size of the generative
region remains nearly constant (Palmer and Steer
1985). Finally, at the end of FS7, surface expansion
is reduced and the generative region moves inward
until the capitulum is fully covered with floret pri-
mordia. The remaining stages (FS8–FS10) account
for the differentiation of florets, but no new primor-
dia are initiated.

One significant feature of the initiation process is

that the distance between neighboring floret pri-
mordia is fixed. Consequently, the pattern must ad-
just to fit the changing size of the generative region.
This results in the decreasing sets of intersecting spi-
rals characteristic of the mature sunflower head.
Typically, the numbers of spirals running clockwise
and counterclockwise are members of the Fibonacci
sequence. This mysterious feature has attracted at-
tention from botanists for more than two centuries
and is one of the long-standing questions of struc-
tural biology (see Jean 1994). In this article we are
not so much concerned with explaining the pattern
as to find evidence for the mechanism of primor-
dium initiation. To date, no consensus exists on the
nature of the initiation mechanism let alone the de-
tails of the process. The mechanisms proposed have
ranged from purely chemical ones to purely me-
chanical ones. We describe in the following the basic
features of the buckling model for primordium ini-
tiation. Reviews of other models can be found in
Schwabe (1984) and Adler and others (1997).

BUCKLING MODEL FOR
PRIMORDIUM INITIATION

Engineers define mechanical buckling as the out-of-
plane deflection of a surface caused by in-plane
compression. A familiar example dear to Paul Green
is the potato chip (Green 1996). When a flat disk of
potato is cooked in oil, the center of the disk shrinks
more than the periphery so that compressive
stresses develop in the outer region. To accommo-
date these stresses the disk must undulate, leading to
the characteristic saddle shape of potato chips. Ideas
of this nature were used to explain the local bulging
of the meristem during primordium initiation.

The buckling model of phyllotaxis has taken vari-
ous forms. Schüepp (1914) and Priestley (1928)
maintained that the outer layer of the meristem (tu-
nica) is expanding faster than the inner layers (cor-
pus). More recently, Green and coworkers (1996,
1998) postulated variations in growth intensity
within the tunica layer. In both cases, excess growth
would force some regions of the tunica to undulate,
each hump specifying the location of a new primor-
dium. This is the differential growth version of the
buckling model. A second proposal draws a parallel
between plant meristems and pressure vessels
(Selker and others 1992; Steele 2000; Steucek and
others 1992). In this case, the tunica (mostly the
thicker outer wall) would resist the pressure gener-
ated by the corpus and thus control the growth of
the meristem. From this, one would predict that the
tunica is under tension. If the meristem were a per-
fect hemisphere, the tension would be the same in
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all directions and over the whole surface. However,
for a nonhemispheric meristem the stresses will
vary, and although most of the surface should be
under tension because of the internal pressure,
some regions can develop compressive stresses. In
other words, meristem geometry determines to a
large extent the intensity and distribution of stresses.
For the meristem shapes commonly seen in plant
shoots (that is, shallow domes) circumferential com-
pression is expected in the periphery where lateral
organs are, in fact, initiated (see discussion). Accord-
ing to the model, the compression would cause a

local undulation of the surface (buckling). The re-
sulting periodic stress would give the necessary sig-
nals for primordium initiation. This is the pressurized
shell version of the buckling model.

It is not easy to distinguish between these two
proposals empirically. In this article we adopt the
pressurized shell model. However, the interpreta-
tion of our experimental results does not depend on
any given version of the buckling model. Moreover,
the two versions lead to the same fundamental pre-
dictions: (i) compressive stresses should be present
on the surface of the meristem at least some time

Figure 1. Scanning electron micrographs of capitula at floral stage 3 A and 5 B. Three regions can be distinguished: the
central (C) and generative (G) regions that make up the meristem proper and the differentiation region (D) flanking the
meristem. (Similar regions can be defined for earlier stages as in [A], but they are obscured by the overarching bracts). The
central region is a zone of expansion without initiation of new primordia. It is surrounded by the generative region, which
is the site of primordium initiation. Starting with floral stage 4, the generative region corresponds to a small annular
concavity on the surface of the meristem. The location where the primordia become visible defines the inner margin of the
differentiation region. The first primordia to be initiated differentiate into involucral bracts (b). Primordia initiated later
differentiate into florets (f) and their subtending bracts.
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before primordium initiation and (ii) the wave-
length of the undulation should depend on the flex-
ural rigidity (resistance to bending) of the undulat-
ing layer. For example, a tunica with thick-walled
cells would give a long wavelength; a tunica with
thin, flexible walls would give a short wavelength.
The amplitude of the undulation can be quite small
(approximately one cell height), so although the
stress pattern associated with buckling marks the lo-
cation of new primordia, the buckling undulation
should not be equated with the humps formed dur-
ing primordium initiation. By the time a primor-
dium is physically apparent on the surface of the
meristem, the stresses that led to its initiation may
very well have changed substantially.

