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Development commonly involves the generation of complex
shapes from simpler ones. One way of following this process is
to use landmarks to track the fate of particular points in a
developing organ'~’, but this is limited by the time over which
it can be monitored. Here we use an alternative method, clonal
analysis®, whereby dividing cells are genetically marked and their
descendants identified visually, to observe the development of
Antirrhinum (snapdragon) petals. Clonal analysis has previously
been used to estimate growth parameters of leaves’'' and
Drosophila wings'>™* but these results were not integrated within
a dynamic growth model. Here we develop such a model and use
it to show that a key aspect of shape—petal asymmetry—in the
petal lobe of Antirrhinum depends on the direction of growth
rather than regional differences in growth rate. The direction of
growth is maintained parallel to the proximodistal axis of the
flower, irrespective of changes in shape, implying that long-range
signals orient growth along the petal as a whole. Such signals may
provide a general mechanism for orienting growth in other
growing structures.

The transformations in shape of a growing structure depend on
the growth properties of its component regions. For each region and
time point, these properties can be conveniently captured by three
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Figure 1 Determining growth parameters. a, Growth parameters responsible for regional
shape changes, illustrated by the deformations of a growing circle. Growth rate affects
area, anisotropy affects stretch and direction determines the angle of the stretch.

b—e, Estimating growth parameters from clones. Clones are induced in a growing organ at
two different developmental times, ¢ (top) and ¢, (bottom), in parallel experiments. By
comparing the average characteristics (areas, shapes, directions) of the clones resulting
from the two experiments (that is, by comparing the top and bottom of e), growth
parameters for each region can be estimated for the (¢4, t,) time interval. f-h, Gathering
clonal data from Antirrhinum petals. Top and bottom show information from clones
induced at P44 and P46 respectively. Clones were generated using an unstable PALLIDA
(PAL) allele that carries a temperature-sensitive transposon®. Transposon excision can be
induced at specific times in a proportion of cells by switching plants grown at 25 °C to
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types of parameter: the rate of increase in size (growth rate), the
degree to which growth occurs preferentially in any direction
(anisotropy) and the angle at which the principal direction of
growth is oriented relative to an underlying coordinate system
(direction) (Fig. 1a). These parameters can vary both in space
(that is, between regions) and time, so there are potentially many
different ways, with varying degrees of complexity, by which one
shape can be transformed into another. Describing the growth of
any structure therefore requires parameters to be determined
experimentally. Because growth is a complex spatiotemporal pro-
blem, the quantitative contribution of these parameters can only be
evaluated effectively by incorporating them within a dynamic
growth model. This can establish whether the parameters are
sufficient to account for the observed shape changes and allows
the contribution of each parameter to be explored.

One problem when using clonal analysis to measure growth
parameters is that the orientation of growth cannot be inferred
simply from the final clone shape'® because the internal coordinate
system of the organ will often be deformed by growth. Relating a
mature clone to its growth orientation at the time of initiation can
only be done when this deformation is known. We have compared
clones induced at successive times during development to deter-
mine growth parameters together with the sequence of defor-
mations of a superimposed grid. The method is applied by
working backward from the final shape. The organ is subdivided
into a grid of regions interconnected by ‘springs’ with resting
lengths initially set according to the shape of the mature organ.
Growth parameters just before cell divisions stop are then calculated
for each region, on the basis of comparisons of clones induced late
in development (Fig. 1b—e). The resting lengths of the springs are
then adjusted according to these parameters, allowing each region
to shrink, as the springs ‘relax’, to generate a revised grid and the
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15°C for a short period3o. This treatment has no obvious effect on petal shape. Excision
restores PAL gene function, resulting in clones of red epidermal cells in mature petals (f).
For each induction time, clones from 23 flattened dorsal petal lobes on average were
imaged and mapped onto an average petal shape (g) (A.-G. R.-L., S. J. Impey, E.C. and
J.A.B., manuscript in preparation). Colour reflects clone size (blue is smaller than green).
Average clone characteristics for different regions were computed for inductive time
points separated by two plastochrons (h). For clarity, ellipse areas are scaled up by a
factor of 20 relative to the petal size. Data from abaxial and adaxial lobe surfaces were
treated separately. i—j, Antirrhinum flower, side (i), and face (j) view. Petals are colour-
coded blue for dorsal (D), red for lateral (L) and yellow for ventral (V). The most dorsal half
of the dorsal petal is shown in darker blue.
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shape of the organ shortly before growth arrest. By repeating this
procedure for earlier and earlier intervals, while aligning growth
directions with respect to the revised grids, corresponding organ
shapes and grids can be computed for earlier stages. The method
assumes that clones are not dispersed during growth by cell move-
ment, a reasonable assumption in the case of plants, where cells are
usually fixed relative to each other.