Several earlier articles have presented evidence
for buckling. Hernández and Green (1993) showed
that the application of constraints limiting lateral
growth of the sunflower capitulum modifies the pat-
tern of floret initiation. This provides experimental
evidence for the effect of stresses on primordium
initiation. More recently, Green and coworkers
(Green and others 1996,1998) showed that the
buckling of circular plates can reproduce the pat-
terns observed in plants, suggesting that this type of
model offers at least a plausible mechanism for pri-
mordium initiation. However, the two most critical
features of the buckling model (the presence of com-
pressive stresses and the dependence of the undula-
tion wavelength on the flexural rigidity of the tunica
wall) have not been adequately tested. This is of
special importance given earlier reports that in some
plant species the meristem surface is under multidi-
rectional tension (Hussey 1971,1973; Snow and
Snow 1947,1951; Wardlaw 1948). Obviously, deci-
sive evidence for the lack of compressive forces
would rule out buckling as a potential mechanism.
Therefore, the objective of this study was to test for
the presence of compressive stresses in the sun-
flower capitulum. Our microsurgical manipulations
and computer simulations provide direct and indi-
rect evidence, respectively, for a zone of circumfer-
ential compression in the generative region of the
capitulum. The dependence of spacing on material
properties of the meristem is more difficult to assess.
Some suggestive preliminary observations were
published recently (Steele 2000). Additional experi-
ments are underway.

MATERIALS AND METHODS

Plant Material and Treatments

Sunflower (Helianthus annuus L.) achenes were
sown in potting soil and grown under a 14L:10D
light cycle. Four to 5 weeks after sowing, involucral

bracts were removed to expose the developing ca-
pitula of plants. Capitula were then subjected to
three treatments: (i) In one treatment, a radial cut
was made into the surface of the capitula using a
fine scalpel. The depth of the cuts was about one half
to one fourth the diameter of the capitulum. In some
plants, a circular plug was isolated in the center of
the capitulum with a flexible razor blade (Gillette,
Techmatic, Boston) rolled into a cylinder of 1 mm in
diameter. The capitulum was then cut radially as in
the preceding. (ii) In a second treatment, cracks
were induced in the meristem during dissection by
purposely pulling a large number of bracts laterally.
(iii) In a third treatment, the stem was cut 1 cm
below the meristem and the excised apical segment
(including the capitulum and 2–3 nonelongated in-
ternodes) was placed in a hypertonic solution (0.5 M
mannitol) to induce plasmolysis of the meristem’s
cells. After 15 min, loss of turgor pressure was evi-
dent from the wilting of the leaves remaining on the
apical segment. This last treatment was done in
combination with the previous two.

Before and immediately after each treatment a rep-
lica of the surface was made using a nondestructive
method (Green and Linstead 1990, Williams and
Green 1988). A vinyl silicone impression polymer
(GC EXAFLEX, G-C Dental Industrial Corp., Tokyo,
Japan) was applied to exposed capitula and left to
polymerize for approximately 10–15 min. The nega-
tive molds were removed with fine tweezers, affixed
upside-down onto microscope slides with silicone
sealant, and filled with slow-setting epoxy resin
(Ace Hardware Corp., Illinois). The bubbles present
in the epoxy were dislodged from the surface of the
mold with a glass pipette pulled to a thin and flexible
rod. The replicas were polymerized for at least 12 h.

Scanning Electron Microscopy

All microscopic observations and measurements
were made on the epoxy replicas of meristems (pre-
pared before and after treatment). The replicas were
stuck to metal stubs and sputter-coated with gold to
about 10–15 nm. The specimens were observed in a
scanning electron microscope (Philips SEM505, The
Netherlands) at a voltage of 10–15 kV and a spot size
of 100–200 nm. Photographs were taken with Po-
laroid film (Polapan 55PN, Cambridge, MA).

Evaluation of Tissue Stresses Using Fast4

The stress distribution was inferred from the capit-
ulum geometry and estimated values for internal
pressure and material properties of plant tissue
(Table 1). The capitulum outlines were derived by
fitting spherical and toroidal shell elements to poly-
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nomials computed from meristem cross-sections and
published by Hernández (1991). One spherical ele-
ment and two toroidal elements were sufficient to fit
the outlines of the meristem well within the ex-
pected natural variation in shape. The outer edge of
the capitulum was assumed to be clamped (that is,
the edge could not move or rotate about its posi-
tion). This could account for the clasping of the
bracts at this location (see Figure 1). The material
properties of the capitulum have not been mea-
sured, therefore simulations were performed with
estimates of material properties on the basis of pub-
lished values for other plant tissues. The turgor pres-
sure inside sunflower hypocotyl cells is approxi-
mately 0.5 MPa (Hejnowicz and Sievers 1996, Kut-
schera and Köhler 1992). We used 0.1 MPa as a
reasonable value for the pressure exerted on the tu-
nica. Hejnowicz and Sievers (1995) measured Pois-
son’s ratios in the epidermis of the sunflower hypo-
cotyl. They obtained a mean Poisson’s ratio of 0.15
for the effect of transverse stress on longitudinal
stress and a mean Poisson’s ratio of approximately 1
for the effect of the longitudinal stress on the trans-
verse stress. We used Poisson’s ratios between 0.3–
0.5 in our simulations. Finally, Young’s modulus of
cellulose is 100 GPa, whereas that of Nitella wall is 1
GPa (Wainwright and others 1976). We have
adopted a value of 1 GPa. By use of this information,
solutions for the tissue stresses were obtained with
the Fast4 software. Fast4 is designed for the analysis
of stress and deformation in elastic shells of revolu-
tion. It uses both asymptotic and direct numeric
methods for efficient solution (Steele and Shad
1995). The results were plotted using Matlab (The
MathWorks, Natick, MA).

RESULTS

We analyzed the stress distribution in the meristem
in terms of two components, Nr and Nu correspond-
ing to the stress in the radial and circumferential
directions. The stress at a point on the surface of the

capitulum can be decomposed into these two or-
thogonal components. To a first approximation, Nr

and Nu are independent and can be any combination
of tension (positive stress) and compression (nega-
tive stress). Throughout the dome, surface stress is
determined by the local geometry (curvature) and
material properties of the tunica.

The Capitulum Is Under Circumferential
Compression: Evidence from Cuts

To get an estimate of the stress distribution in the
sunflower capitulum we performed radial cuts into
the surface of the meristem at different stages of
development (Figure 2). All the cuts showed the
same behavior: the two sides gaped widely in the
center of the meristem, whereas they remained
closely pressed near the generative region and be-
yond. The mean distance between the two edges of
the cuts at the center of the meristem (Wc) and in
the generative region (Wg) is reported in Table 2.
The data show a gradual increase in Wc and Wg,
although the ratio Wc/Wg remains relatively con-
stant between FS3 and early FS7. A more substantial
decrease in the width ratio is seen at late FS7. This
corresponds to the time when the area of the central
region starts decreasing.

The stress in the intact meristem can be inferred
from the gaping pattern of the cut in the following
way. Consider the plane along which the incision
will be made. The stress along this plane has a nor-
mal component and a shear component. After the
cut is made, the edge of the cut is a free surface with
zero normal and shear stress components. The effect
of the cut can therefore be represented as adding the
negative of the normal and shear stresses while re-
moving the displacement constraints. Where the
normal stress is positive (tissue tension), adding the
negative of the normal stress on the two edges will
open the cut, and where the normal stress is nega-
tive (tissue compression), adding the negative of the
normal stress will pull the edges tighter together.
The shear component does not significantly open or
close the cut. The gaping pattern observed suggests
that the tunica is under tension in the central region
while it is under circumferential compression near
the generative region (Figure 2F). Note that the de-
gree of opening and closing at a particular point de-
pends on the total stress distribution; a large region
of opening can overcome a small region of closing
and vice versa.