This method was applied to petal development in Antirrhinum, a
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Figure 2 Results and validation of growth analysis. a, Changes in the shape, size and grid
of the dorsal petal lobe from P46 to P32 based on abaxial clones (not all stages are
shown). Growth directions are computed relative to AB. b, ¢, Shapes as in a but scaled to
the same size showing results for abaxial (b) and adaxial (¢) data. The mature shape (P46)
is shown in lilac. In b, the main growth direction is shown at the centre of each region and
colour-coding refers to growth rate, which ranges from a doubling time of 15 h (orange) to
45h (dark blue). In ¢, colour-coding refers to anisotropy (ratio of the increase along the
main growth direction to the increase along the direction perpendicular to this, each
time cell number doubles), which ranges from 1.04 (blue) to 1.5 (=1.3 is red).

d, Scanning electron micrograph (SEM) of a dorsal petal at P32. Scale bar, 500 wm.

e, Change in area from P32 to P46 based on the growth model compared to that based on
direct measurements of petal lobes. f, Cell outlines on an SEM of a petal lobe at P32.
Scale bar, 50 wm. g, Distribution of angles of the main cell axis (bars) or cell walls (closed
circles) relative to the base of the lobe, based on ten SEMs.
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well-characterized molecular genetic system for which a key ques-
tion is how petal asymmetry emerges'®"*. Antirrhinum flowers have
five petals, which are united in their proximal regions to form a tube
while their distal regions form five distinct lobes (Fig. 11, j). Dorsal
and lateral petals are asymmetric, whereas the ventral petal is
bilaterally symmetric. Petals are about seven cells thick, and the
epidermal layer has been shown to make a major contribution to
overall shape®®?*. Most epidermal cell divisions give daughter cells
in the same layer®. Floral meristems are generated from the apex at
regular time intervals (10h in this study), termed plastochrons™.
Petal primordia first emerge around P18 (plastochron 18) and reach
maturity at P57 (Vincent, C. et al., manuscript in preparation). Cell
divisions mostly stop after P46 and further growth, resulting from
cell expansion, has little impact on changes in petal shape (A.-G.R.-
L. et al., manuscript in preparation). In this study we computed
growth of the dorsal petal lobe from P32 to P46 on the basis of the
analysis of epidermal clones at maturity (Fig. 1f~h and Fig. 2a—c).

The growth rate was relatively constant, with an average doubling
time of 21 h over about seven rounds of cell division. The average
anisotropy was 1.15 (that is, 15% more cell divisions along the
principal than in the minor direction of growth per doubling time).
Although it is close to isotropic growth (1.0), the anisotropy is
continuously maintained and therefore accumulates to generate a
stretch in overall shape. The main growth direction was relatively
uniform between regions at each stage but gradually rotated during
development relative to the base of the lobe. The resulting defor-
mation meant that clones growing at —76° (positive = clockwise)
to the base of the lobe at P32 ended up with an orientation of —35°
at maturity.

The results were validated in various ways. First, similar changes
in shape were obtained for abaxial and adaxial surfaces, representing
two independent data sets (Fig. 2b, ¢). Second, comparison of the
shape inferred from the model with SEM (scanning electron
micrographs) of a P32 lobe showed that the overall shapes were
similar (Fig. 2d). Third, the changes in petal area calculated from the
model were consistent with those obtained by directly measuring
areas (Fig. 2e).