After performing the incisions, several meristems
were placed in hypertonic solution (0.5 M mannitol)
to ascertain that the gaping pattern was due to tur-
gor-induced tissue stresses and not a result of pos-

Table 1. Parameters Used for the Computation
of Stresses in the Sunflower Capitulum

Parameter Value

Tunica thickness 25 µm
Internal pressure 0.1 MPa
Young’s modulus 1 GPa
Poisson’s ratio 0.3–0.5

The internal pressure, Young’s modulus, and Poisson’s ratio are estimates based on
published values for the sunflower hypocotyl and Nitella wall (see materials and
methods section).
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sible variations in the depth of the cuts. The uniform
gaping of the cut once wilting was evident indicates
that tissue stresses are for the most part responsible
for the gaping pattern observed (Figure 3A,B). Dur-
ing capitulum development, the area of the central
and generative regions progressively decreases rela-
tive to the area of the differentiation zone. A pos-
sible consequence of this is that the observed gaping
pattern for the late stages of development (FS6 and
FS7) is dominated by the forces present outside the
zone of primordium initiation. For example, fast-
growing florets in the differentiation region could
lead to high levels of circumferential compression

that would be solely responsible for closing the cut.
To exclude this possibility, we made circular cuts to
isolate the central and generative regions from the
remainder of the meristem (Figure 3C). This opera-
tion did not affect the gaping pattern and thus es-
tablishes that the compressive stresses are active
within the central and generative regions.

The Capitulum Is Under Circumferential
Compression: Evidence from Fractures

Additional evidence for the presence of compressive
stress in the generative region came from the fortu-

Figure 2. A–E Radial cuts of
the sunflower capitulum at five
floral stages. All cuts cover the
whole diameter of the capitu-
lum, although they vanish in
regions of high circumferential
compression. F Stress analysis
for shallow meristem cuts. Ar-
rows indicate the forces acting
on the edges of the cut in the
generative region and in the
center of the capitulum. The
dashed and dotted lines show
the direction of radial stress
(Nr) and circumferential stress
(Nu), respectively.
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itous initiation of cracks on the surface of the mer-
istem during the removal of the surrounding bracts
(Figure 4A). These cracks were rare under normal
conditions (when the meristem was dissected by a
well-rested experimenter!) but could also be in-
duced more reliably by pulling a large number of
bracts simultaneously. The capitulum surface would
fracture before the bracts were pulled off in approxi-
mately 20% of the meristems. Rupture of the mer-
istem was accompanied by a snapping sound, sug-
gesting a sudden release of a substantial level of
stress. Interestingly, the meristem material is brittle
rather than ductile, rupturing before the stress had
induced any permanent deformation of the tissue
(Figure 4B).

All fractures were similar in their location and
geometry (9 meristems). Their mean angular span
was 135 ±16 degrees and mean maximal width was
221 ± 42 µm. The stereotypical response of the mer-
istem despite the nondiscriminating experimental
treatment establishes this mode of failure as a fun-
damental feature of the capitulum. Two aspects of
these fractures must be explained: the position
where they are initiated and the direction of propa-
gation. The initiation in the generative region sug-
gests that this region is already under high radial
tension or that it has a lower fracture toughness. In
either case, the additional stress imposed by pulling
the bracts was sufficient to induce failure at this lo-
cation. A more important observation is that the di-
rection of propagation is such that cracks do not
cross the generative region at a right angle. Rather
they follow the generative region over most of their
length and then cross it at an acute angle (Figure
4A). According to Griffith’s fracture criterion
(Anderson 1995; Gordon 1978), a crack can form
and develop as long as the tensile energy released by

its propagation is greater than the energy required to
create new surfaces (the energy required to break
cell walls). Consequently, fractures tend to follow
lines of greatest tension. Circumferential compres-
sion (or reduced circumferential tension) in the gen-
erative region would explain why cracks do not
readily cross this region.

The Generative Region Is a Zone of
Circumferential Compression

Because gaping of the cut in the central region
causes some stress redistribution, the region where
the two edges of the cut remain closely pressed will

Table 2. Measurements of the Gaping Width at
the Center of the Capitulum (Wc) and in the
Generative Region (Wg) for Different Stages of
Development

Floral
Stage

Gaping Width (µm)
Width
Ratio
(Wc/Wg) n

Center
(Wc)

Generative
Region (Wg)

FS3 82 ± 36 23 ± 21 3.6 6
FS4 175 ± 13 38 ± 24 4.6 6
FS5 183 ± 38 52 ± 20 3.5 9
FS6 227 ± 26 58 ± 25 3.9 6
FS7 (early) 239 ± 64 72 ± 41 3.3 7
FS7 (late) 241 ± 61 140 ± 43 1.7 7

Values are given as mean ± SD (n = number of meristems).

Figure 3. Gaping pattern of a transverse cut before (A)
and after (B) a 15-min exposure to a hypertonic solution.
The more uniform gaping of the cut in (B) suggests that
the gaping is due for the most part to turgor-induced tis-
sue stresses. (C) Gaping pattern of the capitulum when
the central and generative regions are isolated from most
of the differentiation region. It can be seen that the gaping
pattern remains unaffected.
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not in general coincide perfectly with the region of
circumferential compression. Similarly, the propa-
gation of fractures induced in the capitulum can
suggest that the generative region is under reduced
circumferential stress, although the sign (compres-
sion vs tension) and exact location of this stress are
not known precisely.

To establish a correspondence between the zone
of circumferential compression and the generative
region, a noninvasive approach is needed. As yet, no
technique allows direct stress measurements in
plant meristems. We have therefore adopted a com-

putational approach on the basis of the pressurized
shell model of the meristem presented in the intro-
duction. This is an extension of the analysis pre-
sented by Wu (1993). The input for the computation
included the cross-sectional geometry of the capitu-
lum as published by Hernández (1991) and expected
values for Young’s modulus and Poisson’s ratio of
the tunica and the internal pressure (Table 1). From
these the tissue stresses Nr and Nu were computed.

The results of this analysis are shown in Figure
5A–C. It can be seen for the three developmental
stages modeled that the radial stress is mostly posi-
tive (tissue tension) and relatively uniform in the
capitulum. The circumferential stress is more vari-
able spatially and becomes negative (tissue compres-
sion) either at the periphery of the dome (FS3 and
FS4) or at an intermediate distance between the
center of the capitulum and the periphery (FS5). If
the intensity of the circumferential stress is overlaid
onto the surface of the capitulum, it can be seen that
the location of compressive stress corresponds to the
generative region (Figure 5D–F). We conclude that
for the developmental stages investigated, the gen-
erative region corresponds to a zone of circumfer-
ential compression. The compression could lead to
primordium initiation by means of buckling of the
tunica layer.

DISCUSSION

Our microsurgical manipulations (cuts and frac-
tures) give direct evidence for the presence of cir-
cumferential compression near the generative re-
gion of the sunflower capitulum. However, in most
meristems the observed cuts are not completely
closed in the generative region (see Table 2). This
should not be construed to mean that the generative
region is under tension. The cuts remain closed only
in those locations where the compressive stresses
are sufficiently great to overcome the pulling forces
resulting from the stress redistribution. Moreover,
by comparing the surface of the meristem before and
after the cut is made, we have estimated that the
blade damages three or four cells, which represents
a width of 45–55 µm (data not shown). Therefore,
the width of the cuts in the generative region for
FS3–FS6 does not exceed that expected for a similar
treatment on an unstressed surface. The late FS7
shows a significant increase in the gaping width
(Table 2 and Figure 2E). This corresponds to the
time when the generative region starts moving to-
ward the center of the meristem. Because of these
factors, the microsurgical manipulations are not suf-
ficient to ascertain that the region of circumferential

Figure 4. Fracture of the sunflower capitulum under
tensile stress. (A) The tensile stress was applied by pulling
the involucral bracts at the periphery of the capitulum in
the region corresponding to the righthand side of the fig-
ure. Note that the fracture was initiated in the generative
region. Its propagation was mostly circumferential until
the generative region was crossed. (B) Close-up of the
crack, showing that the surface of the meristem has sus-
tained little permanent deformation. For example, the tu-
nica cells are still isodiametric even in the vicinity of the
crack.
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compression does, in fact, correspond to the genera-
tive region as postulated by the buckling model.

A more precise assessment of the stress distribu-
tion was obtained from computer simulations based
on the cross-sectional geometry of the capitulum.
They indicate that the compression co-localizes with
the generative region throughout the extensive re-
modeling of the meristem accompanying the transi-
tion between FS3 and FS5. This is consistent with
the buckling theory of primordium initiation. The
accuracy of the stress values obtained with our ap-
proach depends on the quality and amount of infor-
mation available about the system modeled. In this
case, we expect good accuracy for the distribution of
stresses because the geometry is known precisely.
Simulations using a wide range of parameters have
confirmed the robustness of the qualitative features
reported here and, specifically, the presence of com-
pressive stresses in the generative region. The exact
amplitude of the stresses depends largely on mate-
rial properties that have not been measured directly.
Therefore, we will not draw any conclusions from
the quantitative aspect of the stress distribution.