The pattern of cell shapes at P32 was also examined, using three-
dimensional (3D) reconstructions to account for any effects of
curvature® (Fig. 2f). Cells were mainly elongated perpendicular to
the base of the lobes (Fig. 2g). Cell wall orientations, which reflect
the history of cell division planes®, were most frequently perpen-
dicular or at right angles to the base of the lobe (Fig. 2g). Thus, cells
were axialized in a direction similar to the growth direction at P32
inferred from clonal analysis (Fig. 2b). This suggests that the
directionality of growth depends on cell populations expanding
and dividing preferentially in a given direction. By contrast, cell
divisions in Drosophila wing development are thought to be

Doubling time Obs. 21h 21h 21h Obs.  Obs.

Anisotropy Obs. Obs. 1.15 1.15 1.3 Obs.

Direction Obs. Obs. Obs. 19.5° Obs. 0°
a b c d e f

Figure 3 Petal lobe shapes at P46 resulting from growth simulations run forwards in
developmental time from P32. a, Simulation incorporates observed (Obs.) growth
parameters. b, Growth rate is set to its average over space and time. ¢, Growth rate and
anisotropy are set to their average. d, All three growth parameters are set to their average.
e, Anisotropy is set to 1.3. f, Growth direction is set parallel to AB in Fig. 2a.

NATURE | VOL 422 | 13 MARCH 2003 | www.nature.com/nature




randomly oriented, with directionality arising postmitotically'.

The contributions of growth parameters to final shape were
explored by running the model forward in developmental time
(Fig. 3a). To determine whether the asymmetry in petal shape
reflects differential growth rates, a simulation was run with growth
rate set to its average over space and time. This generated an
asymmetric final petal shape roughly similar to the mature petal,
showing that heterogeneity in growth rates was not critical (Fig. 3b).
Further simulations showed that the asymmetry of the petal
depended largely on the overall direction of anisotropic growth
(Fig. 3¢, d). The amount of anisotropy determined the extent to
which the petal was stretched while the principal growth direction
determined petal asymmetry (Fig. 3e, f). These transformations can
be compared to oblique stretches of the kind proposed by Thomp-
son*® to describe the relationship between different biological
forms, although he used them mainly as a static measure rather
than in the dynamic developmental sense used here.

The base of the lobe, which corresponds to the boundary between
lobe and tube (Fig. 4a), turns through an angle of about 45° during
development as the tube grows more on its dorsal side (Fig. 4b—d). If
this is taken into account and the petal lobes are oriented relative to
the flower as a whole, it becomes evident that the growth direction is
maintained roughly parallel to the proximodistal axis throughout
development (Fig. 4e). This suggests that a long-range signal
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Figure 4 Growth of petal lobe in relation to the whole flower. a, Flattened dorsal petal
colour-coded as in Fig. 1i, j, showing the boundary between tube and lobe. Arrow
indicates the proximodistal axis. b—d, Diagram showing the change in shape from P32 to
maturity when the growth direction is continuously coordinated along the whole petal by a
long-range signal (arrows, arbitrarily shown pointing up rather than down). Lobe is white
and tube is blue, with dorsal regions in darker blue. Initially, the lobe is bilaterally
symmetrical and the tube—lobe boundary is perpendicular to the proximodistal axis of the
petal (b). The dorsal side of the tube grows preferentially, resulting in a change in the
orientation of the tube—lobe boundary (¢). As the growth direction is maintained parallel to
the proximodistal axis, anisotropic growth results in the lobe becoming asymmetric (d).
e, Observed growth directions are mainly parallel to the proximodistal axis when the
shapes are oriented relative to the tube (shown as dotted lines). f, Minimal model. Growth
rates and anisotropy are fixed at 21 h and 1.15 respectively. The long-range signal is

modelled by assuming that the growth direction is fixed while the lobe rotates through an
angle of 45°.
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(arrows in Fig. 4b—d) acts continuously during development to
maintain the growth direction along the proximodistal axis of the
petal as a whole. Long-range signals have been described before
with regard to patterns®*® but this is the first time one has been
linked quantitatively to directional growth and the generation of
shape.

On the basis of this analysis, the main transformations in petal
lobe shape can be captured by the following model. Growth rates
and anisotropy are fixed at 21 h and 1.15 respectively. The long-
range signal is modelled by assuming that the direction of growth is
fixed (vertical in Fig. 4f) while the lobe rotates through an angle of
45°. This generates a good approximation of the final shape with
minimum parameter complexity.
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