The computed stress distribution is consistent
with that estimated from our microsurgical manipu-
lations. For example, the calculated radial and cir-
cumferential tension in the central region of the ca-
pitulum explains the gaping of the cuts at this loca-
tion. However, the predicted circumferential tension
in the differentiation region (Figure 5C,F) has not
been observed. This is not a major concern because
the simulation assumes a simple surface geometry,
whereas the corresponding surface of the capitulum
is quite complex (compare Figure 5F and Figure 1B).
Interestingly, the computed stresses also predict the
site of initiation and the propagation of cracks. Ac-
cording to our simulations, the leading edge of the
generative annulus where fractures are formed is
also the region of highest radial tension (compare
Figure 4 and Figure 5C). Consequently, this is the
first location where the radial tension induced by
pulling the bracts combined with the intrinsic radial
tension can exceed the fracture toughness. An alter-
native explanation would be that the generative re-
gion has a lower fracture toughness and is therefore
more prone to failure. A casual inspection of the

Figure 5. Fast4 computations of
radial (Nr) and circumferential (Nu)
tissue stresses for three stages of ca-
pitulum development (FS3–FS5).
(A–C) Plots of Nr and Nu as a func-
tion of distance from the center of
the meristem (the plots stop at the
radial distance corresponding to the
approximate location of the young-
est involucral bracts). For all three
stages, the radial stress is positive
(tension) over most of the capitu-
lum surface. The region of negative
circumferential stress (compres-
sion) moves from the periphery
(FS3, FS4) to an intermediate posi-
tion along the radius (FS5). (D–F)
Color maps of the intensity of cir-
cumferential stress (Nu) on the sur-
face of the capitulum. Colors rang-
ing from yellow to red indicate
compressive circumferential stresses.
The location of the compressive
zone corresponds to the generative
region (compare Figures 2A–C and
5D–F).
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cellular details at the meristem surface has not re-
vealed any striking differences that could account
for a lower fracture toughness.

Comparison with Previous Experiments

Microsurgical manipulations similar to those re-
ported here were performed by Snow and Snow
(1947, 1951), Wardlaw (1948), Gulline and Walker
(1957), and Hussey (1971, 1973). In Euphorbia lathy-
ris, Snow and Snow (1951) reported complete gap-
ing of their cuts. Their results were later repeated by
Hussey (1973). The same authors observed no gap-
ing in Lupinus albus. In Pisum sativum, Gulline and
Walker (1957) and later Hussey (1973) reported no
gaping. Mixed results were obtained for Dahlia vari-
abilis (Snow and Snow 1951) and Dryopteris aristata
(Wardlaw 1948), although the gaping tended to be
reduced or absent at the presumptive site of leaf
initiation. The discrepancies between these experi-
ments can be explained in a number of ways. First,
none of these authors distinguished explicitly be-
tween radial and circumferential stresses. Without a
clear understanding of this difference, results such as
ours could be interpreted to mean that the mer-
istem’s surface is under tension only. Because the
articles did not include detailed illustrations of the
gaping cuts, we have not been able to investigate
this question further. Second, Snow and Snow
(1951) reported that initially closed cuts could open
quickly under certain conditions. They attributed
the opening to loss of water by the meristem and
were then able to show that under conditions of
high humidity a greater number of cuts remained
closed or nearly so. This may explain some of the
variation observed. Third, we have already sug-
gested in the introduction that compressive stresses,
if present in the meristem, are likely to vanish soon
after primordium initiation. It is therefore critical
that the cuts be made at the location of presumptive
primordium initiation not on the young primordia
themselves. In this sense, the sunflower capitulum
differs from other meristems in having continuous
initiation of primordia and, accordingly, continuous
circumferential compression.

Conditions for the Presence of
Compressive Stresses

Given the range of meristem morphology in flower-
ing plants and the ambiguous results in the few spe-
cies that have been tested for the presence of com-
pressive stresses, it is useful to consider conditions
that would allow compressive stresses to develop.

These conditions will differ whether compression re-
sults from differential growth of adjacent tissues lay-
ers or whether it arises from geometric instability, as
for the pressurized shell model. Differential growth
depends on clearly defined tissue layers, such as the
tunica-corpus construction of many meristems. The
geometric instability is obviously controlled by the
overall shape of the meristem. We prefer the pres-
surized shell model over the differential growth
model for a number of reasons. First, the excess tu-
nica growth postulated by the differential growth
model would most likely lead to multidirectional
compression on the surface of the meristem. Our
data and that of others (Hussey 1971, 1973; Snow
and Snow 1947, 1951) show that the meristem is at
least under radial tension, whereas compressive
stresses tend to be transient and localized to the re-
gion of primordium initiation. Second, the close cor-
respondence between the stress inferred from the
gaping pattern of our cuts and the stress computed
from the meristem geometry show the predictive
power of the shell model. Finally, the assumptions
of the shell model are compatible with recent mod-
els of stem elongation (Hejnowicz and Sievers
1995a,b, 1996; Kutschera 1991). Both are based on
the induction of tissue stresses in the epidermal
layer because of pressure exerted by interior cells
(the pith and cortex in the stem and the corpus in
the meristem). Given the physical continuity be-
tween the meristem and the stem, similar proposals
for their underlying mode of development are rather
appealing.

The dependence of the pressurized shell model on
meristem geometry raises the question of how the
observations presented in this article apply to other
meristems. The morphology of intermediate and late
stages of capitulum development (FS4–FS7) is un-
usual among flowering plants, although the Aster-
aceae include other examples (Harris 1995). None-
theless, our cuts show that compression is present
also in the early stages of development (FS3) when
meristem morphology in sunflowers is not signifi-
cantly different from that of other meristems. As a
rule, circumferential compression is expected if the
radius/height ratio for the meristem is greater than
√2 (Timoshenko and Woinowsky-Krieger 1959).
Again, the location of the predicted compression
(the periphery of the dome) corresponds to the re-
gion where primordia are initiated. This rule encom-
passes a large number of meristems, although the
meristems of monocots such as wheat and maize,
and some dicots (Hippuris) are conspicuous excep-
tions. It is possible that a slightly different buckling
mechanism is at work in these plants. A detailed
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study of these species would be necessary to assess
the generality of the compression observed.

Model of the Sunflower Capitulum

Our observations lead to the following model of the
sunflower capitulum. The meristem proper can be
divided into two regions (Figure 1): the central re-
gion and the generative region. These regions cor-
respond approximately to the central and peripheral
zones often recognized in the vegetative meristem
(Steeves and Sussex 1989). We propose that the dif-
ferences between these regions are caused by differ-
ences in stress distribution. The central region is
morphogenetically inactive, although cell division
and expansion occur. From the results shown in Fig-
ure 5, this region is under both radial and circum-
ferential tension, which, according to the buckling
model, could explain the absence of organ initiation.
We define the inner boundary of the generative re-
gion as the location where compressive stresses first
appear. This region is under circumferential com-
pression and mostly radial tension (some radial
compression is seen at FS5). It is competent for or-
gan initiation in the sense that the driving force for
tissue buckling is present. At some location within
the generative region, the compressive stresses are
sufficiently great to cause tissue buckling, thus lead-
ing to a periodic stress distribution that serves as a
signal for primordium initiation.

If, indeed, periodic stress provides the signal for
primordium initiation, how is this signal trans-
duced? The findings by Lintilhac and Vesecky
(1984) that compressive and tensile stresses can ori-
ent the plane of cell division suggest one possible
transduction mechanism. Interestingly, it has been
claimed that the first structural evidence indicating
primordium initiation is the occurrence of periclinal
cell divisions in the tissue layers below the tunica
(see Lyndon 1994). We can therefore propose that
the local stress variations created by buckling of the
tunica layer trigger the periclinal divisions in the
subjacent layers. An alternative explanation would
be that cell-cell communication within the meristem
is used to specify groups of cells to divide and form
new primordia (see, for example, Meyerowitz
1997). However, there is experimental evidence that
cell division is not a necessary step for the initiation.
Gamma irradiated plantlets initiate leaves without
concomitant cell divisions (Foard 1971), whereas lo-
cal application of expansin on the surface of the
meristem induces leaf initiation, presumably by af-
fecting the wall material properties (Fleming and
others 1997, 1999). These results suggest that the
signal for primordium initiation is acting at the tis-

sue level and is biophysical in nature. The pressur-
ized shell model described in this article is a tissue-
level phenomenon that can account for primordium
initiation with or without concomitant cell divisions.
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